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The Editor’s Point of View

S
ATISFACTION. The difference in men is often 

marked by that which affords them a thrill of 
satisfaction. W ith some it is the creation of 

new things. In others there is a certain pride in de­
struction. Some enjoy building. Others get more satis­
faction from demolition.

It was our privilege not long since to be standing 
in a group watching tests on a new material. The 
object of the experiments was to show whether or 
not the new substance was as satisfactory, when 
compared to the old, as its discoverers had thought 
and to ascertain the reasonable limitations in its use. 
A man in our group remarked, “For m y part, I get 
far more satisfaction from learning how to use a 
new material in the right way than I do from trying 
to stop its introduction.” To the constructive mind 
there is certainly a stimulating thrill in making a 
thing go, notwithstanding the difficulties. In the 
office of one of our successful and most often quoted 
engineers there hangs a m otto which goes something 
like this: “I f  Columbus could have landed in mid­
ocean, America would never have been discovered.” 
It is a sentiment worthy of a place in every institution 
where new things are being done and great dreams 
dreamed.

Kn o w l e d g e ,  e x p e r i e n c e ,  a n d  t r a d e
SECRETS. The modern consolidation proc­
ess gives rise to a series of events that sooner 

or later lead to new competition for the commercial 
giants. The very formation of the merger may dis­
place a number of men who are generally those thought 
by the company to be either holding posts which 
others in the organization can fill or are not so valuable 
as men retained for the same work. The operation 
of the large company may become such that the younger 
men w ith ideas become restless, and decide that it is 
not worth while to wait longer for their opportunity. 
They feel the best procedure is to undertake a business 
venture on their own responsibility. We must ex­
pect in any case that some of the men displaced or

who leave on then- own account for various reasons 
will turn, to an industrial activity similar to lhat with 
which they have been identified. Their knowledge, 
strengthened by experience, has best fitted them for 
just that sort of thing. Manufacturing chemistry 
has become too highly specialized logically to expect 
anything else to happen. The man undertakes an 
activity in the field which he knows best.

If  such an adventurer promises to be at all successful 
his progress becomes a matter of concern to the largo 
company that prefers to dominate the field. If  he 
is unsuccessful it does not matter. If he shows any 
signs of making his way, his achievements m ay be 
sources of irritation and means must be found to stop 
him. There is an old adage that there are several 
ways of killing a cat besides choking it with butter. 
But of late the favored method of disposing of this 
particular feline has been by way of the courts.

Few people appreciate how many ways there are 
of hindering, embarrassing, and harassing another 
through court procedures. A defendant can be put 
to the most unreasonable trouble by outlandish charges. 
Although on the face of them they may be foolish, 
the plaintiff, if  he is so disposed, can cause no . end of 
trouble and expense. T o receive a legal notice issued 
on behalf of some strong concern is calculated to ter­
rorize the defendant, while the very existence of the 
suit is expected to hamper his business, frighten 
his customers, and thus weaken him financially to 
the point where he m ay surrender without a court 
struggle. A favorite charge seems to be the unlawful 
use of knowledge and experience gained while in the 
service of the plaintiff and the divulgence of secret 
information.

There is certainly a distinction between knowledge 
and experience and secret trade information. The 
latter should not be disclosed or used under any acr 
ceptable standard of ethics. But an employer should 
in all fairness recognize that knowledge and experience 
are the stock in trade of the professional and techni­
cal man and steps which would prevent its use would 
be equivalent to depriving him of his right to make 
a living and take advantage of his opportunities. We 
hold no brief for those who capitalize the secret proc­
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esses and other information of a former employer. 
A man must be careful to distinguish between this 
property and his own intellectual property. It would 
be disastrous to the whole profession if  the courts 
should fail likewise to make such careful distinction. 
If a man is not to be allowed to capitalize his knowl­
edge and experience, then upon entering the employ 
of a company he would become essentially bound for 
life or required at some future time, when the connec­
tion might be severed, completely to alter his course 
and with great disadvantage to himself begin a new 
career at some time in life when this would be most 
difficult.

It would be easy for injustice to be done alike to 
the employer and the former employee, but it is most 
important that these questions be settled with ex­
treme fairness to all. There are cases now in the 
courts which because of this point should be watched 
with care by the chemical profession. A single decision 
can be momentous in its effects.

IN D E X  TO INTERNATIO NAL CRITICAL  
TABLES. W e have been concerned with In­
ternational Critical Tables for very nearly the 

entire life of the project. W e recognize the short­
comings of the seven volumes; we know that, now its 
pioneering work has been completed, a second effort 
would yield a far more acceptable research tool; and 
we also know what a stupendous piece of work it has 
been. Individuals whose only acquaintance with the 
tables has come from their use can have no adequate 
conception of the thousands of man-hours that have 
been put into the compilation, into the critical selection 
of material after original sources have been combed, 
and into the process of preparing the copy and seeing 
it through the press. Literally hundreds of thousands 
of dollars have been involved. The net result has 
been a notable addition to the implements with which 
scientists can attack their work.

Experience has shown that the index supplied, while 
comparable with that which has accompanied other 
less pretentious works, is inadequate and without 
sufficient detail. The trustees, having a few thousand 
dollars from unexpended royalties in hand, now pro­
pose to use that money, together with receipts from 
its sale, to prepare and distribute a very thorough 
index. A t one time it was hoped that such an index 
might be published and distributed without obliga­
tion to the subscribers, but a close analysis clearly 
showed that more money would be required. It was 
finally decided to ask the present owners of the volumes 
if they would be willing to pay four dollars as a maxi­
mum for an adequate index of the dictionary type.

We are very gratified to report that considerably

more than the minimum number specified have placed 
their orders for the index and that the work of prepa­
ration will proceed without delay. Because of changes 
of address and other circumstances, nearly one hundred 
of these letters have been returned as undeliverable. 
If you were a subscriber to these volumes and have 
not received a communication about the index, per­
haps you are one of those whose letters went asLray. 
In that case you should, if interested, communicate 
with the National Research Council, 2101 Constitu­
tion Avenue, Washington, D . C. Self-interest would 
indicate the wisdom of placing an order without de­
lay. The larger the number of indexes ordered, the 
smaller promises to be the ultimate cost, and in any 
case it will not exceed four dollars. This is a very  
small sum to add to the investment already made, 
and its very addition will increase the value of the 
total investment quite out of proportion to this further 
sum. Sets without the index will suffer by compari­
son.

Users generally, whether owners or not, m il be de­
lighted with this news, and we have every reason to 
believe that the addition of the index will serve to 
make the volumes enormously useful and to break 
down practically every barrier which thus far has 
been found to interfere w ith their use as a handy 
reference and veritable storehouse of information.

A
T TEN D A N C E. W e occasionally find chemists 

who have difficulty in arranging their schedules 
so as to attend meetings of local sections of 

the S o c i e t y . Once home from the laboratory and 
plant, it  is difficult for them to journey down town, 
little realizing how much they miss in the contact 
with their fellows and in the discussion of scientific 
problems. The man who lives nearest his work is 
the one most often tardy. Consider by way of con­
trast the January meeting of the Florida Section held 
at Panama City. There were twenty-one chemists 
and members of the section in attendance who did 
not live at Panama City. These twenty-one people 
traveled an average of 559 miles per person, or a total 
of 11,736 miles to make this meeting. Two members 
held the records, one making a round trip of 1766 
miles, and the other 1406 miles to meet with their 
fellow chemists.

While these figures convey some idea of the size 
of the state, they are more important as indicative 
of interest in local section meetings. Comparable 
distances are traveled by members elsewhere. Such 
enthusiasm should shame some of our friends who 
live in populous centers within a few minutes of a 
meeting, but who never seem to have time to make 
an appearance.
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Measurement of the Flow of Gases and 
Y apors

B a r n e t t  F. D o d g e , Chemical Engineering Department, Yale University, New Haven, Conn.

IT  IS well to bear in mind 
from the very s ta rt th a t the 
result of a gas measure­

m ent is desired in term s of a 
volume a t  some standard con­
dition or in term s of weight if 
a v a p o r  is b e in g  m e a s u re d .
There is no one standard condi­
tion th a t has been agreed upon.
Perhaps the most widely used 
standard to which gas volume 
is referred is 60° F., 30 inches 
of mercury (at 32° F.) absolute 
pressure, and complete satura­
tion with w ater vapor.

The conditions encountered 
in the measurement of gas flow 
are m any and varied. The volume of flow m ay vary from a 
few thousand cubic feet per hour or even less, to several 
million cubic feet. The velocity of flow and the pressure, 
temperature, and composition of the gases to  be metered 
may show great differences. Some gases m ay be readily 
condensable or contain condensable components, they m ay 
contain solid or liquid particles in suspension, or they may 
contain corrosive constituents or sulfur compounds, etc. 
The flow m ay be quite steady or i t  may fluctuate over wide 
limits, and the period of the fluctuations m ay be quite differ­
ent from one case to  another. The tem perature, pressure 
or composition of the gas being measured by a given m eter 
will usually not be constant. There are difficulties introduced 
by pulsations or by flow disturbances owing to proximity 
of the m eter to  fittings in the line. In  some cases a high 
degree of accuracy is essential, and in others a very moderate 
degree of accuracy is all th a t is needed. I t  m ay be im portant 
th a t the metering device does not offer appreciable obstruc­
tion to  the flow, or a considerable loss in pressure m ay be 
readily permissible. These are ju st a few of the problems 
encountered by the fiow-meter m anufacturer. I t  is to be 
expected th a t no one type of m eter will be entirely satis­

f a c to r y  to  m e e t t h i s  w ide  
variety of conditions. Hence, 
one finds several different types 
of meters in c o m m e rc ia l use 
and m any variations of a given 
general type.

There are two fundamental 
e le m e n ts  in a l l  g a s  meters:
(1) the primary element winch 
is inserted into the gas stream 
and is acted upon by, or exerts 
a n  in f lu e n c e  o n , th e  flow-; 
and (2) a secondary element or 
device for r e g i s t e r in g  either 
th e  r a t e  of flow or the t o t a l  
flow. The classification given 
below is based entirely on the

1. Differential pressure meters (also called head meters or 
kinetic meters)

a. Orifice c. Pitot tube
b. Venturi d. Shunt meter

2. Volumetric or volume-displacement meters
a. Wet drum-type rotary meters
b. Diaphragm or bellows type
c. Rotary type
d. Gas holders or meter provers

3. Calorimetric or thermal meters 
a. Thomas meter

4. Current or windmill type meters
a. Turbine meters b. Anemometers

5. Miscellaneous Methods
a. Dilution b. Pressure receiver c. Area meters

The common feature of all the meters in class 1 (excluding 
d for the moment) is the measurement of two pressures whose 
difference is related to  the velocity of flow. Thus, they di­
rectly measure rate  of flow rather than  to tal quantity . In 
the case of l a  and lb, a constriction is inserted in the flow- 
line which produces a m om entary increase in the average 
velocity of flow with a  consequent decrease in static pressure.

7'he steadily growing demand by industry 
for more precise control of processes has greatly 
stimulated the study of methods of measurement 
and control and has resulted in many improve­
ments in apparatus and technic. I t is the 
purpose of this paper to review some of the modern 
methods for continuously measuring and re­
cording gas flow which are in extensive use in 
industry. The term “gas" will be understood 
to include condensable vapors, such as steam, 
but the discussion will refer more specifically 
to gases that are not condensed at ordinary 
atmospheric conditions.

first element.
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The differential pressure or, in the case of the orifice, the 
difference between the static pressure just ahead of the orifice 
and th a t just after the orfice is related to the rate  of flow. 
In  the case of the P ito t tube, two pressure-measuring ele­
ments are inserted into the stream of fluid, and the differential 
pressure is the difference between the so-called impact or 

kinetic pressure exerted on an open­
ing whose plane is perpendicular to 
the direction of flow and the ordi­
nary static pressure. The P ito t dif­
ferential is related, not to the average 
flow in the pipe, but to  the velocity 
a t  a p a r t i c u l a r  point. The shunt 
m e te r  is a rather special type of 
differential-pressurc meter and will be 
treated separately.

In  the volumetric meters, com part­
m e n ts  of d e f in i te  v o lu m e  are al- 

instrument Co. ternately filled with and emptied of
F i g u r e  1. T h i n  batches or isolated volumes of gas.

P l a t e  O r i f i c e  Therefore quantity  rather than rate
of flow is directly measured. Type 2a, 

though once of considerable importance, is now practically ob­
solete for large-scale measurement of gases and will not be dis­
cussed. Type 2ci is used only for testing or calibrating other 
types of meters and will receive very brief consideration.

The principle of the therm al meters is very simple, con­
sisting merely in adding heat to the gas stream ; the resulting 
increase in tem perature is a measure of the flow if the rate  of 
adding heat is constant. Conversely, the tem perature rise 
may be maintained a t a constant value, in which case the 
am ount of energy dissipated to the gas stream is a measure of 
the flow. The la tte r scheme is used in the Thomas meter, 
the only representative of this class of meters th a t is used

commercially.
In  the current meters, a fan 

wheel or turbine is inserted into 
the gas stream, and its speed 
or rotation is related to  the 
velocity of gas flow. Small 

Courtesy of Baaey Meter Co. meters of this class, known as
F ig u r e  2 . F l o w  N o z z l e  a n e m o m e t e r s ,  a r e  u se fu l f o r

test purposes; bu t the prin­
ciple has not been successfully applied to the continuous meas­
urement of large volumes of gas.

The methods in class 5 are not regularly used in metering 
large volumes, but are mentioned for the sake of complete­
ness and because they are sometimes very useful for special 
cases. In 5a, a foreign gas is added to the gas stream to 
be metered and, after complete mixing has occurred, a sample 
is taken for analysis. From the content of foreign gas and 
its known rate of addition, the rate of floiv of the main gas 
stream is readily calculated. As far as the author is aware, 
this method has not been applied to  the commercial metering 
of gases. I t  has proved quite useful for test and experimental 
purposes. To cite one example, i t  has been applied on a large 
scale to  determine the volumetric efficiency of blast-furnace 
blowing engines. I t  has also been used for the calibration 
of other flow meters, notably steam meters.

Type 56 consists simply in determining the pressure in­
crease of a constant-volume receiver as gas is pumped into it. 
I t  is useful in testing compressors. Type 5c consists of a 
movable element suspended in the gas stream, the motion of 
which causes the area through which the gas m ust flow 
to vary. The element wdll take up an equilibrium posi­
tion such th a t its W’eight is balanced by the differential 
pressure across the constricted area. M eters of this type 
have been used to measure the compressed-air consumption 
of drills and other, pneumatic tools.

T h e  O r i f i c e  M e t e r

Because of its wide range of application and its many 
advantages this m eter is the m ost generally used and therefore 
most im portant of all the gas-measuring devices, and conse­
quently will be discussed in greater detail than any other 
type. Several types of orifice m ay be used; but the con­
centric, circular, sharp-edged orifice in a thin plate is the most 
im portant, and practically all of the subsequent discussion 
refers specifically to this type, wiiich will be called the 
“standard” type. A typical orifice plate of this type is shown 
in Figure 1. Another type of orifice, usually called a flow 
nozzle, is shown in Figure 2. Such a nozzle costs more than 
the standard orifice, especially in the larger sizes, and is used 
o n ly . in exceptional circumstances. Practically its only 
advantage over the standard type is the approximately 40 
per cent greater flow capacity for a given pressure differential. 
Orifices shaped like the segment of a circle (segmental orifice), 
or circular orifices installed eccentrically in the pipe have some 
special applications to be mentioned later.

F ig u r e  3 .  D ia g r a m  o f  A c t io n  o f  a n  O r i f ic e

The orifice plate m ay be of various metals, usually monel, 
bronze, nickel, or stainless steel, and is generally from l/ v  
to V u inch thick. In the large sizes wdiere the plate m ust 
be thicker to secure the necessary rigidity or because of a 
large differential pressure, it is chamfered on the downstream 
side to leave a thin edge. I t  goes w ithout saying th a t the 
orifice m ust be very accurately machined to a definite size. 
I t  is usually installed in the line between flanges, care being 
used to secure a reasonably accurate centering. The differ­
ential pressure is obtained by pressure taps suitably located, 
one on either side-Of the orifice plate.
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The action of an orifice on the flow conditions in the pipe 
may best be discussed with reference to  Figure 3 wliich 
shows the variation in fluid pressure along a pipe line con­
taining a standard orifice. (This particular diagram is for 
water flow, b u t conditions are entirely similar for the case of a 
gas.) A t approximately 1 pipe diam eter (it is convenient 
to use this un it because it enables many results to  be ex-

■s/U2* — Mi* =  c \ / 2g Ah (1)
where u,

Courtesy o f Foxboro Co.
F i g u r e  4 . M e r c u r y - F il l e d  D i f f e r ­

e n t i a l  G a g e

pressed in a form th a t is nearly independent of pipe size) 
above the orifice, the pressure is substantially constant for a 
small change in tap  location. I t  rises sharply to  a maximum 
as the orifice is approached and then drops abruptly  as the 
orifice is passed. The pressure continues to  drop for a  short 
distance below the orifice and then gradually rises to  a new 
constant value a t about 4 diameters downstream, which is dis­
tinctly less than the constant value above the orifice. The 
point of minimum pressure has been shown to coincide 
with the point a t which the stream  of fluid issuing from the 
orifice contracts to a minimum diameter (the so-called Vena 
Contracta). The exact shape of the static-pressure curve 
depends on m any factors, bu t the general outline is the same 
for all fluids and practically all conditions of flow. The 
extent to which the pressure returns to  the value above the 
orifice is mainly a function of the ratio of the diameter of 
the orifice to th a t of the pipe. When this ratio  is 0.40, the 
percentage loss in pressure is about 80 per cent, and, when 
it is 0.70 (about the upper lim it for a standard orifice in good 
practice), it is 50 per cent.

Q u a n t it a t iv e  R e l a t io n s h ip s . The starting  point for 
the development of all fluid-flow equations is the Bernoulli 
theorem which is a  special case of the first law of energy. 
The general formula for gaseous flow through an orifice 
is based on the assumption of reversible (frictionless) adia­
batic flow. The details of this development m ay be se­
cured by consulting some of the sources given in the bibli­
ography a t the end of this article. For practically all the 
cases th a t occur in practice in the measurement of large 
volumes of gas, the pressure differential across the orifice is a 
relatively small percentage of the absolute static pressure. 
For this special case, where the fluid m ay be considered to  be 
incompressible, the general formula is very much simplified 
in th a t it reduces to the simple hydraulic formula:

=  av. linear velocity of fluid in pipe just r 
=  av. linear velocity of jet issuing from orif

above orifice 
ut =  av. linear velocity of jet issuing from orifice 
g — acceleration of gravity 

Ah. = differential pressure around orifice expressed in head 
of fluid flowing 

c =  an empirical coefficient

This is essentially an empirical equation, and its use de­
pends on the experimental evaluation of the constant, c, 
under a wide variety of conditions. When a consistent set 
of units is used, c is rem arkably constant a t a value around
0.60 for a wide variety of conditions. Thus it  has practically 
the same value whether the fluid be a gas, steam, water, or 
oil. The value of c does depend, however, on the location 
of the pressure taps, and m ay be quite a little different 
from the value given above for certain locations th a t are used 
in practice.

By eliminating Mi in term s of r and Ui, where r  =  ratio of
orifice diameter to pipe diameter or ^ , and w2 in term s of Vo,

the volume flowing per un it of time under the orifice con- 
At?

ditions, and substituting —  for Ah, where Ap  =  differential

pressure and p0 =  density of the gas a t  the orifice condi­
tions, Equation 1 is transformed into:

_  x  d2\ /r2gAp
4 V I

2gAp h  
— r* V Po

(2)

Since the pressure of the gas and hence its density are different 
on the two sides of the orifice, the value of c will depend to 
some extent on whether upstream, downstream, or average 
conditions are chosen for V q and p0. The choice is a purely 
arbitrary  one and not of very great practical importance 
when the differential is small, bu t for the sake of definiteness 
upstream conditions will be taken as standard. In  much of 
the flow-meter literature, another coefficient, c', which =  

£
 -> is used. The difference is significant when r  is

greater than  0.35, which includes most of the actual cases.
I t  is probable th a t c depends somewhat on r and on the 

properties of the fluid, bu t the effects are small and not yet 
very definitely known. Recent careful measurements by 
various experimenters, using air, water, and steam, indicate

th a t c approaches a value of 0.597 as r decreases and ~

(the fractional drop in pressure) decreases. A t large values 
of r  (0.8 for example) c is of the order of 0.62. Increase in

^  results in a decrease in c when the ra te  of flow is expressed
as a standard volume; but, if the mean density instead of 
the upstream  density is used, c is practically constant for a

wide variation in — ■ Thus when c is based on upstream
conditions, its value is appreciably affected if the pressure 
drop is as much as 5 per cent of the static pressure, whereas 
the c based on mean conditions is affected to  about the same 
extent by  a 50 per cent pressure drop.

To put Equation 2 in a directly useful form, V 0 m ust be 
transformed to  the volume a t  the desired standard condition 
and po m ust be expressed in term s of the pressure, tem pera­
ture, and composition of the gas. No general relationship 
applying to  all cases is available, since it  depends on the 
properties of the particular fluid concerned under the given 
conditions. Fortunately, the ideal gas laws can be assumed 
without serious error for the great m ajority of cases. This 
furnishes a relatively simple solution of the problem th a t is 
applicable to all gases and vapors which m ay be considered 
ideal.
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Applying the gas laws, one obtains

(3)

where V, = volume flowing at standard conditions
x0 =  volume fraction or mole fraction of water vapor 

a t orifice condition 
x, = mole fraction water vapor for saturation at standard 

condition
Pa = abs. pressure at upstream tap -  Po + B where
Po =  gage pressure and B = barometric pressure
P, = abs. standard pressure 
To = abs. temp, at orifice = 10 +  459.6° F.
T, = abs. standard temp. =  /, +  459.fi-4 F.

Also, from the gas law,

PoMo 
R To (4)

M aking these substitutions in Equation 2, there results:

-c' (r=S) o v Po +  B
I Mo(fo +  459.6)

(5)

where Ci stands for vcd* \ / R V 2 g 
4 V l  — rA

V, =  Co V * V (6)

i r , „  / l - x o ' \  ¡Po' +  B ’ I Mo I to
v • =  7 * ( r = m )  V i v + B -  V ®  W

+  459.6
Po + B 

V.fx X / i X / i X / i
+  459.6 (7)

(8)

V , =  Co VPoM >  

and Equation 8 then becomes

V,' =  V, X /, X h  X / ,

(9)

(10)

where R =  gas constant
Mo =  mol. weight of gas a t orifice conditions which = 

jVffl(l — x0) +  18 x0, where M d = mol. weight of 
dry gas

Having chosen the units and the standard conditions, 
and having determined w hat the average upstream  orifice 
conditions will be, all the terms on the right-hand side of the 
equation are fixed except VAp. Therefore,

Co is an orifice coefficient which would be furnished by the 
m eter m anufacturer. Knowing the average value of the 
square root of the differential pressure, the standard volume 
is readily obtained by a single multiplication.

The meter will be used under average conditions which 
are not necessarily the same as those for which the coefficient 
was figured. Thus if x a', Pa', B ',  M a', and P 0' are the 
actual average conditions of the gas just above the orifice, 
and TV is the corrected volume for these conditions, then, by 
writing Equation 5 for the two cases and dividing, one obtains

The V, computed from the value of the coefficient and the 
average of the V  Ap  by Equation 6 can be corrected by 
multipliers for variations from the conditions on the basis 
of which the coefficient was computed. The factor / , ,  to 
correct for moisture, is frequently omitted because it  may 
generally be neglected and is difficult to  determine. The 
factor fz also involves the moisture content in any rigorous 
treatm ent. Here also the moisture is usually neglected and

is frequently used in the form where S  = spe­

cific gravity of the dry  gas at some standard condition of 
pressure and tem perature referred to  dry air a t  the same 
condition.

In  those cases where the value of P 0 (the absolute pressure 
of the gas a t the orifice) varies widely, it is generally more 
satisfactory' to  retain  P 0 as a variable and transform Equation 
5 to

I t  is practically impossible to test gas m eters under the 
conditions of use, and hence the standard procedure for 
calibration is to compute the coefficients (C2 or Cz) from the 
known values of r. with the aid of the equations given above 
or similar ones. The average rate of flow is then computed 
from the average of the observed or recorded values of Ap or 
Po Ap as the case m ay be. (I t should be noted th a t strictly 
the average square roots should be used and not the square 
root of the average. The difference will not be great if the 
variations are small.) The corrected volume is then com­
puted by Equation 10, the values of the correction factors 
being obtained from tables or charts supplied by the meter 
m anufacturers.

The magnitude of the corrections involved, due to de­
parture from the assumed conditions for which the coefficient 
was computed, m ay be readily estim ated from Equation 7. 
A numerical illustration m ay serve to make this clear. Sup­
pose th a t the assumed conditions for calculation of an orifice 
coefficient and the actual average flow conditions were as 
follows:

A ssum ed  C o nditio ns  A ctual Co n d itio n s  
Composition of gas (dry basis) 75%  H i and  25%  N i 78%  H i and  22%  Ni 
Dew point, ° F . 70 50
Gage pressure, ib. per sq. in. 1.00 1.50
T em perature, ° F . 80 70
B arom eter, lb. per sq. in. 14.50 14.70

At 50° F. the vapor pressure of water = 0.17S pound per square
0 178

inch, and at 70° F. it equals 0.363. Therefore, Xo = = 0.01098;10.^U
xo = 0.0234; Mo = 0.9766 (0.75 X 2.016 +  0.25 X 28.00) +  
0.0234 X 18 = 8.732; Mo' = 7.844; /, = 1.011; h = 1.0222; 
fz = 1.054; a n d / ,  = 1.009.

Substituting in Equation 8, V,’ = 1.10 V,.

Therefore, a  neglect to  correct for these rather slight 
changes in condition would result in a 10 per cent error. 
Generally, the correction factors will not all be greater or 
less than  unity, as the case m ay be, b u t will compensate 
somewhat. On the other hand, there are other cases where 
the variation from the assumed average conditions will 
result in much greater error than in the illustration given.

Steam meters m ay sometimes be checked in place by 
collecting and weighing or determining the volume of the 
condensate, bu t this is only in exceptional cases. In  the 
case of meters operating on saturated steam, there is the 
additional correction necessary for priming which amounts 
to about 1 per cent for each 1 per cent of priming.

L o c a t io n '  o f  P r e s s u r e  T a p s . There are three different 
locations of taps th a t arc in common use. Location of the 
upstream tap  2.5 pipe diameters from the orifice, and the 
downstream one 8.0 diameters away is commonly used in the 
natural-gas industry, but is otherwise rarely employed. 
In  this case the differential pressure is the over-all loss in 
pressure due to the orifice acting as an obstruction in the line. 
The differential produced by a given flow is naturally  less 
than for the closer tap  locations. This location requires a 
greater run of straight pipe bu t has the advantage th a t the 
taps do not need to be very accurately located, since the 
pressure changes very slowly on either side of these points. 
The most widely used location is a t approximately 1 diam eter 
upstream, and a t  the Vena C ontracta on the downstream 
side. This gives very nearly the maximum differential; 
and, since the Vena C ontracta is a  minimum point, the change 
in pressure with a  slight change in location will be the least
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as compared with any of the adjacent locations. Consider­
able experimental work has been carried out to locate the 
minimum point for a  wide variety  of conditions. The 
published data  indicate th a t its location is nearly constant 
a t  0.5 diameter. The inetcr manufacturers publish tables 
giving their recommended location of the taps for each size 
of pipe and value of r (ratio of diameters). Another location

F i g u r e  5 . O i l -S e a l e d  G a g e  f o r  S m a l l  
D i f f e r e n t i a l  P r e s s u r e s

commonly used is to  drill into the flanges themselves so th a t 
the centers of the holes are approxim ately 1 inch from the 
nearer face of the orifice plate. Some firms supply special 
flanges with the taps already in them for use with their 
orifices. Recent work of the Bureau of Standards on orifice 
coefficients shows th a t there is no appreciable difference be­
tween the two last-mentioned locations when the pressure 
differential is small and the diam eter ratio does not exceed 0.7.

I n d i c a t i n g , R e c o r d i n g , a n d  I n t e g r a t i n g  t h e  F l o w . 
The differential pressure around an orifice is measured in 
terms of a fluid head by a differential gage, which may be an 
ordinary U-tube manometer, and the observed head is an 
indication of the instantaneous rate  of flow. For commercial 
purposes it is generally necessary to know the to tal flow over 
a given period and is very desirable to have a tim e record 
of the rate  of flow. By a suitable mechanism the differential 
pressure can be made to move a pen over a chart driven by 
clockwork so th a t a  curve of the change of Ap  with time is 
traced. I t  is also possible to integrate continuously the 
instantaneous rates to obtain the to tal flow. Various in­
genious methods for accomplishing these ends have been 
developed, bu t it will be possible to describe only some of 
them here in barest outline. In  all cases there is a  differential 
gage which is essentially a U-tube filled w ith a fluid, usually 
mercury or a mineral oil. The mechanism which is acted 
upon by the differential may be purely mechanical or it may 
involve electrical circuits.

figure 4 shows one form of the mechanical type of differential 
gage. The motion of the mercury in the U-tube is transmitted 
to the pen arm by the float and segment lever mechanism, 
and the pen traces a differential pressure line on the circular 
chart. Since the static pressure may vary considerably and since 
it has been shown th a t a knowledge of the average static pressure 
is necessary to compute the flow, a static pressure-recording 
mechanism is usually combined with the differential gage so 
that both pressures are recorded on the same chart.

Another differential gage of the mechanical type is shown 
in Figure 5.

This gage consists of an oil-sealed bell and a displacer attached 
to the bell which dips into mercury. The high-pressure tap 
from the orifice is connected to the space inside the bell, and the 
low-pressure tap to that outside the bell. A differential pressure 
thus causes the floating bell and displacer to rise until the pres­
sure is balanced by the change in buoyancy. The motion of the 
bell is communicated by a lever arm and shaft to the pen arm. 
This particular gage will operate on a very small differential 
which is frequently necessary in measuring gases. The differ­
ential required for maximum flow is only 2 inches of water. 
I t  has another special feature in that the motion is proportional 
to the square root of the differential rather than directly pro­
portional, as is the case for the gage shown in Figure 4. This 
special motion is accomplished by the displacer which is so 
shaped that the change of the buoyant force acting on it is 
proportional to the square of the linear travel. This means that 
the travel will be proportional to the square root of the differ­
ential or proportional to the rate of flow. The advantage of 
this lies in the fact that the chart may have a linear scale and 
yet read directly in volume of flow units. The temperature 
and the pressure changes can easily be recorded on the same 
chart, and the integration of the rate curve is said to be somewhat 
simpler than if a non-linear scale is used. With the gage shown 
in Figure 4 the chart would have a linear scale if it recorded 
differential pressure, but, if it recorded rate of flow, it would 
have a square-root scale.

Low-pressure connection

C ontact  ̂
cham ber ~

M ercury U tube 
(low-pressure leg) ‘

Gas .

H igh-pressure connection

H igh-pressure
cham ber

M ercury U tube 
(high-pressure leg)

Gas

Courtesy o f Republic Flow Meters Co.

F ig u r e  6 . D i f f e r e n t i a l  G a g e  o f  a n  E l e c t r ic  T y p e  o f  
O r i f ic e  M e t e r

The to tal flow may be readily obtained from the charts 
with the aid of planimeters. If it is assumed th a t the chart 
is a time record of the differential pressure and the static 
pressure, then by means of an ordinary radial planimeter 
the average values of p and Ap  are obtained; and the products 
of their square roots multiplied by the tim e and by a factor 
(Equation 9) give the to tal flow for th a t period of time. 
If p and Ap  vary widely, a special planimeter which averages 
square roots should be used because the flow is proportional 
to average square roots and not to the square root of the 
average. If the static pressure does not vary  much, the 
meter m ay be equipped w ith an autom atic planimeter or 
integrator which follows the variations in differential pressure 
or rate  of flow and records the to tal flow by a counter. W hat­
ever method is used to  obtain the to tal flow, it is still subject 
to  the corrections alreadj' discussed, owing to  variations of 
pressure, tem perature, humidity, and specific gravity. 
This can be taken care of by multiplying factors obtained
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Courtesy o f Brown Instrument Co.
F ig u r e  7 . D i f f e r e n t i a l  P r e s s u r e , G a g e  U s in g  I n d u c t a n c e  B r id g e  P r i n c i p l e

There is the usual mercury U-tube, the variation in mercury 
level operating a float to which is attached a magnetic armature. 
The armature is contained in a nonmagnetic tube surrounding 
which there is a  divided inductance coil. This coil is connected 
to a source of alternating current and to exactly similar coils 
in indicating and recording instruments. The motion of the 
armature attached to the float causes a change in the ratio of 
the voltage drops across the two coils, which causes changes in 
the magnetic flux in coils located in the instruments, resulting 
in unbalanced magnetic forces which are balanced by a motion 
of armatures suspended in the instrument coils. The armatures 
move to such a position that the voltage ratios across the two 
sections of the divided coils will be equalized in all three sets of 
coils. The motion of the armature is transmitted to a pointer 
or a pen to indicate or record the flow. The motions of the 
armatures in the instruments are proportional to that of the 
armature attached to the float and therefore to the differential 
pressure. For direct reading instruments, a square root scale 
is therefore necessary. The total flow is obtained in the same 
way as in the case of the mechanically operated meters. The 
particular gage shown in Figure 7 is for steam where the allow­
able differential pressure is generally much greater than for gases. 
For small differentials of the order of a few inches of water, 
the armature is moved by a floating bell.

The chief advantage of the electrical type of flow m eter is 
th a t it permits the locating of the instrum ents a t  practically 
any distance desired from the point of measurement. A 
large number of instrum ents can be conveniently located 
in a central control room. W ith the mechanically operated 
meters the remote location of the recorder is a more difficult 
m atter because the connection to the prim ary element is by 
pipe lines which m ust be absolutely tigh t and free from any 
pockets where liquids could collect which would cause a 
false registering of the differential. On the other hand, the 
mechanical types are entirely self-contained. Both types 
can be obtained for a wide range of differential and of static 
pressures. I t  should be noted th a t the differential gages of 
any m eter installation can be readily checked against known 
differential pressures and readjusted or corrected for any 
errors th a t m ay be found. In  fact, a regular servicing of 
the meters after they are installed is highly desirable and 
practically necessary if they are to continue functioning with 
good accuracy.

N o t e s  o n  O r i f i c e  I n s t a l l a t i o n . The size of orifice to 
use is readily calculated by Equation 2 when the average 
flow conditions arc known and the maximum differential 
pressure has been decided upon. The maximum differential 
pressure m ay be limited to a few inches of w ater for gases 
th a t are flowing a t pressures only slightly above th a t of the 
atmosphere. For steam  or gases a t pressures well above 
atmospheric, the allowable differential pressure is determined

Courtesy o f Foxboro Co.
F i g u r e  8 . T y p ic a l  P i p i n g  A r r a n g e m e n t  f o r  S t e a m  

M e t e r

external resistance are incorporated in the meter. For very 
small differentials, the motion of the mercury in the contact 
chamber may be magnified by the use of a floating bell and a 
displacer.

Another electrical type involving an interesting principle 
is shown in a schematic way in Figure 7.

from charts or tables (Equation 10). I t  is interesting to 
note th a t integrators are on the m arket which are auto­
matically compensated for pressure change.

In  Figure 6 there is shown the differential gage of an electric 
type of meter.

The action of the differential pressure is to cause a rise of 
mercury in the contact chamber shown at the top of the left 
side of the U. The contact element or “scale” consists of 
ninety-one stainless steel rods connected to a series resistance 
a t various points. As the mercury rises and makes contact 
with the rods, resistances are cut out of the circuit. The re­
sistances are so proportioned tha t the total resistance in the 
circuit is proportional to the square root of the rise of mercury, 
and therefore directly proportional to rate of flow. By impress­
ing a constant alternating-current voltage across the resistance 
element, the current in the circuit will be proportional to flow, 
and thus the flow indicator and flow recorder are similar to an 
indicating and recording ammeter. The integrator which gives 
the total flow is similar to a watt-hour meter. Suitable means 
for maintaining constant voltage and compensating for variable
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more by the requirements of the differential gage to  be used 
than  by anything connected with the flow. In  the measure­
m ent of very large flows, the cost of power necessary to  force 
the gas through the orifice m ay be a  factor in determining 
the size. I t  is inadvisable to have the orifice diameter 
greater than 0.7 of the pipe diam eter for a concentric orifice 
because a t high values of this ratio, extreme accuracy in 
centering is required, because the pipe diameter m ust be 
known more accurately, and because roughness of the pipe 
surface has more effect on the results.

Courtesy o f Republic Flow Meters Co.

F i g u r e  9 . U s e  o p  S t r a ig h t e n in g  
V a n e s

I t  is desirable to locate the orifice in a  vertical line because 
there is less chance of solids or liquids settling from the gas 
and accumulating behind the orifice plate and disturbing 
the flow conditions. If installed in a horizontal gas line, 
the pressure taps should run from the top of the pipe and be 
provided with drain cocks a t  low points. One large meter 
company advocates the use of segmental orifices or circular 
orifices installed eccentrically so th a t the bottom  of the 
orifice is flush with the bottom  of the pipe for all horizontal 
lines, to  minimize the trouble from accumulations of foreign 
material. As far as the author is aware, there are few 
published data  on the flow characteristics of such orifices. 
They are said to  be preferable to  the concentric orifice where a 
large ratio of orifice diameter to  pipe diameter is necessary, 
and they also throw the position of the Vena C ontracts 
further downstream from the orifice plate, which is sometimes 
desirable.

W hen condensable vapors are to be measured, the two 
pressure leads m ust be filled with the liquid condensate to 
the same level so th a t the heads of liquid over the mercury 
in the gage will be exactly equal in the two leads when no 
flow is taking place, and will differ only by the am ount 
equal to  the differential head of mercury when a flow is being 
measured. Figure 8 shows a typical piping arrangem ent 
for a steam  meter. The two chambers beside the pipe are 
condensers to aid in maintaining the water levels in the same 
horizontal plane when the flow is varying. The orifice 
plate for a steam  m eter is also generally provided with a 
small drain hole th a t is located a t the bottom  of the pipe 
and allows liquid to  pass through the plate instead of ac­
cum ulating behind it.

In  order th a t the standard values of the orifice coefficients 
can be relied upon with an accuracy of a few' per cent, i t  is 
necessary th a t the orifice be a t  certain minimum distances 
from any fittings w-hich are ap t to cause disturbances of the 
flow'. This is especially true on the upstream side. I t  is not 
possible to  give any hard and fast rule to cover this point, 
b u t in general the orifice should be not less than  10 to 15 
pipe diameters from any fittings or obstructions on the 
approach side, and a t  least 2 diameters on the downstream 
side. Where the proper runs of straight pipe ahead of the 
orifice cannot be obtained, straightening vanes (Figure 9) 
are commonly installed. These are made in various forms, 
but consist in general of a “honeycomb” of some sort which 
eliminates the larger eddies or swirls.

Corrosive gases introduce special problems. The ma­
jority of the differential gages are constructed of steel and 
contain mercury, and hence they would not be suitable

for gases th a t attack  these materials. The gages can be 
sealed with liquids to prevent the gas from coming in direct 
contact with the gage, bu t all gases are soluble in all ordinary 
liquids and this does not completely prevent attack . The 
use of absorbent chambers in the pressure lines can be used 
in some cases. Thus, for gases containing hydrogen sulfide, 
a purifier filled with an active iron oxide should be suitable. 
If a flow indication w ithout record is all th a t is needed, the 
orifice installation is very much simplified, and various 
special materials can be used to combat corrosion.

A d v a n t a g e s  a n d  L i m i t a t i o n s  o f  O r i f i c e  M e t e r s  The 
orifice method has a very wide range of application. I t  can 
be used for almost any rate  of flow' and for a  wide variety 
of pressures and temperatures. Orifices as large as 70 inches 
in diameter have been made, and differential gages for 
pressures as high as 5000 pounds per square inch are available. 
The first cost is relatively low; and, as the size of the pipe 
increases, the only p art of the meter th a t increases is the 
orifice, which is relatively inexpensive. There are no moving 
parts in the line of flow, and chances of clogging from im­
purities in the gas are a t a minimum. The only p art to get 
out of order is the differential gage, and th a t can be checked 
w ithout great difficulty. An orifice is simple to install and 
requires little change in existing piping. The space occupied

F ig u r e  10. C r o s s  S e c t io n  o f  V e n t u r i  M e t e r

is small. A given installation can easily be changed to m eter 
different rates of flow merely by changing orifice plates. 
I t  is portable and therefore available for test purposes, and 
several orifices can be connected to one differential gage w'hich 
is sometimes useful for p lant tests.

From the previous discussion of the factors affecting the 
orifice meter, i t  should be evident th a t any figure cited as to  
the accuracy of an orifice m eter would have b u t little meaning. 
Besides all the factors affecting the prim ary element, there are 
sources of inaccuracy in the secondary element also th a t 
m ust be included in any over-all estimate of the accuracy 
of an orifice meter. When installed and operated under 
ideal conditions and when all known precautions are taken
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and all corrections applied, the flow might be determined 
with an accuracy of 1 per cent or better. Probably in the 
m ajority of cases the accuracy is between 2 and 5 per cent, 
and in many instances the error is probably greater than 5 
per cent.

An orifice meter is not satisfactory where the rate of flow 
varies over wide limits. Thus, from the orifice equation 
it can be seen th a t if the flow drops to one-fourth of its maxi-

Tko o r  m o re  n o te s  a o Z m i'n  d ia m e te r  d r illed  m  g  
each  s id e  o f  the o u te r  tube  n e a r  th e  m id d le  a

Courtesy o f American Society o f Mechanical Engineers

F ig u r e  11. P it o t  T u b e

mum value, the differential pressure is only one-sixteenth of 
its maximum, and the percentage accuracy of the measure­
m ent has been very greatly reduced. A given installation 
is, in general, only good for a flow range of 3 to 1 or 4 to 1.

V e n t u i u  M e t e r s  a n d  P i t o t  T u b e s

Ve n t u r i. The prim ary element of a  Venturi m eter is the 
Venturi tube shown in Figure 10.

Following the inlet flange, there is a short cylindrical section 
of about the same inside diameter as the pipe, but accurately 
machined so that the diameter may be accurately determined. 
Surrounding this portion of the tube is an annular chamber or 
piezometer ring which communicates with the inside of the tube 
through several small ports, and to which is connected one of 
the static pressure leads. Following this ring is a cone of about 
21° total angle leading to a short cylindrical throat section also 
accurately machined and provided with a series of holes opening 
into another piezometer ring where the lower pressure lead is 
connected, hollowing the throat section is a cone of 5-7° total 
angle which terminates in the outlet flange. The diameter of 
the throat section is generally one-half to one-fourth of that of 
the entrance section.

The principle of the Venturi tube is the same as th a t of the 
orifice, and the same equations apply. The variation of 
pressure along the tube is well shown in Figure 10. The chief 
difference from the orifice lies in the fact th a t the flow through 
the Venturi is nearly frictionless and th a t there is no contrac­
tion of the jet of fluid to a smaller diameter than the th roat 
diameter, as occurs in the orifice. As a result, the coefficient 
(Equation 2) varies between 0.95 and 0.99 instead of the 0.60 
value for a sharp-edged orifice. The shape of the exit tube 
from the th roat section is such th a t the static pressure lost 
owing to  the increase in velocity' is nearly all regained so 
th a t the over-all drop in pressure for a Venturi is quite small. 
This is one advantage of the Venturi over the orifice, which 
m ay be an im portant factor in some cases. Thus, if the 
conditions of the installation were such th a t a permanent 
pressure drop of 2 inches of water was all th a t could be 
allowed, this would limit the maximum differential in the 
case of an  orifice to something between 2 and 3 inches of 
water; and, if the flow varied much, the lower rates would

not be measured very accurately. On the other hand, a 
much higher differential for the same perm anent loss in 
pressure could be used with the Venturi, and it  would be 
accurate over a wider range. The secondary elements 
of a Venturi meter installation (that is, the differential gage 
and the methods for indicating, recording, and integrating 
the flow) are the same as for the orifice.

The Venturi has a greater initial cost than the orifice 
meter (especially in the larger sizes), is more difficult to in­
stall, is less easily changed to m eter different flows, and is- 
more likely to become clogged. For these reasons it is 
seldom able to compete with the orifice for the measurement 
of gaseous flow. Because of the accurate control of the 
approach and recession from the throat, Venturi-meter 
coefficients are probably more accurately reproducible than 
orifice coefficients, but the difference is not great enough to 
balance the obvious advantages of the orifice.

P i t o t  T u b e . Instead of placing a constriction in the line 
which produces a differential static pressure, the P ito t tube 
consists merely of two pressure-measuring tubes, one of which 
(the impact tube) measures the kinetic head of the fluid 
and the other (the static tube) measures the static pressure.

F i g u r e  12. S e c t i o n a l  V i e w  o f  S h u n t  M e t e r

The difference between these two pressures is related to the 
velocity of flow by the same types of equations already given 
for the orifice, with the very' im portant difference th a t in the 
case of the P ito t the velocity' m eant is th a t a t  the particular 
point in the pipe (usually the center) where the im pact tube 
is inserted, instead of the average velocity of the whole 
stream. In  order to use the P ito t tube to  measure the rate 
of volume flow, it is necessary either to  explore the cross 
section of the pipe to obtain an average velocity, or to 
place the im pact tube a t the center of the pipe and rely 
on previously determined data  to  give the ratio between the 
average velocity' and the maximum velocity a t the center. 
The first method is obviously out of the question for commercial 
metering, and the second suffers from the disadvantage tha t



the ratio is not accurately known for a wide range of
Wniax.

conditions. The P ito t tube is also more sensitive to  dis­
turbances of the flow than either of the other differential- 
pressure methods. Furtherm ore, since the P ito t tube does 
not produce any acceleration of the flow, the differential 
pressure produced is small except a t  high velocities of flow,
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F i g u r e  13 . B e l l o w s  T y p e  o f  D i s ­
p l a c e m e n t  M e t e r

and is difficult to measure accurately. Thus, air a t atmos­
pheric pressure and 70° F., flowing a t  a velocity a t 20 feet 
per second, would produce a P ito t differential of only 0.14 
inch of water. This could not be measured accurately by 
the commercial types of differential gage now available. 
W ith an orifice, the differential pressure can be brought 
to  any desired value merely by proper choice of orifice di­
am eter. For these reasons the P ito t tube has practically 
no application to  the commercial metering of gases. I t  is 
very useful, however, as a portable instrum ent for test purposes 
where high accuracy is not required. A convenient form of 
tube for this service is one in which the two tubes are com­
bined, as shown in Figure 11. The coefficient for such a tube 
is very close to unity. The insertion in the pipe line is very 
easily accomplished, provided the pressure is not far from 
atmospheric. For higher pressures i t  would be better to  use 
separate tubes securely fastened through the pipe wall. 
For low differential pressures some form of inclined or other 
multiplying gage would be necessary.

Sh u n t  M e t e k

In  Figure 12 is shown a recently developed type of m eter for 
small installations, known as a shunt meter, which is a 
true differential-pressure meter, bu t which differs radically 
from the differential-pressure types previously discussed.

The primary and secondary devices are combined in a single 
unit. A chord type of orifice in the main line of flow produces a 
differential pressure which causes a flow through the nozzles 
into the shunt circuit. The stream through the nozzles im­
pinges on a small turbine wheel whose speed of rotation is pro­
portional to the square root of the differential head produced. 
Since the flow rate is also proportional to the one-half power 
of the differential head, the rotations of the turbine wheel are 
proportional to the total flow. I t is thus a true differential- 
pressure meter, the shunt circuit and turbine being merely a 
special device for translating differential pressure into total 
flow. The rotating shaft is magnetically coupled to another 
shaft operating a counter in an entirely separate compartment. 
At the lower end of the turbine shaft is a fan wheel rotating in a 
water-filled chamber. This serves to damp the motion of the

turbine so that the speed of rotation is relatively low, reducing 
wear on the bearings and also minimizing the relative importance 
of bearing friction.

This meter is built in three sizes only, for 2-, 3-, and 4- 
ineh lines. There are two ranges of differential pressure 
used, one with 80 inches of water as the maximum, and the 
other with a maximum of 20 inches of water. Its  advantages 
are th a t it is cheap and simple, easy to install, and entirely 
self-contained. I t  can be used on larger than 4-inch lines 
by installing it in a by-pass around a standard orifice. I t  
is applicable over a considerable range of pressures and 
temperatures. I t  is claimed by the makers to have an 
accuracy of =*=2 per cent over a 10 to 1 range of flow. 
This refers to the accuracy obtained in calibration. Under 
actual operating conditions it is subject to  error due to 
variation in pressure, temperature, specific gravity, etc., 
from the conditions assumed in calibration, ju st as the other 
differential-pressure meters are. As far as the author is 
aware, there arc no published scientific data on its per­
formance.

D i s p l a c e m e n t  M e t e r s

D ia ph r a g m  T y p e . The construction of this type of meter 
may be seen from Figures 13 and 14.

The steel case of the meter is divided horizontally by a steel 
table above which is located the valve and counting mechanism, 
and below which is located the volumetric chambers. Below 
this table the meter box is divided into two halves by a vertical 
partition best seen in Figure 14. In each of the partitions
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F ig u r e  1 4 . D ia g r a m  o f  O p e r a t i o n  o f  
B e l l o w s  T y p e  o f  M e t e r

there is a leather bellows or diaphragm (8 in Figure 13) to which 
is fastened the disk, 9-1. Thus there are formed four gas 
chambers (FC, FD, BD, and BC in Figure 14), and the volume 
of each can be increased or decreased by the motion of the dia­
phragm and disk. The inflow and outflow of gas from the 
compartments are controlled by slide valves best seen in Figure 14. 
The differential pressure across the meter causes the diaphragms 
to move, alternately emptying and filling the chambers. The 
motion of the diaphragm on one side of the partition operates 
the series of cranks and levers which control the valves to the 
parts which connect to the chambers on the other side. No gas 
can leave any chamber while gas is flowing into it, and thus a 
definite volume is taken in and discharged on each stroke.

In Figure 14 the diaphragm on the left side is moving to the 
right so that compartment FC is filling and FD is empting. 
The other diaphragm is a t the end of its stroke, DB being empty 
and BC filled. As soon as the left-hand diaphragm reaches a
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certain point in its travel, the slide valve will move so as to permit 
BC to discharge and BD to fill. Thus a cycle of changes occurs 
quite similar to what occurs in a duplex direct-driven steam pump.

The m eter illustrated here is suitable only for low pressures 
and is built in sizes up to a maximum capacity of 17,500 
cubic feet per hour. By placing the same metering mecha­
nism in a cast-iron case, pressures up to 250 pounds can be 
measured a t a maximum rating of about 90,000 cubic feet 
(standard conditions) per hour.

These meters are used mainly for measuring the gas 
supplied to consumers in a large gas-disttibution system. 
They are relatively cheap and simple, and require a minimum 
am ount of attention. They will measure accurately any 
rate_of flow from zero up to their maximum rated capacity.

The gas m e a s u re d  m ust be 
clean, noncorrosive, and with­
out effect on the leather dia­
phragms. I t  must not deposit 
any liquid which would stay 
in the diaphragm c o m p a r t ­
ments and ro t the leather bel­
lows. The range of pressure 
and tem perature over w h ich  
these meters can be used is ob­
viously quite limited. The ac­
curacy will be affected by pres­
sure, t e m p e r a tu r e ,  and hu­
m idity c h a n g e s , b u t not by 
changes in specific gravity due 
to changes in c o m p o s i t io n .  
They do not record the rate  of 
flow, bu t only the total volume 
of gas th a t has passed through 
them. The p re s s u re  is the 
chief variable affecting the ac­
curacy, and an in s t r u m e n t  
known as a base pressure index 
is available which, when a t­

tached to the meter, automatically compensates for pressure 
variation and gives the to tal volume corrected to  the standard 
pressure.

R o t a r y  T y p e . Figure 15 shows a section through this 
type of m eter which is a development of the well-known 
blowers and exhausters operating on the same principle, 
the chief difference being in the bearings which have been 
improved to reduce the friction to a minimum.

The two shafts carrying the rotating pistons turn in opposite 
directions, and the cylinder and rotors are so proportioned and 
accurately machined that all clearances are reduced to a very 
small figure. Gas pockets of definite volume are formed be­
tween the rotors and the cylinder walls; and, as the rotation 
occurs, owing to the action of a pressure differential between 
inlet and outlet, these pockets are alternately filled and emptied 
of gas. Four of these compartments of definite volume are 
filled and discharged on each complete revolution. Thus, the 
number of revolutions is proportional to the total volume of gss 
passed through, and the totalizing instrument is merely a revolu­
tion counter. The displacement can be accurately calculated 
from the dimensions of the meter. The volume metered will be 
slightly less than the displacement, owing to a leakage or “slip” 
of gas from inlet to outlet through the small clearances between 
the impellers and the cylinder. The amount of slip must be 
determined by calibration of the meter against an absolute 
standard, preferably at the normal rate of operation, since the 
slip varies with the speed of rotation. Some published tests 
on this type of meter show the slip to be of the order of 0.2-
0.3 per cent a t rated capacity or practically negligible, but at
small flows the error due to slip becomes much greater. The 
larger sizes are provided with a handwheel (Figure 16) to make a 
check on the amount of slip. With the valve on the outlet line 
closed, the handwheel is turned to operate the meter at such a
speed as to give the operating differential. The ratio of the

Courtesy o f Roots-Connerstille- 
Wxlbraham Division o f Inter- 

national-Stacey Corp.

F i g u r e  15. S e c t i o n  
t h r o u g h  R o t a r y  D is ­
p l a c e m e n t  M e t e r

r. p. m. under these conditions to the r. p. m. in normal operation 
a t the same differential is a measure of the slip. The slip is not 
determined under the actual conditions of operation, but this 
simple test furnishes a useful check on the functioning of the 
meter. I t  is essential, if such a test is to be reliable, tha t the 
valve on the outlet line be checked as to leakage.

As with any displacement meter, the Standard volume is 
obtained from the indicated volume by applying corrections 
for changes in pressure, temperature, and humidity. Un­
like the orifice meter, a change in gas composition has no 
effect on the reading. On tho other hand, the pressure- 
and temperature-correction factors occur as the first power of 
the ratios of absolute pressure and absolute tem perature 
instead of as the one-half power. These meters are com­
monly equipped with a pressure-tem perature-rate of flow 
recorder, all three records appearing on one chart. From 
this chart the average pressure and tem perature for use in 
correcting to standard condition are obtained.

The low-pressure meters have normal ratings ranging 
from 6500 to 800,000 cubic feet per hour. They operate on a 
very small differential—namely, 0.5 to 1 inch of water a t 
normal rating. The first cost is greater than for the orifice 
meter, but the displacement m eter is probably capable of 
somewhat greater accuracy, and the accuracy is m aintained 
over wider variations in rate of flow. M eters of this type 
are available for higher pressures (up to 350 pounds), bu t 
the cost is considerably increased. The upper lim it of tem ­
perature a t  which they can be used is about 250° F. They 
cannot, of course, be used with corrosive gases, and the gas 
should also be reasonably free from suspended m atter. 
They are self-contained and require no outside source of 
power.

Referring to displacement meters in general, one of their 
chief advantages is simplicity. There are no complicated 
mechanisms or complex electrical circuits to get out of order.

Courtesy o f Roots-Cont\crsville~Wilbraham 
Division o f International-Stacey Corp.

F i g u r e  16. T e s t  o f  R o t a r y  D is p l a c e ­
m e n t  M e t e r  b y  G a s  H o l d e r

There is almost nothing th a t can happen to this type of 
meter th a t would not be a t  once evident, whereas a complex 
mechanism m ight get out of adjustm ent and give inaccurate 
results w ithout any warning. I t  is more rugged and more 
positive in its action than the differential-pressure or therm al 
meters. A given meter is accurate over a  wide range of 
flows. They are not sensitive to flow disturbances due to
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fittings, and the flow m ay be interm ittent, fluctuating, or 
pulsating w ithout seriously affecting the accuracy.

G a s  H o l d e r s  o r  M e t e r  P r o v e r s . This type of dis­
placement m eter finds im portant application as a primary

The only commercial representative of this class is the 
Thomas meter, which is quite different in principle from the 
hot-wire anemometer. I t  is essentially a calorimeter and 
thus independent of rate  of heat transfer. Three elements 
are placed in the stream  of fluid, two thermometers with a 
heating element between them  (Figure 17). Electrical 
energy is supplied to  the heating element (in theo.ry various 
means of supplying heat could be used, bu t electrical heating 
is the only one actually utilized), and the heat dissipated 
to the fluid results in an increase in temperature.' The very 
simple quantitative relationship is given by  the following 
equation:

V. = Q
(U — ti)Cp

where V, = volume a t standard condition 
Q =  quantity of energy added 

(fi — W) — temp, rise of gas stream

Courtesy o f American Society o f Mechanical Engineers

F i g u r e  17. D ia g r a m  o f  T h o m a s  M e t e r

standard for the calibration of other types of meters. Thus, 
most of the values of orifice coefficients for gases are based 
on the gas holder as the absolute standard. There are two 
general types similar to  the two types of large holders used 
for gas storage: (1) the liquid-sealed floating bell and (2)
the dry or piston type. In  Figure 16 a 2800 cubic foot 
piston type is shown set up for testing an 800,000 cubic 
feet per hour ro tary  displacement meter. The average 
diam eter of the cylinder or the floating bell and the distance 
of travel can be accurately measured, and the limiting factor 
in the accuracy of such a prover is frequently the difficulty 
of measuring accurately the average tem perature of the gas 
in it. In  recent tests of large gas m eters by  the Bureau of 
Standards, a  water-sealed holder, 168 feet in diameter, was 
used as the prim ary standard, and the results were considered 
accurate to about 0.5 per cent.

T h e r m a l  M e t e r s

The simplest m eter of this class is the hot-wire anemometer 
which has been used for experimental work, b u t has never 
been adapted for commercial metering. In  principle it 
consists of an eleetrially heated wire placed in the fluid 
stream, the rate  of heat transfer from which is dependent 
upon the flow rate. If the voltage across the terminals 
is maintained constant, the average tem perature of the wire 
will change as the flow rate  changes; thus the resistance 
and hence the current will likewise change. E ither the 
current or the resistance is related to  the rate  of flow and 
m ay be used as a measure of it. There is, however, no 
simple relationship between the rate  of flow and the elec­
trical quantities measured which could be used to  calibrate 
such an instrum ent, and presumably it  would have to be 
calibrated against another flow method under the conditions 
of use. This has probably been a very im portant factor in 
preventing its development for commercial use.

  lA/LUJI. 1 ML w  rv °
Cp = heat capacity a t constant pressure of 1 standard 

cu. ft.

If a constant input of energy to the heating element were 
maintained, the difference between the readings of the two 
thermometers would be inversely proportional to  the ra te  of 
flow, assuming CP is constant. On the other hand, if the 
tem perature difference were m aintained constant, then the 
energy input to the heating element would be directly pro­
portional to the flow. The second of these methods is the 
one actually used, as it has very definite practical advantages 
over the first one. In  the first place, the integration to 
obtain to tal flow is much simpler with the second method,

Courtesy o f Cutler-Hammer, Inc.

F i g u r e  18. T h e r m o m e t e r  U n i t  o f  T h o m a s  
M e t e r

because of the straight proportionality between flow and 
energy input; whereas with the first method an inverse 
relation exists. Further disadvantages of the first m ethod 
are th a t the heat losses are more variable, and time lag is a 
more im portant factor owing to the wide variations in tem ­
perature.

The thermometers, one of which is shown in Figure 18, consist 
of a nickel resistance wire encased in a flexible lead-covered tube 
which is wound back and forth in the circular frame. The two 
resistance thermometers are connected in a Wheatstone bridge 
circuit, and the variable resistance in the circuit is set so that 
the galvanometer is at zero when the temperature difference 
is 2° F. Any change in the rate of flow will tend to change this 
2° difference, resulting in an unbalance of the bridge with a 
consequent deflection of the galvanometer. By an ingenious 
mechanism, a deflection of the galvanometer needle is caused 
to operate a motor-driven rheostat which increases or decreases 
the current to the heater (Figure 19) so as to restore the 2° 
difference. The variation in watts supplied to the heater is a 
measure of the rate of flow so tha t the rate-of-flow recorder is a 
recording wattmeter. The total flow is obtained from a watt- 
hour meter.

The Thomas m eter is used mainly as a station m eter in 
large gas plants. I t  is built in thirteen sizes ranging from
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25,000 to 2,000,000 cubic feet per hour. I t  is the only meter 
which is not affected by pressure and tem perature changes, 
since it  depends only on the heat capacity of the gas which 
is practically independent of pressure and temperature over

Courtesy of Cutler-Hammer, Inc. 

F lG U R E 19. IT EATER U n i t  OF TlIOMAS M eT E R

the range of variations th a t would occur in practice. I t  
will be affected somewhat by composition change, bu t not 
greatly since the molal heat capacities of the common gases 
are not greatly different. If the moisture content of the gas 
is far from the value for saturation a t the standard condition, 
then a moisture correction m ay be necessary.

The calibration of the meter depends on an accurate 
knowledge of the specific heat of the gas and of the change in 
resistance of the thermometers with temperature. The 
recording and totalizing instrum ents can be separately

calibrated by standard methods. 
I ts  accuracy also depends on the 
degree to which the thermome­
ters are able to  integrate the 
temperatures across the pipe to 
obtain the average and to re­
sp o n d  q u ic k ly  to  c h a n g e s .  
There is no way to check the 
meter in actual sendee except 
to compare it with other types 
of instrum ents in the same line. 
The tests of this kind which have 
been published show th a t the 
Thomas m eter is as accurate as 
the other meters used for the 
same service.

The initial cost is high as com­
pared with an orifice meter, and 
it involves rather delicate mecha­
nisms which might conceiv­
ably get out of adjustm ent. I t  
introduces p r a c t i c a l l y  no ob­
struction to  the flow, which is 
an advantage in the special case 
of slow' rates of flow where the 
total pressure differential is very 
small. I t  can be used where the 
rate of flow' varies over wide 
limits. If the gas being meas­
ured contains any liquid in sus­
pension, there will obviously be 
a serious error due to vaporiza- 

F i g u b e  20. C r o s s  S e c t io n  tion. For this reason the meter
o f  T o o i .-o m - e t e r  could not be used for saturated

v a p o r s .  An a d v a n ta g e ,  as 
compared with the rotary displacement meter, is th a t the 
recording instruments can be located a t  considerable dis­
tances from the point where the primary instrum ent is lo­
cated. The cost of electrical energy to operate the meter 
is relatively small. Thus, it m ay readily be calculated

th a t ¡with a flow' of 1,000,000 cubic feet per hour of a dia­
tomic gas, the energy required per hour would be 10.7 
kw-hours. A t a unit cost of 2 cents per kw-hour. the daily 
cost would equal So.10. A differential-pressure meter 
operating on such a differential th a t the perm anent loss in 
pressure w'ould be about 4 inches of water would have about 
the same energy cost if the pressure were produced by an 
electrically driven blower or gas pump of any kind, assuming 
an over-all efficiency of about 75 per cent in the use of elec­
trical energy.

A r e a  M e t e r s

Figure 20 illustrates one of the several meters of this class. 
Its chief application is to the measurement of the compressed 
air supplied to  pneumatic tools.

I t  consists of a moving element working inside a cylinder 
that has a number of accurately reamed holes in its walls, ar­
ranged along a helix. The moving element consists of a weighted 
piston fitting loosely in the cylinder and another piston in an 
oil dash-pot, the two connected by a rod which also extends 
above the main piston into a sight glass where its position may be 
read on a scale. Compressed air enters the 
cylinder, causing the piston to rise and un­
cover some of the ports. The piston will 
rise until the pressure differential necessary 
to cause the flow is balanced by the weight 
of the moving element. The motion of the 
piston is directly proportional to the flow', 
buch a meter is clearly of extreme simplicity 
and ruggedness.

Figure 21 illustrates another simple 
and rugged m eter of this class which has 
recently been pu t on the market.

I t  consists of a vertical transparent tube 
with tapered bore containing a float. As 
gas flows up through the tube, it causes the 
float to rise, and assume an equilibrium posi­
tion such tha t the pressure differential neces­
sary to cause the gas to flow' throfigh the 
annular space exactly balances the weight 
of the float. The tube is so proportioned „  
that the position of the float is made propor- * 1GURE I nnu-
tional to the flow. The float is the only f l o w  I y p e  o f  
moving part and is so shaped that it assumes R o t a m e t e r  
a c e n tr a l  p o s it io n  in the tube and does 
not touch the wall. Owing to the simplicity of the meter, it 
can be made of a wide variety of materials and thus might be 
particularly useful for corrosive gases. I t is clear that any 
changes which affect the density of the gas will affect its accuracy. 
Any deposits on the glass wall of the tapered tube will also affect 
the accuracy, but such deposits arc visible and the tube can 
readily be removed for cleaning. For 4-inch or larger pipes, 
the meter is used as a shunt around an orifice in the main line.

Before concluding this discussion of gas meters, the question 
of pulsation deserves some mention, as it often has an im­
portan t effect on flow measurement, particularly with the 
differential-pressure meters. Theories of pulsation, more 
or less quantitative, have been worked out, bu t the lim itations 
of space do not perm it a discussion of this subject. Pulsa­
tions in a line, due to proximity to a reciprocating compressor 
or a  positive pressure blov’er, will cause an orifice m eter to 
read high. The orifice should be placed as far away as 
possible from the source of the pulsation; but, if th a t does 
not remedy the trouble, then it  is necessary to interpose 
between them  an expansion chamber or a damping resistance 
in the form of another orifice or a combination of both.
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Heat Transmission to Oil Flowing in Pipes
Effect of Tube Length

T. K. S h e r w o o d , D . D . K ile y , a n d  G. E. M a n g s e n , Worcester Polytechnic Institute, Worcester, Mass.

TH E coefficient o f h e a t  
transfer between a tube 
a n d  a f lu id  f lo w in g  

through it  has been assumed to 
be influenced in two quite differ­
en t ways by the length of the 
tube. Various German writers 
have discussed a heat-penetra- 
tion effect, or increased difficulty 
of heat inflow to the fluid core as 
the fluid moves along the tube.
The fluid near the tube wall be­
comes heated (or cooled) nearly 
to the tube tem perature, and the 
rate of heat flow per degree dif­
ference, between the tem perature 
of the tube and the mean tem ­
perature of the fluid, would be 
e x p e c te d  to  be d e c re a s e d .
Graetz (3) has derived a theoreti­
cal relation for viscous flow which 
indicates a considerable effect of 
tube length on the fluid-tempera- 
ture rise per unit length of pipe.
For turbulent flow, the rate  of 
heat transfer m ight be expected 
to be influenced by the tu rbu­
lence normally present a t the 
tube inlet, following a contraction or elbow in the line. Since 
the effect of this turbulence in improving heat transmission is 

' probably concentrated over the first few diameters of the tube, 
the average rate of heat flow for the pipe as a  whole should be a 
function of the tube length. This effect has been discussed by

McAdams and Frost (5), who proposed a factor ^1 +  by

which the coefficient should be multiplied, r  represents the 
ratio of tube length to diameter.

A previous article (4) describes the results of a study of the 
effect of tube length on heat transfer to water flowing in

turbulent motion. Four lengths 
of pipe were used, the ratio of 
length to  diam eter r being varied 
from 59 to 224. A sharp contrac­
tion from a 1.44-inch hard-rub- 
bcr approach pipe to  the 0.593- 
inch internal diameter test pipe 
was designed to  simulate tu rbu­
lence conditions a t  the entrance 
to  a tube held in the tube sheets 
of a large condenser or tubular 
exchanger. In spite of this con­
traction and consequent prob­
able turbulence a t  the inlet, the 
data were found to fall, within 
the accuracy of the work, on a 
single line when plotted in the 
usual ways. I t  was concluded 
tha t, for w ater in turbulent flow, 
the effect of tube length on the 
rate of heat flow is negligible.

In  the well-known work ol 
Morris and W hitman (6) on heat­
ing and cooling oils, only one 
pipe was used, and consequently 
no information was gained as to 
the possible effect of tube length 
or end effects. Recently Drew, 

Hogan, and McAdams (2) have suggested a method of correla­
tion of viscous-flow data, based on the Graetz theoretical equa­
tion mentioned above. These authors plot Ok — h ) / (Tw — (j) 
vs. W c/kL,  using the data  of two investigators on heating a 
light Vélocité B oil. The first group is the ratio of the tem pera­
ture rise to the initial tem perature difference; and in the second 
group TV represents the weight rate  of flow, c the specific heat, 
k the therm al conductivity, and L  the heated length of the 
tube. The slope of the line representing the Graetz theo­
retical relation is negative and numerically much less than 
unity; an appreciable effect of tube length on the tem perature

Data are reported, on healing a light hydro­
carbon oil flowing in both viscous and turbulent 
flow through each of several horizontal lengths 
of 0.593-inch i. d. copper lube. Ileat was 
supplied by steam condensing outside the lube; 
oil rale, steam temperature, and inlet and outlet 
oil temperatures are recorded. A mechanical 
stirrer was used to mix the oil thoroughly before 
measuring Us outlet temperature.

In  the lurbulent-flow region, the data are well 
correlated by the method of plotting of Morris 
and Whitman, allhough {his method is unsatis­
factory in the viscous region. In  the viscous- 
flow region the data are well correlated by the 
method of plotting of Drew, Ilogan, and M c­
Adams, whose empirical curve is substantiated 
for tube lengths greater than about 100 diame­
ters. A s the oil velocity is increased, the ob­
served sudden rise of the outlet temperature of the 
oil indicates a critical value of the Reynolds 
number which compares well with the accepted 
values for isothermal flow.
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rise per un it length is consequently indicated. The data 
plotted indicated a similar line, although falling considerably 
above the theoretical curve. The data  reported, however, 
were obtained using tube lengths of 55 and 59 inches, re­
spectively, and consequently throw little light on the validity 
of the effect of tube length indicated by the Graetz relation.

F i g u r e  1. D a t a  P l o t t e d , U s in g  C o o r d in a t e s  o f  M o r r is  
a n d  W h it m a n

The present article describes the results of experiments 
on  heating oil in both the viscous and turbulent regions, using 
four lengths of 0.593-inch i. d. copper tube. The oil used was a 
light heat-transfer oil, and the apparatus was slightly modi­
fied from th a t used by Lawrence and Sherwood (4).

A p pa r a tu s

The apparatus consisted of the double-pipe heater under 
test, an outlet mixing chamber with stirrer, a  double-pipe 
cooler, receiving tanks, circulating pump, and the usual 
accessories. The test section was supported in small tube 
sheets held in a standard 4-inch steel jacket, forming the 
steam space. The oil approached the tube sheet a t  the 
inlet end through a 1.44-ineh i. d. hard-rubber pipe, the section 
contracting a t the ferrule to the 0.593-inch i. d., 0.75-incho. d., 
copper test section. A t the outlet end the section expanded 
from th a t of the copper tube to a short section of standard 4- 
inch steel pipe in which was placed the therm ometer indicat­
ing the tem perature of the oil a t the outlet. Between the 
outlet of the test tube and this therm ometer was inserted a 
stirrer driven by a small electric motor, ensuring thorough 
mixing of the oil before measuring its average temperature. 
The zinc blade of the stirrer was 3Y2 X 2 inches, attached to a 
shaft passing through a packing gland in the wall of the 4-inch 
pipe. No attem pt was made to measure the surface tem pera­
ture of the copper tube, for the reason tha t, in heating oil with 
steam , the steam-side resistance is bu t a small fraction of the 
•over-all resistance to  heat flow, and may be estimated with 
sufficient precision. The weight rate-of-flow of oil was 
■obtained by direct measurement in every run, using a stop­
watch to  measure the time required to  collect from I to 2 
gallons, which quantity  was then weighed. Except for the 
omission of the thermocouples and the addition of the motor- 
driven stirrer a t the tube outlet, the apparatus was essentially 
unchanged from th a t used and described by Lawrence and 
Sherwood (4).

When starting with the apparatus cold, 1 to  2 hours were 
■required to  attain  constant conditions. The steam and oil 
temperatures, oil rate, and condensate rate were then meas­
ured. The la tter was obtained by direct weighing of con- 
■densate collected over a measured time interval. Centigrade

thermometers, reading to 0.1° and carefully calibrated against 
each other, were used a t the oil inlet and outlet. W ith each 
tube length, blanks were run with no oil flowing to determine 
the rate  of heat loss from the apparatus. The inside of the 
test tube was cleaned frequently with a stiff brush to prevent 
the formation of d irt or scum.

P h y s i c a l  P r o p e r t i e s  o f  t h e  O i l

The hydrocarbon oil used was described by the m anu­
facturer as a light asphaltic-base heat-transfer oil. I ts  
specific gravity, as determined by a M ohr-W estphal balance, 
was 0.923 a t 15° C. A standard Saybolt viscometer was 
used to determine its viscosity-temperature curve, the co­
ordinates of which are given in Table I. I ts  therm al con­
ductivity expressed as B. t. u. per hour per square foot per ° F. 
per foot was (8) 0.0765 a t  30° C. (86° F.), 0.0755 a t  75° C. 
(167° F.), and 0.0748 a t 100° C. (212° F.). A constant value 
of 0.076 was used in the calculations.

T a b l e  I .  V is c o s it y  o f  O i l

VI8COSITY
T e m p e r a t u r e Kinem atio A bsolute

Centipoises Pounds/(hov
0 C. ° F. Grams /cc. / ( feet)

18.3 65 .0 72 .0 161
26.5 79 .8 44.0 98
33.3 92 .0 31 .5 70 .2
39.4 103.0 24 .0 53 .5
44.1 111.5 18.8 41 .9
47.7 118.0 16.4 36 .5
52.7 127.0 13.4 29 .8
60.0 -, 140.0 10.6 23.6
67.9 154.0 8 .0 17.8
83.2 181.9 5 .4 12.0

The specific heat used was an average value determined by 
direct measurement. A small covered Dewar flask was 
fitted with an electric heating coil, stirrer, and thermometer, 
with am meter and voltm eter in the heating circuit. The 
electrical input to the heater was measured for a blank test 
with water, and the heat loss to  the surroundings calculated. 
An equal volume of oil was then tested, first adjusting the 
current b y  tria l to have the oil heated over the same tem pera­
ture range in the same length of time. Under these condi­
tions the heat loss as determined by the blank w ith water was 
assumed to apply, and the average specific heat between 20 ° C. 
(68° F.) and 86° C. (186.8° F.) calculated to  be 0.442.

R e s u l t s

The experimental results are tabulated in Tables I I-V , 
with the runs placed in order of the oil rates. The tube 
length for each series is indicated a t the head of the corre­
sponding table. The inlet and outlet tem peratures reported 
have been corrected for therm ometer errors by  comparisons 
with calibration curves for each thermometer. In  addition, 
the outlet tem perature has been corrected for the small effect 
of the heat supplied by the motor-driven stirrer. To deter­
mine this correction, the apparatus was run several hours with 
no steam supply, until the outlet oil tem perature corre­
sponded exactly with the inlet tem perature. The stirrer was 
then started, and a rise of 0.20° C. noted in the outlet tem pera­
ture. I t  was found th a t this effect could be reproduced 
within 0.02-0.03° C. for a constant oil velocity of 3.3 feet per 
second through the tube. In  correcting the observed outlet 
temperature, the tem perature rise due to the stirrer a t  other 
velocities was assumed to be inversely proportional to the oil 
velocity. The correction involved was in general only 5-6 per 
cent and never over 11 per cent of the tem perature rise 
observed, and was, in every case, a  negligible fraction of the 
tem perature difference between oil and steam .1

1 W hen p a rt of these d a ta  appeared in connection w ith a  paper p resented  
a t  th e  Sw am pscott, M ass., m eeting of the  American In s titu te  of C hem ical 
Engineers [Trans. A m . Inst. Chem. Eng., 26, 81 (1931)], k  was taken  as 
0.078, and  no allowance was made for the  relatively small tem pera tu re  rise 
due to  the  action of th e  stirrer.
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T a b l e  I I .  R i p e  L e n g t h  1 1 .5 9  F e e t

R u n °
I nlet
T em p.

C or.
O utlet
T em p .

A v.
Steam
T em p . O il h

dup
M

Wc
kL

*2 -  <1 
T  -  h

50
0 C. 

4 7 .5 1
° C. 

6 4 .6 9
° C. 

1 0 0 .0
Lbs. /hour  

284 2 7 .7 280 143 0 .3 2 7
20 4 6 .0 0 6 2 .1 6 1 0 0 .0 317 2 8 .3 293 159 0 .2 9 9
49 48 .4 1 6 4 .7 2 10 0 .0 349 3 2 .8 318 175 0 .3 1 6
44 5 0 .1 2 6 1 .5 2 10 0 .0 467 3 0 .0 452 235 0 .2 2 9
48 4 9 .5 2 6 0 .8 8 1 0 0 .0 468 2 9 .6 445 235 0 .2 2 5
47 4 9 .9 4 5 9 .5 0 10 0 .0 601 3 1 .5 556 302 0 .1 9 1
45 4 9 .8 2 5 9 .2 0 1 0 0 .0 615 3 1 .7 590 308 0 .1 8 7
46 5 0 .2 2 5 7 .9 9 10 0 .0 768 3 2 .5 700 385 0 .1 5 6
43 5 1 .2 7 5 7 .9 5 1 0 0 .0 936 3 4 .6 866 469 0 .1 3 8

8 4 8 .5 1 5 4 .8 4 9 9 .0 942 3 1 .3 783 472 0 .1 2 5
42 5 1 .4 2 5 7 .9 6 1 0 0 .0 968 3 4 .9 898 486 0 .1 3 5
41 5 1 .7 2 5 7 .7 9 10 0 .0 1080 3 6 .1 1000 542 0 .1 2 6
40 5 2 .1 2 5 7 .7 1 10 0 .0 1180 3 6 .6 1090 594 0 .1 1 7

9 5 0 .8 7 5 5 .2 9 9 9 .5 1390 3 3 .2 1200 700 0 .0 9 1
32 5 3 .6 3 5 7 .8 6 9 9 .2 1470 3 5 .6 1420 740 0 .0 9 3
52 5 6 .5 4 6 0 .3 8 1 0 0 .0 1570 3 6 .4 1660 789 0 .0 8 8
31 5 4 .8 3 5 8 .5 6 9 9 .2 1680 3 4 .4 1670 842 0 .0 8 4
38 5 3 .2 3 5 7 .1 8 10 0 .0 1720 3 7 .9 1620 863 0 .0 8 4
39 5 2 .5 2 5 6 .7 8 10 0 .0 1730 4 0 .9 1606 870 0 .0 9 0
19 5 6 .9 5 6 0 .8 5 9 9 .5 1750 4 2 .1 1860 8S0 0 .0 9 2
37 5 3 .3 3 5 7 .0 9 1 0 0 .0 1790 3 7 .8 1690 901 0 .0 8 0
36 5 3 .2 8 5 7 .0 0 1 0 0 .0 1870 3 8 .9 1760 940 0 .0 8 0
35 5 3 .3 3 5 6 .9 2 9 9 .8 1910 3 8 .4 1800 960 0 .0 7 7
51 5 0 .6 4 6 0 .0 2 100 .5 2050 4 1 .1 2140 1030 0 .0 7 7
53 5 6 .1 4 5 9 .3 1 100 .5 2130 3 9 .5 2200 1070 0 .0 7 2
34 5 3 .4 5 5 6 .9 2 1 0 0 .0 2130 4 1 .4 2000 1070 0 .0 7 4
58 6 5 .9 2 7 0 .9 4 1 0 0 .0 2140 6 8 .0 3130 1075 0 .1 4 7
33 5 3 .0 3 5 6 .4 8 1 0 0 .0 2470 4 7 .4 2290 1240 0 .0 7 3
60 6 5 .3 0 7 0 .4 7 9 9 .5 2500 105 3540 1250 0 .1 5 1
30 0 5 .8 5 7 1 .0 2 9 9 .2 2550 111 3710 1280 0 .1 5 5
59 6 5 .5 0 7 0 .7 2 1 0 0 .0 2550 111 3640 1280 0 .1 5 1
28 6 5 .0 0 7 0 .1 6 9 9 .2 2550 107 3630 1280 0 .1 5 1
29 6 5 .9 0 7 0 .5 5 9 9 .2 2580 9 9 .0 3710 1295 0 .1 4 0
27 6 5 .3 0 7 0 .4 3 9 9 .0 2630 111 3830 1320 0 .1 5 2
57 6 6 .6 5 7 1 .8 2 1 0 0 .5 2630 112 3930 1320 0 .1 5 3
56 6 7 .2 0 7 2 .2 4 10 0 .5 2700 114 4110 1360 0 .1 5 1
18 6 3 .0 2 6 8 .1 3 10 0 .0 2820 108 3750 1115 0 .1 3 8
55 6 7 .7 0 7 2 .9 6 1 0 0 .0 3180 148 4890 1595 0 .1 6 3
54 6 8 .6 0 7 3 .8 4 9 9 .0 3260 162 5180 1630 0 .1 7 2
17 6 3 .5 0 6 8 .4 0 9 9 .5 3280 125 4410 1645 0 .1 3 6
25 6 5 .6 0 7 0 .6 7 1 0 0 .0 3330 138 4900 1670 0 .1 4 8
11 5 9 .9 5 6 4 .1 6 9 9 .0 3340 9 8 .0 3950 1675 0 .1 0 8
16 6 3 .3 1 6 8 .1 0 9 9 .5 3360 123 4460 1685 0 .1 3 2
14 6 1 .9 4 6 6 .3 6 9 9 .0 3360 110 4200 1685 0 .1 2 0
26 6 5 .6 0 7 0 .6 7 9 9 .0 3370 145 4950 1690 0 .1 5 2
15 6 2 .5 8 6 7 .2 8 9 9 .0 3370 120 4370 1690 0 .1 2 9
12 6 0 .9 5 6 5 .2 6 9 9 .0 3390 104 4150 1700 0 .1 1 3
24 6 5 .4 5 7 0 .4 5 9 9 .0 3420 144 4920 1720 • 0 .1 4 9
10 5 9 .3 4 6 3 .8 6 1 0 0 .0 3430 103 3960 1720 0 .1 1 1
13 6 2 .2 4 6 6 .6 6 9 9 .0 3450 114 4420 1730 0 .1 2 0
22 6 7 .3 5 7 2 .9 1 9 9 .2 3480 176 5360 1750 0 .1 7 4
21 6 6 .7 0 7 2 .3 5 1 0 0 .0 3510 172 5340 1760 0 .1 7 0
23 6 7 .8 0 7 3 .2 0 9 9 .0 3560 179 5570 1785 0 .1 7 3
° R uns 1-7 were discarded beoause the  Bteam separa to r was n o t in opera­

tion, and the  steam  contained a large am ount of water.

A t low oil velocities the rate  of heat transfer to the oil was 
frequently less than the heat lost to  the room. Under such 
conditions good heat balances were difficult to  obtain, and the 
condensate rates are not reported. In  spite of this difficulty 
the heat balances checked within 10 per cent in considerably 
over half the runs. A t high oil rates consistent checks were 
obtained, in spite of the fact th a t for these runs the tem pera­
ture rise was small. This seemed to  indicate th a t the calcu­
lated heat picked up by  the oil was reliable, and th a t heat- 
balance discrepancies should be attribu ted  either to the 
difficulty of measuring small condensate rates, or to  the un­
certainty involved in applying a radiation correction larger 
than the rate  of heat flow to the oil. Consequently, for all 
runs the oil-side coefficients, h, were calculated from the heat 
picked up by the oil.

The values of h were obtained from the calculated over-all 
therm al resistance by subtracting the tube-wall resistance and 
a steam-side resistance corresponding to  a steam-side co­
efficient of 2000 B. t. u. per hour per square foot per 0 F . As 
pointed out above, this procedure is justified by the fact th a t 
the steam-side resistance was probably never more than about 
7 per cent of the over-all resistance.

As m ay be seen from the tables, the steam tem perature was 
practically constant a t 99-101° C., w ith the inlet oil tempera­
ture varying from 43 ° to 68° C. The oil rate  was varied from 
284 to  4090 pounds per hour, corresponding to  linear veloci­
ties of 0.71 to 10.3 feet per second. The oil-side coefficients 
varied from 27 to 179 B. t. u. per hour per square foot per ° F .
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T a b l e  I I I .  P i p e  L e n g t h  9 .0  F e e t

R un
I nlet
T em p .

C or.
O utlet
T em p .

Av.
Steam
T em p . O il h

dup Wc
k L

ti -  ft 
T  -  ft

40
0 C. 

49 .24
° C. 

60.19
0 C. 

100.0
Lbs./hour  

354 27 .5 332 229 0.216
36 50.42 58.86 100.0 470 28.1 436 304 0.170
39 49.92 57.74 100.0 541 29 .4 489 350 0.156
37 49.57 57.67 100.0 638 35 .8 561 412 0.161
38 50.10 55.82 100.0 848 35 .5 741 548 0.115
35 51.10 56.43 100.3 873 32.1 781 565 0.108
34 51.47 56.26 9 9 .8 966 31.4 873 625 0.099
30 51.80 55.88 100.0 1021 29 .0 923 660 0.085
33 51.72 56.19 ' 100.2 1068 33.2 986 680 0.092
41 50.32 54.98 99 .9 1090 34.6 936 705 0.094
31 51.57 55.90 100.0 1100 33.1 987 710 0.090
29 52.22 56.41 100.0 1150 34.2 1060 740 0.088
43 51.30 55.41 99.5 1150 32.5 1020 740 0.084
32 51.82 55.77 100.2 1230 33.6 1100 795 0.082
42 51.02 55.12 99 .9 1260 35.5 1110 815 0.084
44 51.62 55.38 99 .6 1355 33.6 1200 880 0.078
28 52.83 56.05 99 .9 1370 31.1 1260 890 0.068
26 52.63 56.20 100.0 1450 36.6 1330 940 0.076
25 52.93 56.31 100.0 1520 36.6 1410 980 0.072
20 51.97 55.65 100.2 1530 39 .2 1370 990 0.076
45 52.63 55.56 100.1 1620 33.6 1480 1050 0.062
24 53.38 56.58 100.0 1690 38 .8 1570 1090 0.068
27 52.88 56.13 99 .9 1690 38.9 1570 1090 0.069
21 52.12 55.49 100.0 1690 39 .7 1520 1090 0.070
46 53.23 56.15 100.0 1900 38 .6 1760 1230 0.062
23 53.48 56.31 99 .8 2050 46.4 1910 1320 0.061
22 52.98 55.66 99 .8 2190 44.6 2010 1410 0.057
19 52.02 54.91 99.7 2300 42.1 2050 1490 0.060
48 64.80 68.91 100.7 2300 92 .0 3100 1490 0.114
49 65.05 69.17 100.5 2380 90 .4 3380 1540 0.116
18 65.20 69.27 100.2 2410 98 .3 3430 1560 0.116
50 65.08 69.22 100.4 2450 101 3480 1580 0.117
51 65.15 69.27 100.1 2450 102 3480 1580 0.118
17 65.25 69.27 100.3 2520 101 3580 1630 0.115
47 64.30 68.43 99 .7 2630 115 3550 1700 0.124
52 64.90 69.08 99 .9 2700 114 3680 1740 0.119
16 65.45 69.65 100.2 3150 135 4470 2040 0.121
15 05.45 69.75 100.2 3400 151 4830 2200 0.124
14 05.58 69.65 100.2 3430 143 4860 2220 0.118
11 65.80 70.05 100.2 3440 152 4880 2220 0.124
13 05.50 69.65 9 9 .8 3490 151 4950 2250 0.121
10 65.10 69.45 100.3 3530 157 5020 2280 0.124
9 65.60 69.85 100.5 3550 155 5030 2290 0.122
2 65.20 69.50 99.7 3570 160 5070 2310 0.125

12 65.65 69.85 100.0 3580 158 5090 2310 0.122
7 65.25 69.46 100.0 3590 156 5010 2320 0.121
4 64.90 69.16 99 .7 3600 158 5050 2330 0.122
8 65.43 69.71 99 .2 3610 166 5120 2330 0.127
3 65.10 69.36 99 .5 3620 162 5140 2340 0.124
5 65.15 69.41 100.1 3620 159- 5130 2340 0.122
1 65.10 69.36 99.5 3660 163 5200 2370 0.124
6 65.20 69.46 100.0 3700 163 5260 2390 0.122

The data  arc first plotted as shown in Figure 1, using the 
coordinates suggested by Morris and W hitman. The curve 
obtained by them (6) for heating oils is shown dotted, with 
the coordinates changed to  the self-consistent units employed 
in Figure 1. In  the turbulent region, for values of dup /p  
greater than about 2000, the points are seen to fall on a 
reasonably smooth curve (shown by  the solid line) roughly 
paralleling th a t of Morris and W hitman, b u t somewhat 
lower.2 For values of d up /p  below 2000, the points are widely 
scattered, although a rough correlation is obtained for each 
individual tube length. The break in the lower curve indi­
cates the location of the critical point, the points to  the right 
representing runs in the turbulent region, and those to  the 
left runs in the straight-line or viscous-flow region. Although 
a reasonably smooth curve is obtained above the critical 
point, the Morris and W hitm an coordinates are clearly in­
adequate for the correlation of the data  in the viscous-flow 
region.

Figure 2 shows the data for runs of dup/p  less than 2000, 
using the coordinates suggested by the theoretical relations of 
Graetz, and employed by Drew, Hogan, and McAdams (2). 
For these tests the resistance on the oil side was so large com­
pared with th a t on the steam side th a t the steam tem perature 
is used in place of the tube-wall tem perature w ithout intro­
ducing appreciable error. The present data  are seen to  be 
well correlated by this m ethod of plotting, in spite of the four­
fold variation in tube length. Although data  of runs in

1 T he solid line, from  dup/p  of 2300 to  6000, checks alm ost exactly a 
considerable am ount of unpublished d a ta  obtained under the  direction  of 
W. H . M cAdam s a t  th e  M assachusetts In s titu te  of Technology.
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T a b l e  IV. P i p e  L e n g t h  6.0 F e e t

R un
I nlet

T em p .

C or.
Outlet
T em p .

A v.
Steam
T em p . Oil h

dup Wc
kL

tí -  ¿i
T  — t\

° C. ° C. 0 C. L b s ./ho u r

50
46
47
48
49

4 6 .9 1
4 8 .5 1
4 7 .7 9
4 7 .5 6
4 7 .6 1

5 2 .2 3  
5 2 .4 5  
5 1 .7 4  
5 1 .3 6  
5 1 .3 2

10 1 .0
10 0 .0
10 0 .0
100 .0
101 .0

696
955
971

1050
1100

3 5 .5
3 6 .6  
3 6 .8
3 8 .0
3 8 .0

530
750
740
800
830

675
926
941

1020
1060

0 .0 9 8 5
0 .0 7 6 5
0 .0 7 5 5
0 .0 7 2 5
0 .0 7 0

39
40 
45 
44
23

5 0 .6 7
5 0 .1 7
4 9 .6 2
4 9 .9 2
5 1 .2 2

5 3 .4 0
5 2 .9 5
5 2 .5 6
5 2 .7 6
5 3 .8 8

1 0 0 .5
9 9 .5
9 9 .5  

100 .2
100 .5

1510
1530
1530
1590
1730

4 1 .1
4 2 .9
4 4 .9  
4 4 .7  
4 6 .5

1270
1250
1240
1300
1470

1460
1480
1480
1540
1680

0 .0 5 5
0 .0 5 6
0 .0 5 9
0 .0 5 6 5
0 .0 5 4

37 
21
38  
43 
42

5 1 .7 2
5 2 .5 2
5 1 .2 2
5 0 .3 2
5 0 .3 7

5 4 .1 8
5 4 .8 8
5 3 .6 8
5 2 .7 4
5 2 .7 0

1 0 1 .0
10 0 .5
100 .5
9 9 .5
9 9 .5

1820
1820
1820
1870
1990

4 5 .0
4 3 .4
4 5 .0
4 5 .5  
4 6 .8

1560
1010
1560
1530
1630

1770 
1770 

^  1770 
1810 
1930

0 .0 5 0
0 .0 4 9
0 .0 5 0
0 .0 4 9
0 .0 4 7

36
41
20
24
22

5 3 .4 6
5 0 .2 7
5 4 .1 3
5 1 .4 2
5 1 .7 7

5 5 .6 0
5 2 .5 0
5 6 .4 1
5 3 .7 5
5 4 .1 6

1 0 1 .0
9 9 .5  

100 .5
9 9 .5  

100 .3

2050
2060
2090
2130
2150

4 5 .4
4 6 .1  
5 1 .0
5 1 .2  
5 0 .6

1900
1690
1930
1820
1870

1990
2000
2030
2070
2090

0 .0 4 5
0 .0 4 5
0 .0 4 9
0 .0 4 8
0 .0 4 9

19
26
27
25
35

5 7 .6 4
5 2 .4 2
5 2 .9 3  
5 2 .0 2
5 3 .9 3

5 9 .9 8
5 4 .6 1
55 .1 1  
54 .3 1
5 6 .1 2

1 0 1 .0
100 .5  
1 0 0 .0  
1 0 0 .0
100 .5

2220
2230
2240
2240
2260

5 9 .9  
5 0 .2  
5 1 .5  
5 3 .1
5 2 .9

2360
1980
2040
1950
2090

2150
2160
2170
2170
2190

0 .0 5 4
0 .0 4 5 5
0 .0 4 6
0 .0 4 8
0 .0 4 6

34
33
32
15
31

5 4 .4 4
5 5 .0 8
5 3 .3 3
5 8 .6 4
5 6 .0 4

5 6 .5 7
5 7 .3 3
5 7 .5 3
6 0 .9 4
5 8 .1 3

100 .5
100 .5
100 .5  
1 0 0 .0
100 .5

2280
2360
2410
2450
2480

5 2 .3
5 8 .0
5 8 .4
6 8 .1  
5 8 .1

2190
2280
2360
2700
2520

2210
2290
2340
2380
2410

0 .0 4 6
0 .0 4 9 5
0 .0 4 9
0 .0 5 6
0 .0 4 7

7
16
13
30
18

5 8 .6 4
5 6 .8 4
5 9 .5 9
5 7 .0 4
5 8 .2 4

6 0 .8 9
5 9 .2 8
6 2 .0 4
5 9 .4 4
6 0 .9 5

100 .5
100 .5
100 .5
100 .5
100 .5

2490
2520
2600
2730
2810

6 7 .1
7 1 .1
7 8 .6
7 5 .6
9 1 .2

2700
2640
2950
2880
3050

2420
2440
2520
2650
2730

0 .0 5 4
0 .0 5 6
0 .0 6 0
0 .0 5 5
0 .0 6 4

14
28
29
17
12

5 9 .4 4
5 3 .7 8
5 5 .3 3
5 7 .5 4
5 9 .5 9

6 2 .0 4
5 5 .8 4
5 7 .6 5
6 0 .2 6
62 .5 4

9 9 .5
100 .0
10 0 .5
10 0 .0
10 1 .0

2810
2820
2860
2880
3140

9 3 .0
6 2 .5
7 3 .6
9 4 .1  

116

3180
2610
2790
3070
3600

2730
2730
2770
2790
3050

0 .0 6 5
0 .0 4 4 5
0 .0 5 1
0 .0 6 4
0 .0 7 1

11
8

10
9
4

5 9 .3 9
5 9 .0 4
5 9 .3 4
5 9 .3 4  
59 .3 2

6 2 .3 5  
62 .0 6
6 2 .3 0
62 .3 5
62 .3 1

100 .7  
10 1 .0  
100 .5
100 .7  
100 .0

3270
3300
3400
3440
3700

121
123
127
130
142

3700
3700
3860
3890
4930

3170
3200
3300
3340
3590

0 .0 7 1  
0 072 
0 .0 7 2  
0 .0 7 3  
0 .0 7 3

6
0
5
3
1

5 8 .7 4
5 9 .5 4  
5 8 .8 2
5 9 .5 4
5 9 .5 4

6 1 .6 8
6 2 .5 8
6 1 .5 8
62 .5 6
62 .5 6

101 .0
100 .0
101 .5
100 .0
100 .0

3720
3770
3800
3810
3850

134
149
127
149
141

4130
4310
4210
4360
4400

3610
3660
3680
3690
3730

0 .0 7 0
0 .0 7 5
0 .0 6 5
0 .0 7 5
0 .0 7 5

T a b l e  V. P i p e  L e n g t h  3.0 F e e t
Steam  tem perature  100.5° C.

R u n
I nlet
T em p .

Cor .
O utlet
T em p . Oil , W h

dup
V

Wc
kL

tj -  h 
r  -  ti

40
°C .

4 3 .7 5
° C. 

4 6 .9 8
Lbs./hour 

863 4 8 .6 550 1670 0 .0 5 6
39 4 4 .0 4 7 .0 0 925 4 8 .7 594 1790 0 .0 5 3
38 4 4 .8 5 4 7 .6 4 1340 6 7 .1 876 2600 0 .0 5 0
37 4 4 .9 5 47 .8 2 1380 7 1 .2 910 2680 0 .0 5 2
36 4 5 .2 0 4 7 .7 3 1460 6 6 .6 975 2830 0 .0 4 6
34 4 5 .4 0 4 7 .6 4 1560 6 2 .9 1042 3030 0 .0 4 1
33 4 5 .5 6 4 7 .7 4 1580 6 2 .1 1064 3070 0 .0 4 0
31 4 5 .6 8 4 7 .8 0 1640 6 2 .5 1112 3180 0 .0 3 9
35 4 5 .3 0 4 7 .5 0 1660 ' 6 5 .6 1092 3220 0 .0 4 0
30 4 5 .7 1 4 7 .6 8 1750 6 7 .3 1185 3390 0 .0 3 9
29 4 5 .7 1 4 7 .7 6 1790 6 6 .5 1210 3470 0 .0 3 7
32 4 5 .6 6 4 7 .6 7 1810 6 5 .0 1220 3510 0 .0 3 6
28 45 .8 1 4 7 .9 2 1880 7 2 .0 1280 3640 0 .0 3 8
27 4 6 .0 1 4 8 .1 2 1880 7 2 .5 1284 3640 0 .0 3 9
17 4 6 .4 1 48 .3 1 1980 6 9 .0 1386 3840 0 .0 3 5
16 4 6 .5 1 4S .2 8 2000 6 4 .9 1395 3880 0 .0 3 3
25 4 6 .2 1 4 8 .0 8 2010 6 8 .9 1387 3900 0 .0 3 4
24 4 6 .2 1 4 8 .0 3 2040 0 8 .1 1407 3960 0 .0 3 4
23 4 6 .2 6 4 8 .0 8 2100 6 9 .9 1446 4060 0 .0 3 4
22 46 .4 1 4 8 .1 9 2130 6 9 .5 1480 4140 0 .0 3 3
21 46 .4 1 4 8 .1 9 2160 7 0 .1 1503 4190 0 .0 3 3
26 46 .2 1 4 7 .9 9 2210 7 1 .9 1522 4290 0 .0 3 3
20 4 6 .4 1 4 8 .2 1 2230 7 2 .8 1543 4320 0 ,0 3 3
12 4 8 .0 6 4 9 .7 0 2270 7 0 .1 1670 4410 0 .0 3 1
19 46 .4 1 4 8 .1 9 2280 7 4 .5 1570 4420 0 .0 3 3
13 4 7 .5 6 4 9 .1 0 2280 6 5 .5 1630 4420 0 .0 2 9
14 4 7 .1 1 4 8 .6 9 2290 6 7 .1 1630 4440 0 .0 3 0
18 46 .4 1 4 8 .0 0 2390 6 9 .4 1650 4640 0 .0 2 9
15 4 6 . S6 4 8 .3 5 24S0 6 8 .1 1740 4810 0 .0 2 8
3 5 1 .8 2 5 3 .3 3 2630 8 1 .1 2240 5100 0 .0 3 1
2 5 2 ,1 2 5 3 .6 3 2680 8 3 .2 2340 5200 0 .0 3 1

11 48 .5 1 4 9 .8 3 2890 7 4 .2 2140 5610 0 .0 2 5
10 4 8 .8 6 5 0 .1 4 3230 7 9 .6 2440 6260 0 .0 2 5

9 4 9 .1 2 5 0 .3 4 3460 8 1 .5 2640 6710 0 .0 2 4
4 5 1 .4 7 5 3 .1 5 3520 122 .2 2970 6S30 0 .0 3 4
8 5 1 .6 2 5 3 .1 5 3520 111 .2 3000 6830 0 .0 3 1
5 5 1 .3 2 5 2 .7 6 3630 107 3050 7050 0 .0 2 9
6 5 1 .6 2 5 3 .1 6 3870 123 .3 3300 7510 0 .0 3 2
7 5 1 .5 2 5 2 .9 6 3900 117 3310 7560 0 .0 2 9
1 5 1 .7 2 5 3 .2 6 4090 130 .6 3480 7950 0 .0 3 1

turbulent flow scatter widely when plotted in this way (plot 
not shown), it is evident that, when restricted to the viscous- 
fiow region, these coordinates offer an excellent method of 
correlation. The dotted line shown is the empirical curve 
determined by Drew, Hogan, and McAdams from the d ata  on 
Velocite R in 0.494-inch i. d. tubes, 55 and 59 inches long.

F i g u r e  2 . D a t a  f o b  R u n s  o f  dap/p. L e s s  t h a n  20 0 0

Except for the shortest of the four pipes, the data  are seen to  
agree excellently with the line determined by these authors. 
For the 3-foot pipe the points fall roughly 10-30 per cent 
above this line. Influences of free convection on the steadi­
ness of the laminar flow would not be expected to vary 
appreciably with tube length. I t  seems reasonable, there­
fore, to attribu te the difference to the effect of the contraction 
a t the tube inlet. Such a contraction would certainly be 
expected to cause a mixing of the otherwise smooth lam inar 
flow, and a consequent improvement in the rate  of heat flow 
near the tube inlet. I t  m ay be concluded th a t the empirical 
curve of Drew, Hogan, and McAdams is well substantiated by 
the present data  for tube lengths greater than  about 100 
diameters.

F ig u r e  3 . I l l u s t r a t in g  t h e  S u d d e n  I n c r e a s e  i n  O u t l e t  
O i l  T e m p e r a t u r e  a t  t h e  C r it ic a l  V e l o c it y

The data have been replotted in Figure 3, using the ordi­
nate, (i2 — h ) / (T  — ti), of Figure 2, and the abscissa, dup/y,  
of Figure 1. A t any one value of the Reynolds num ber 
dup/p ,  the tem perature rise is, of course, greater for the 
longest tube, and the data fall in order of the tube lengths. 
In  the viscous region the tem perature rise decreases as the  
Reynolds number increases, but rises suddenly a t the critical
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point and tends to flatten out in the turbulent region. A t 
still higher values of dup/p the ratio, (t< — t \ ) / (T  — h), would 
doubtless decrease again. The minimum is particularly 
interesting because of its physical significance: w ith an 
increase in velocity a t the critical point, the oil actually leaves 
the apparatus hotter. This sudden jum p in the outlet 
tem perature has been used by Barnes and Coker (1) as a 
means of locating the critical point. The location of the 
minimum points of Figure 3 compare well with the lower 
critical obtained by Schiller (7) a t a value of dup/y, of 2320, 
using water a t  constant temperature.

The sudden increase in  the ratio (h — t i ) /(T  — h) a t the 
critical point is entirely analogous to  the rise of the fluid 
friction coefficient as the Reynolds number is increased a t  the 
critical point, and the two phenomena are doubtless closely 
related. Figure 3 m ay be seen to bear a striking resemblance 
to the curves of the friction coefficient plotted against the 
Reynolds group.
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T a b l e  o r  N o m e n c l a t u r e

A ny se t of consistent u n its  m ay  be used in th e  coordinates of 
th e  th ree  figures, all of w hich involve dim ensionless groups; 
th e  u n its  given below are  m erely illustrative.

c =  specific heat, B. t. u./pound/° F.
d = tube diameter, feet
G = mass velocity, i. e., weight rate of flow per unit of cross-

sectional area, pounds/hour/square foot = 4TF/«fa =
Up

h =  average surface coefficient of heat flow between tube
and fluid, averaged over length of tube, B. t. u ./
hour/square foo t/0 F. 

k =  thermal conductivity, B. t. u./hour/square foot/0 F./foot 
L  = length of heating surface, feet
r =  ratio of tube length to diameter
h = inlet temperature of fluid

— outlet temperature of fluid, when mixed 
T  = average steam temperature
u = mean fluid velocity, feet/hour
W  = weight rate of flow, pounds/hour
/x = absolute viscosity of fluid at mean or main-body

fluid temperature, pounds/hour/foot, taken a t (q -j-
h)/2

p = fluid density, pounds/cubic foot
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Solid M atter in Boiler-Water Foaming
I. Experiments a t  Atmospheric Pressure

C. W . F o u l k  a n d  \  . L. I I a n s l e y , Department of Chemistry, Ohio Slate University, Columbus, Ohio

T HIS paper is one of a series (4) on the general subject 
of the foaming and priming of boiler waters. I t  
contains the results of certain laboratory technics not 

previously used in studying the question, and some informa­
tion gained by simple boiling experiments.

Readers m ay raise the question, what is the use of ex­
perimenting in glass vessels in studying the foaming and 
priming of boiler water, since the conditions of such experi­
ments are so different from those in an actual boiler?* The 
answer is: Such experiments give fundam ental information 
concerning the theories of surfaces, the formation and stability 
of foams, and the behavior of finely divided solids on liquid 
surfaces; and they suggest experiments and working hy­
potheses regarding the behavior of water in steam  boilers. This 
la tte r point is more im portant than would seem a t  first sight. 
Every investigator’s scientific imagination is limited, b u t it 
can be stimulated by outside suggestions, and in a complex 
subject like boiler-water foaming there is no better source of 
such suggestions than laboratory experiments in glass vessels, 
however far removed from actual boiler conditions they m ay 
be.

The experimental work of the paper was planned specifically 
to see w hat value might lie in measuring surface viscosities, 
and surface tensions of water and water solutions of sodium 
salts with finely divided solid m atter as a constituent of the 
system; and to  find, if possible, the reason for the high foam- 
stabilizing effect of boiler scale. The second one of these 
questions will be considered first.

N e w  F o r m  o p  G l a s s  B o i l i n g  A p p a r a t u s

For laboratory foaming experiments with water solutions 
boiling a t atmospheric pressure, the apparatus illustrated in 
Figure 1 has proved so satisfactory th a t i t  is described in 
detail. I ts  advantage lies in the fact th a t boiling can continue 
without change in concentration, and th a t additions of either 
solids or liquids can be made through the open tube under the 
condenser. The condensate quickly washes such additions 
into the flask.

Since the rate of boiling has a pronounced influence on the 
am ount of foam produced, effort was made to  keep this rate 
constant. A four-unit burner with the flames playing upon 
the unprotected bottom  of the Pyrex flask was used, w ith the 
flask resting on an iron ring 11 cm. in diameter. Under these 
conditions the rate of evaporation was approximately 3 cc. 
per second per square foot (929 sq. cm.) of water surface. 
This is not a high rate  of evaporation, and consequently the 
most favorable conditions for foaming were not present. 
A slow rate  of foam-formation is, however, more favorable for 
indicating the effect of changes in conditions, such, for example, 
as the presence of more or less solid m atter.

No quantitative results can be obtained with such a boiling 
apparatus, except an estim ate of the thickness of the layer of 
foam on the surface; therefore it  is necessary to  define the 
qualitative terms used in describing the observed phenomena.

Reference to Figure 2 will help in understanding these terms. 
Foam, as used in this paper, means a continuous layer of froth
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over the surface. If the layer of bubbles is not over the 
whole surface, i t  is not called a foam. Special attention  is 
called to  the portion marked "particle membrane” in the 
drawing. I t  contains floating solid particles and could 
aptly  be described as a scum on the surface. I ts  outstanding 
property is its resistance to penetration. This means th a t 
bubbles rising from below cannot readily get through this 
membrane, and therefore the rate a t which bubbles burst on 
the surface is greatly retarded. In  other words, this particle 
membrane exhibits one of the ways in which solid m atter 
stabilizes a foam, and the experiment suggests a t  least the 
possibility of a similar situation in a steam  boiler. The same 
effect was observed with the plastic solid layer which forms 
on the surface of a saponin solution. Bubbles rising from 
below, instead of pushing up a hemispherical mound on the 
surface, simply flattened against 
the underside of the surface layer 
in which the saponin was con­
centrated. A t te n t io n  is also 
called to  the attem pt in Figure 
2 to show both a  cross section 
and round section of the flask 
with a foaming mixture in it.

E f f e c t  o f  A d s o r b e d  O i l  o n  
S t a b i l i z i n g  P o w e r  o f  S o l id s

A hint from the a rt of ore flota­
tion prompted the examination 
of some boiler scale for oil. . A 
considerable am ount was found, 
which fact in tu rn  suggested the 
experiments outlined in Table I.
In  these experiments the boiling 
apparatus was employed, the 
flask being charged with 500 cc. 
of the salt solution used. This 
was brought to boiling, and then 
half-gram portions of the solids 
(corresponding to 1000 p. p. m.) 
were successively in t r o d u c e d  
through the opening under the 
condenser until 4000 p. p. m. had been added. Since 1000 
p. p. m. of solids produced no foam, the behavior of the solu­
tions with this am ount is not recorded.

An inspection of the results in Table I  shows th a t the un­
treated boiler scales were the best foam-stabilizers and, in 
the case of scale No. I, th a t extraction or destruction of the 
oil greatly reduced its foaming tendencies. The rest of the 
materials were selected because they had little or no tendency 
to float. The one exception was galena which was chosen 
because it  is a natural floater1 bu t contains no oil.

The following experiments performed after the completion 
of those in Table I  constitute an im portant addition because 
they show th a t the foam-stabilizing properties of certain 
solids are lost by prolonged boiling in a salt solution. These 
experiments were carried out in the boiler described in Figure I.

Experiment I. A solution of 8000 p. p. m. of sodium sulfate, 
to which 5000 p. p. m. of finely ground dolomite were added, 
foamed vigorously on boiling, but, after boiling for 2Vs hours, 
the foaming almost ceased.

Experiment II. A solution of 8000 p. p. m. of sodium sulfate 
was boiled with 5000 p. p. m. of finely ground limestone. The 
foaming was vigorous a t first but ceased after boiling for 10 
hours.

Experiment III. The solution from II, after the limestone 
had been filtered off, was returned to the boiler, and 5000 p. p. m. 
of fresh limestone added. This mixture foamed vigorously on

1 A brief account of th e  floating of substances heavier th an  w ater is found 
in a  paper by Edser, Brit. Assocn. Advancement Set. 4th Rept., 1922, 263.

boiling and continued to do so for 3 hours, when the experiment 
was stopped.

Experiment IV. The limestone from II, which had lost its 
foam-stabilizing property by boiling for 10 hours in a salt solution, 
was filtered and washed several times with distilled water, and 
then added to a fresh solution of 8000 p. p. m. of sodium sulfate. 
This mixture did not foam when boiled.

Experiment V. Experiments II, III, and IV were repeated, 
but instead of limestone a finely ground boiler scale was used. 
The foaming was even greater than tha t with the limestone but, 
after boiling for 13 hours, it ceased. When this boiler scale was 
then added to a fresh sodium sulfate solution, no foaming oc­
curred on boiling; but, when a fresh portion of boiler scale was 
added to the old salt solution, the foaming was as vigorous as at 
first.

The experiments in Table I, in the preceding paragraphs, 
are in harmony with the following generalizations which are

also suggested by theoretical 
considerations and by the ex­
perience of ore flotation.

(1) Some kinds of solid matter 
are more effective than others in 
stabilizing the foams of boiling salt 
solutions. These differences may 
be due to the specific nature of the 
substances or to adsorbed material, 
especially adsorbed oil. So far as 
these experiments go, it appears 
that the solids which stabilize foam 
are those that are not readily wet 
by the solutions in question and 
therefore float when in a finely di­
vided state.

(2) Prolonged boiling in a salt 
solution causes some kinds of solid 
matter to lose the power of stabiliz­
ing foam. This is probably due 
to a  modification of the surface of 
the solid. The boiling possibly re­
moves the film of oil or otherwise 
increases the wettability.

S u r f a c e -V i s c o s i t y  E x p e r i ­
m e n t s

Wilson and Ries (10) have ad­
v a n c e d  the th e o r y  th a t the 

stability of a film m ay be explained on the assumption th a t it 
possesses the properties of a plastic solid. To understand this 
statem ent, the following definition of Bingham m ust be 
used: “If a body is continuously deformed by a very small 
shearing stress, i t  is a liquid; whereas, if the deformation stops 
increasing after a time, the substance is a solid.”

Wilson and Ries tested this theory quantitatively by 
measuring the surface viscosities of various solutions by 
means of a torsion pendulum rotating  in the surface of the 
solution.

No curves or tables of surface viscosities will be given, 
though m any measurements were made, largely because it 
seemed undesirable to let any m ethod go untried. In  general 
it  can be said th a t finely divided boiler scale on the surface of 
distilled w ater or on a salt solution gives a strong plastic 
solid effect. No effect, however, is produced unless the layer 
of scale is continuous; th a t is, if the scale is in floating patches, 
the plastic effect is not apparent. Also, if the water contains 
a little castor oil, even a continuous layer of scale gives no 
plastic solid effect.

S u r f a c e - T e n s i o n  M e a s u r e m e n t s

Again the urge to  leave nothing untried prom pted a  series 
of surface-tension experiments. Specifically i t  was hoped 
to  learn whether the oil in the foam-producing solids was 
im parted to  the water during a foaming experiment, or 
whether it  remained w ith the solid m atter. The measure­

V
The expérimental work of this paper falls 

into two classes: boiling of various salt solu­
tions containing finely divided solids; and de­
terminations of surface viscosities and of sur­
face tensions of water and water solutions 
with their surfaces covered with floating par­
ticles. The boiling experiments showed that 
different kinds of solid mailer exhibited greatly 
differing degrees of foam-stabilizing power, and 
that this stabilizing power was lost in some cases 
on prolonged boiling. I t  was also shown that 
absorbed oil was the determining factor in the 
stabilizing effect of the boiler scale used. The 
determinations of surface viscosity and surface 
tension were made largely to satisfy scientific 
curiosity. The results were in harmony with 
existing theories.

A
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ments were all made by the ring method with a  du Nouy 
apparatus, and the surfaces under examination were manipu­
lated in a narrow copper trough 74 cm. long, the use of which 
was suggested by the experiments of Aiken (1) and Pockels (8).

This trough was leveled and filled just to the top, so th a t 
the surface of the liquid could be wiped with a straight edge. 
In  this way the surface could be cleaned and, if desired, the 
impurities could be concentrated a t one end. I t  was particu­
larly easy, for example, to produce and m aintain a continuous 
layer of floating particles.

There should also be mentioned a special technic involved 
in the ring m ethod of surface-tension measurements of liquids, 
the surface of which is covered with floating solid particles. 
There are obviously three situations in which the ring of the 
du Nouy apparatus may be pictured:

A continuous layer of solid particles is on the surface, inside 
but not outside of the ring. I t  was found impossible to maintain 
this situation.

A continuous layer of particles is on the outside but not on the 
inside of the ring. Under these conditions a lowering of the 
surface tension of about 3 dynes was obtained.

A continuous layer of particles is both inside and outside the 
ring. In this situation the maximum lowering of surface tension 
was obtained.

W a t e r  w i t h  P o w d e r e d  M a t e r i a l  D u s t e d  o n  t h e  
S u r f a c e . The following substances were employed: boiler 
scale No. I, un treated; boiler scale No. I  after heating several 
hours a t  490° C.; calcium carbonate prepared by boiling a 
solution of the bicarbonate (every effort being used to  keep it 
free from grease) and ground flint th a t had been heated to 
redness.

None of these substances when dusted on the surface of 
water affected the surface tension of the water unless a 
continuous layer was formed, which could easily be done by 
pushing the straight edge along the trough. W hen the 
particles were in a continuous layer, the untreated boiler 
scale and the calcium carbonate had the greatest effect, the 
surface tension being 64 and 67 dynes per centimeter, re­
spectively. (The surface tension of the water used was 74.5 
dynes per centimeter.) These numerical values, however, 
should not be taken too seriously. The main point is th a t 
the surface tension is lowered. The ground flint, being a non­
floating material, had no effect.

In  all cases in which the powdered solids were wiped off the 
surface with the straight edge, the original surface tension of 
the water was restored.

W a t e r  S a t u r a t e d  w i t h  O i l . Paraffin oil th a t had been 
boiled with water, and engine oil of unknown history were used. 
W ater was saturated with these oils by boiling with an excess 
of the oil and finally filtering several times through paper wet 
with water. No visible evidence of oil droplets was left.

The paraffin oil and the engine oil had no effect on the 
surface tension of water until the straight edge had pushed the 
surface constituents well into the end of the trough. In  the 
case of the paraffin oil, the surface tension was not affected 
until the straight edge was within 5 cm. of the end of the 
trough; th a t is, until the surface constituents had been 
greatly concentrated. The reading was then 68 dynes. The 
engine oil did not require so much concentration. B y the 
time the straight edge was moved half the length of the trough, 
the surface tension began to fall off, and with the maximum 
concentration the surface tension was 58 dynes.

W a t e r  w i t h  O i l - T r e a t e d  S o l id s  o n  S u r f a c e . Since 
m any of the experiments listed above show" th a t absorbed (or 
adsorbed) oil is the indirect cause of the foam-stabilizing 
properties of solids, the idea of causing non-foaming solids 
to  take up oil and thus become foam-forming naturally 
suggested itself. The practice of ore-flotation also suggested 
such experiments. Various methods were tried, the most

effective being the heating of the pulverized m aterial in an 
excess of oil a t about 110° C. The powder was then filtered 
and washed several times with ether and finally dried a t 110° C.

Ground flint, since it was non-foaming and non-floating, 
was treated with highly purified petroleum (Nujol) in the 
manner described above. The resulting dry powder floated 
on water, and, when in a continuous layer, lowered the surface 
tension about the same as the boiler scale. If this flint vras 
wiped off w ith the straight edge, the original surface tension of 
the water was restored. When tried in the boiling apparatus 
(Figure 1), however, no foam was produced; the apparent 
reason for this was th a t the 
boiling salt solution rapidly 
extracted the adsorbed oil so 
th a t the flint no longer floated.
I t  m ight also be guessed th a t 
Nujol would be an antifoam 
like castor oil, bu t direct ex­
perim ent showed th a t Nujol 
did not have th a t effect. A 
heavy layer of the floating 
flint particles also sank after 
boiling a few minutes in a 
beaker of water and then, if 
filtered off and d r ie d ,  was 
found to have lost m ost of its 
floating power.

The specimen of clay (ex­
periment 8, Table I) was also 
treated with paraffin oil. I t  
floated, b u t its behavior other­
wise was erratic. W hen the 
floating particles ware pushed 
together in the trough to  fonn 
a continuous, layer, they be­
gan to sink on touching each other, and traces of oil were left 
on the surface. Time did not perm it the investigation of this 
remarkable phenomenon.

Finally, a number of experiments were made w ith castor oil. 
These wall be described in another paper. I t  is sufficient to 
say here th a t they all pointed towards the belief th a t the oil 
is retained by  the solid particles in those cases in which the 
effects are apparent in boiling solutions.

One experiment which is made possible by the way solids in 
a surface can be manipulated in the trough is worth special 
mention, though a t first sight it seems to be mere laboratory 
play. A continuous layer of floating powder wras first pro­
duced on the surface of the liquid in the trough (pure w ater or 
a  solution can be used) by pushing the particles together with 
the straight edge; then, by blowing through a bent glass tube, 
bubbles as much as 1 cm. in diam eter ware formed, so stable 
th a t they could be lifted out on filter paper and dried, leaving 
the solid particles in place like a fairy-built vaulted ceiling. 
I t  would be hard to find a more convincing example of stabili­
zation.

P r e v i o u s  W o r k  o n  F o a m  S t a b i l i z a t i o n  b t  S o l id s

The only extensive paper on the stabilization of foams by 
solid m atter in solutions boiling a t atmospheric pressure is the 
first one by Foulk (4), the relevant data  of which can be 
summarized as follows:

At least one hundred trials were made with various kinds of 
insoluble powders—pumice, sulfur, pyrolusite, bone black, 
galena, boiler scale, precipitated calcium carbonate, and lime­
stone. I t  is interesting to note in the light of the present paper 
tha t all of these substances are floaters to a greater or less degree.

When the above substances were boiled in distilled water, 
no appreciable foaming was observed. If solutions of Bodium 
salts were used instead of distilled water, it was found tha t

F i g u r e  1. G l a s s  B o il in g  
A p p a r a t u s
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T a b l e  I. F o a m - P r o d u c in g  T e n d e n c ie s  o f  V a r io u s  K i n d s  o f  F in e l y  D iv id e d  S o l id s  i n  S o d iu m  C h l o r id e  S o l u t io n “

, H eig h t of F oam ---------------------------------------
2000 p. p. m. 3000 p. p. m.

E x p t . S u bstanc e  U sed  and  M ethod of T reatm ent  solids solids 4000 p. p. m. solids
Cm. Cm. Cm.

1 Boiler scale No. I from un trea ted  w ater, pulverized to pass 150 ineshfr
2 Boiler scalo No. I, extd. with e ther and  then  benzene; small am t. of

oily m a tte r th a t  looked and sm elled like lubricating oil was obtained
3 Boiler scale No. I heated  white ho t for 2 hours
4 Boiler soalo No. I heated 2 hours a t  490° C.
5 Boiler scale No. I I  from a boiler in which an  antiscale was used; un ­

trea ted
6 Boiler scale No. I l l ,  scraped from in terior of a  tea  ke ttle ; un trea ted
7 Finely ground flint; un trea ted
8 C lay; un trea ted
9 CaCOa; grade used in J. L. Sm ith m ethod for determ ining N a and  K

10 Limestone, 150-mesh >■
11 CaCOa pptd . from  soln. of calcium  bicarbonate  by  boiling
12 NajSOi soln. containing 4000 p. p. m .; no solids added
13 CaSOi used in  4000 p. p. m. NajS04 soln. of 12
14 E xpt. I repeated  w ith ano ther portion of un trea ted  boiler scale No. I

in a  4000 p. p. m. solution of NaCl
15 G alena, 150-mesh

“ All solutions contained 4000 p. p. m. NaCl, unless otherw ise sta ted .
>> See experim ent 14.

“when present in sufficient concentration, any one of the sodium 
salts together with any one of the insoluble materials mentioned 
above produced a white foam. Among the solids tried, powdered 
boiler scale and limestone were most effective as foam producers.

"Experiments were also made on the effect of particle size. 
Some powdered boiler scale was sifted into portions that passed 
100, SO, 60, and 40 meshes to the inch. I t was found that 
the foam-producing tendencies increased (equal weights of 
material being used) as the size of particle decreased. Quite 
the most interesting observation made here, however, was the 
fact that particles so large that all failed to pass through a 40- 
mesh sieve were nevertheless effective in producing foam.”

The effect of varying concentrations of both soluble and in­
soluble material in the boiling flasks was also tried.

“ Increasing the amount of insoluble material had the same 
effect as an increase in the concentration of the soluble salts. 
One of them therefore could take the place of the other, so that 
foams could be produced with a small amount of soluble material, 
provided a large amount of insoluble solid was present, and vice 
versa. There was, however, a lower limit a t about 500 p. p. m. 
for both soluble and insoluble material; that is, if the soluble 
salts were much less than this, no reasonable amount of in­
soluble matter would produce foam, and, if less than this amount 
of insoluble matter was present, no concentration of soluble salts 
was sufficient to make the liquid foam.”

In  the paper published in the Journal of the American 
Water Works Association, Foulk (4) also records experiments 
made in a glass flask under a pressure bu t little above th a t of 
the atmosphere. This flask was so equipped tha t, while a 
solution was boiling in it, a  rather large outlet could be opened 
suddenly. This left the liquid in the flask a t atmospheric 
pressure b u t of course a t a degree or two higher in tem perature 
than  its boiling point. The result was a few seconds of very 
violent ebullition. When this experiment was made with 
both salt solution and finety divided solid m atte r in  the 
flask, the ejection of water with the steam on opening the 
large outlet was far greater than with any other combination. 
Quantities of liquid would literally hit the ceiling, thus show­
ing that, under the conditions employed, the effect of the solid 
m atter was very great.

E f f e c t  o f  S o l id s  o x  F o a m in g  o f  S a l t  S o l u t i o n s  B o i l i n g  
a t  H ig h  P r e s s u r e s . I t  is not the intention to discuss here 
the effect of solids on the foaming of solutions boiling a t 
pressures comparable with those in steam boilers. T h a t is 
reserved for future papers. A ttention should, however, be 
called to the scarcity of published experimental evidence on 
this point and also to the lack of agreement among these 
publications. For example, in 1927 Joseph and Hancock (6‘) 
and in 1930 Hancock (5) recorded experiments with a small 
laboratory boiler operated a t  pressures of over 100 pounds and 
also experiments with commercial boilers; in all cases their 
evidence showed th a t the presence of finely divided solid 
m atter had no effect on the foaming and priming of the

3 .1 6 .3 6.3. A few bubbles as high as neck of flask

No foam 0 .6 2 .5
N o foam F ain t signs of foam Foam  slowly rose to  1.3
N o foam Very slight foam Very slight foam

1.9 2 .5 2 .5
1.9 2 .5 2 .5
No foam N o foam No foam
No foam No foam No foam
No foam No foam , bubbles 

lasted a little  
longer

No foam

N o foam 0 .6 0 .6
No foam 1.3 1.3
No foam N o foam No foam
No foam No foam No foam

3 .8 5 6 .3 . Some bubbles in neck of flask
N ot tried N ot tried 1

boilers. On the other hand, the W ater Service Committee of 
the American Railway Engineers Association for 1929 (2) gives 
data on the operation of certain commercial boilers which 
show th a t the presence of solids in the boilers increases the 
water in the steam (foaming and priming). There is also an 
im portant paper by K oyl (7) on the behavior of a locomotive 
boiler in service; bu t some uncertainty exists in the interpre­
tation of his crucial experiment, because, under the conditions, 
the concentration of dissolved m atter was also increasing along 
with the increase of suspended solids. I t  should be noted, 
however, th a t Koyl, who recorded the conditions of his experi­
ment, ascribed the increasing am ount of water in the steam 
which he observed to the coincident increasing am ount of 
solids in the boiler.

D i s c u s s i o n

Although the general subject of th is investigation is a study 
of all the causes of wet steam, th e  present paper deals only 
with the effect of finely divided solid m atter on the foams or 
froths of certain salt solutions boiling a t  atmospheric pressure. 
In fact it does not cover even this small field. For example, 
the'effects of varying the ratio of salt concentration to concen­
tration of solids has not been touched. Reference to this 
point is made in a former paper (J); since th a t time much new 
information is a t hand (particularly personal communications 
from men in the field) with the result th a t the question now 
has sufficient importance to  w arrant a separate and thorough 
study, to be undertaken in the future.

The work of this paper falls naturally into two parts: the 
experiments with boiling solutions; and experiments with the 
surfaces of cold solutions. These la tte r were made perhaps 
more to satisfy scientific curiosity than  with an expectation of 
practical results.

B o i l i n g  E x p e r i m e n t s . The results, as presented in 
Table I  and in the reports of later experiments, show that, 
under the conditions employed, different kinds of solid m atter 
stabilize the foams of salt solutions in greatly different degree, 
and some kinds of solid m atter lose their foam-stabilizing 
properties on prolonged boiling in a sa lt solution. F urther­
more, it was shown th a t the oil in the boiler scale employed 
was a determining factor in its high stabilizing power. This 
la tter point powerfully suggests a possible explanation for 
some of the varying effects of solids in actual boiler practice. 
According to the operation of the boiler, there will be much, or 
little, or even no oil in the water, and consequently varying 
am ounts of oil in the scale. I t  could well be then th a t two 
boilers of the same design and using the same water, would 
exhibit contrary effects owing to precipitated solids. One
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boiler might be operating a reciprocating engine with 
returned condensed steam carrying a great deal of oil, and the 
other one might have no return or, for some other reason, no 
oil. The boiler containing solids with adsorbed oil would 
foam badly, and the other one with an equal concentration of 
solids would not, or there might a t  least be a great difference 
in the behavior of the two boilers.

F i g u r e  2 . A p p e a r a n c e  o p  B o il in g  
M i x t u r e  i n  B o il in g  A p p a r a t u s

The prolonged boiling experiments (I-V ), which resulted in 
the solids losing their stabilizing properties, also suggest a 
possible explanation of certain varying effects of solids. If 
solid m atter is appearing slowly in a boiler, it will necessarily 
be relatively longer in contact with the boiling water, and it 
m ight be th a t the stabilizing property would be lost a t about 
the same rate  or faster than  the solid is formed. The result 
of such a situation would be th a t a high concentration of such 
solids would have little or no effect on the foaming. I t  should 
also be pointed out th a t this loss of stabilizing power would 
probably go faster in a steam boiler than in an open flask, be­
cause of the much higher tem perature of the water. I t  is 
proposed to study this point later.

Finally, it m ust be pointed out th a t it is hazardous to make 
comparisons among different foaming experiments and 
particularly'- to  draw general conclusions from such experi­
m ents because the results are influenced by so m any condi­
tions th a t are either unknown or rarely thought of. For 
example, the design of the vessel in  which the experiment is 
made affects the result in m any cases, which is another way of 
saying th a t a steam boiler is a very poor type of instrum ent 
for measuring foaminess.

S u r f a c e  E x p e r i m e n t s . The interesting point in the sur- 
face-viscosity experiments is the fact th a t there m ust be a 
continuous layer of floating particles on the surface before 
the plastic solid effect results. This is in line with the theory 
of Wilson and Hies {10). I t  is also im portant to  note th a t the 
presence of a  little castor oil destroys the plastic solid effect 
and also destroys the foam of a boiling salt solution. How­
ever, the foaming of a salt solution containing no solids is 
also destroyed by castor oil.2

The surface-tension experiments are also interesting in th a t 
they are in direct line with the surface-viscosity results; th a t 
is, surface tension is not affected unless there is a continuous 
layer of floating particles on the surface. The effect w ith the 
few solids tried was always a pronounced lowering of the

5 These facts abou t castor oil as an antifoam  are from a  series of experi­
m ents no t y e t offered for publication.

surface tension, which is in harmony with the theory applying 
to soluble m atter—namely, concentration in the surface layer 
lowers the surface tension, and, it m ight also be added, the 
foamiest mixtures are those in which the surface concentra­
tion is higher than th a t of the mass.

The question of the mechanism of stabilization by solid 
m atter naturally arises. The effect is apparently purely 
mechanical. Bancroft (3) says th a t the solids make the film 
more viscous. At any rate a greater structural strength is 
imparted to the bubble film by the coating of solid particles. 
This is clearly shown above by the experiment of lifting out 
such coated bubbles on paper and allowing the liquid to 
evaporate. The solid particles were left beliind as a self- 
supporting structure.

The fact th a t the surface tension of the liquid returns to its 
original value when the solid particles are wiped off shows a t 
least th a t the effect of a continuous layer, whether due to the 
solids as such or to the solids with a layer of adsorbed oil, is 
not im parted to the liquid. I t  is purely a function of the 
floating solids.

C o n c l u s i o n

The authors of this paper feel th a t there is not yet sufficient 
experimental and theoretical knowledge a t hand to  w arrant 
a sweeping statem ent about the effect of suspended solids on 
the foaming and priming of boiler water. The preponderance 
of opinion seems to be th a t solids always promote the throw­
ing of water into the steam, bu t the work of Joseph and 
Hancock {6) and later of Hancock (.5), together with some of 
the evidence brought out in this paper, suggests th a t there 
may be exceptions. This, however, need not alarm the 
zealous proponents of the suspended-solids theory. The 
study of any problem as complex as th a t of the entrainm ent of 
water by steam always brings out conflicting evidence th a t is 
harmonized later by more data and particularly by a better 
understanding of the underlying physical and chemical laws. 
Suspended solid m atter is still on trial for causing thousands 
of cases of wet steam, even if i t  can be proved in a few in­
stances th a t the accused, although present, was not guilty.

Work on the subject will be continued a t the Ohio labora­
tory  under a grant from the Boiler Feedwater Studies Com­
mittee. This will enable the construction of several types of 
experimental boilers in which various kinds of solid m atte r 
can be tried, w ith the boiler operating a t  high pressure.
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Pyrolysis of Simple Paraffins to Produce 
Aromatic Oils

F . E . F r e y  a n d  H . J .  H epp , Research Laboratory, Phillips Petroleum Co., Bartlesville, Okla.

DU RIN G  recent years there has developed an increased 
interest in the conversion of hydrocarbon gases into 
motor fuels. This is mostly due to„the growth of a 

large production of natural gas and refinery vapors without 
a satisfactory market. Of the possible outlets for products 
derived from such gases, only the motor-fuel m arket is large 
enough to put to use more than a small fraction of the avail­
able gas. Of the proposed methods for converting hydro­
carbon gases into motor fuel, cracking to produce benzene is 
perhaps the simplest and has received the most attention. 
Cracking temperatures above 700° C. are required, and this 
introduces practical difficulties 
not encountered in oil cracking.
Methane, in spite of its abund­
ance, offers less promise perhaps 
a t the present time as a source 
of benzene than the other gase­
ous hydrocarbons because of the 
high temperatures needed to de­
compose it and the low yields of 
benzene obtained. Fraetiona- 
tor vapors from refineries and 
gasoline plants, composed chiefly 
of gaseous hydrocarbons other 
than methane, are more suitable 
for conversion into benzene and 
are available in large quantities.

The pyrolysis of gaseous hy­
drocarbons other than methane 
under conditions which produce 
aromatic h y d ro c a rb o n s  w as 
first investigated by Berthelot (1) and has since interested a 
number of investigators. The literature has been recently 
reviewed by H urd (13), Hague and Wheeler (11), and Egloff, 
Schaad, and Lowry (6). Since cracking attained commercial 
significance, laboratory researches have been conducted by 
Zanetti (26), Zanetti and Leslie (27), Davidson (4), Williams- 
Gardner (24), D unstan (5), H urd (14), Hague and Wheeler 
(10, 12), and Wheeler and Wood (23). The utilization of 
natural gas as a commercial source of benzene has been dis­
cussed by Burrell (2). Williamson (25) mentions the opera­
tion of a plant for producing benzene from natural gas by 
pyrolysis. Podbielniak (20) describes semi-large-scale experi­
ments.

The present laboratory investigation was conducted 
primarily for the purpose of obtaining information bearing 
on possible commercial operation. The results have also a 
bearing on coal carbonization and the enrichment of fuel gas 
by cracking oil, both of which are conducted a t tem peratures 
sufficiently high to  form benzene.

In  the present work more emphasis has been placed on the 
role of the time factor than in earlier investigations in this 
field, and a more intim ate knowledge of some of the chemical 
changes involved has been gained by the use of more thorough 
analytical methods.

E x p e r im e n t a l  P r o c ed u r e

Of the gaseous hydrocarbons used in these experiments, 
ethane, ethylene, propane, and butane were commercial

products, containing as impurities other hydrocarbons to the 
extent of 4 per cent or less. The methane used was natural 
gas containing 10 per cent of ethane and other impurities. 
The butane contained 11 per cent of isobutane, and 86 to  88 
per cent normal butane. The apparatus used for the cracking 
operation is shown in Figure 1.

The gas was passed from container A at a uniform rate through 
flowmeter B and, a t atmospheric pressure, into a single straight 
length of silica tubing, C, which served as the cracking chamber.
The silica tube was mounted in a tube furnace, D, so as to slope
slightly downward from the horizontal in the direction of flow'

of the gases undergoing cracking, 
in order to allow tar deposited in 
the exit end of the tube to flow' 
away from the cracking zone. In 
order to permit time and tem­
perature to be observed separately, 
a long cracking zone of known 
volume, maintained a t an even 
temperature, was provided. The 
tube furnace was 90 cm. in length, 
wound in three sections controlled 
by separate rheostats. In this 
way a 50-cm. cracking zone w'ith 
a temperature uniform to within 
5° C. was obtained. The cracked 
gases issuing from the tube passed 
through electric precipitator E, in 
which the suspended tar was col­
lected; through condenser F im­
mersed in a solid carbon dioxide- 
acetqne bath to condense the vola­
tile liquid h y d ro c a rb o n s ;  and 

/ \  finally into receiver G, or, w'hen
large amounts of m a te r ia l  wrere 
handled, through a wet test meter. 

When a run vras completed, the volatile liquid hydrocarbons 
dissolved in the tar in E  w'ere distilled into condenser F. This 
w'as accomplished by connecting the tar precipitator to the con­
denser, still immersed in the cooling bath, reducing the pressure 
to 2 mm. of mercury by a vacuum pump connected to the exit of 
the condenser, and boiling the tar in the precipitator gently for 
10 minutes. The tar volatilized was allowed to condense on the 
walls of the precipitator while the vapors uncondensed a t room 
temperature were driven over into condenser F. A fractional 
distillation of the oils had shown tha t the components boiling 
between xylene and naphthalene were present in such small 
amounts under high-yield conditions tha t the separation of 
xylene and lower hydrocarbons from the tar was fairly sharp and 
reproducible.

The pyrolysis of gaseous hydrocarbons other 
than methane to produce aromatic oils was 
studied with emphasis on the part played by the 
lime factor. M aximum yields were obtained 
over a wide temperature range by using the lime 
of contact appropriate to each temperature. 
The formation of aromalics look place with 
evolution of heat. Simple diolefms, chiefly 
cyclopentadiene, accompanied the benzene in 
greatest amount during the early stages of its 
formation.

The ta r  collected in the ta r  precipitator was estimated by 
weighing, and to  the weight was added th a t of the ta r  de­
posited in the exit end of the cracking tube. Carbon formed 
in the cracking zone was determined by burning to  carbon 
dioxide a t 550° C. in a stream  of oxygen, absorbing in soda 
lime, and weighing. In  most cases the gaseous products were 
analyzed by means of the Bureau of Mines Precision Orsat 
apparatus (22). The paraffins, determined by slow combus­
tion, were calculated as m ethane and ethane. The values for 
ethane, obtained in this way, may be in error to the extent 
of 1 per cent or even more.

When a more complete analysis was desired, the gas was 
separated by fractional distillation into fractions containing 
methane and gases of lower boiling point—ethane plus 
ethylene, propane plus propylene, butane plus butene, and 
liquid hydrocarbons. The gaseous fractions were then

282
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analyzed by the Orsat method, olefins being determined by 
absorption in sulfuric acid, and paraffins by slow combustion. 
The analytical fractionating column used has been described 
by Uberfell and Alden {15) Podbielniak {19), and Fitch (7). 
No attem pt was made to  determine acetylene, which is known 
to be formed in small amounts a t  tem peratures high enough 
to produce aromatic hydrocarbons.

The tim e of contact was calculated from the volume of the 
section of the silica tube a t cracking temperature and the flow 
ra te  of the gas a t the tem perature of the reaction. A volume 
increase took place during the reaction, but, since the increase 
occurred in the brief initial decomposition, the average flow 
rate  was assumed to be th a t of the products leaving the 
cracking zone.

D uring most of the experiments, tem peratures were taken 
only by four thermocouples spaced a t equal intervals along 
the outside of the silica tube. Effects due to  heat of reaction 
caused an appreciable tem perature drift during experiments 
a t the higher temperatures, and this, as well as the increased 
rate  of heat transfer, no doubt affected the accuracy of the 
time and tem perature values, especially a t the higher tempera­
tures. Such errors are not serious, since the reaction is not re­
sponsive to  small differences in tim e and temperature under the 
conditions which produce aromatic hydrocarbons.

E f f e c t  o f  T i m e  a n d  T e m p e r a t u r e

Since other investigators had placed the most emphasis on 
the tem perature factor, it appeared desirable to  conduct 
experiments of an exploratory character to study the effect 
of independent variation in time as well as temperature. A 
gas mixture similar to gasoline-plant fractionator vapors of 
the composition methane 18.6 per cent, propane 44.7 per cent, 
n-butane 32.7 per cent, and isobutane 4.0 per cent, was 
cracked a t several temperatures—namely, 700°, 750°, 850°, 
and 950° C.—and propane a t 1050° C. Several flow rates 
were used a t  each temperature. The results obtained with 
propane are entirely comparable, as will be shown, with those 
obtained using the gas mixture, since the average molecular 
weight and carbon-hydrogen ratio are the same. Because of 
the wide range of cracking times covered, it was necessary to  
select silica cracking tubes ranging from 25 mm. diameter for 
the lower tem peratures to 2 mm. for the highest. A simplified 
type of experiment was deemed adequate in which only the 
volume change of the gas due to cracking and the concentra­
tion of volatile liquid hydrocarbons were determined, for the 
purpose of calculating the yield of volatile oils (essentially 
benzene as later experiments show).

The concentration of volatile oils was determined by the 
method of Burrell (S). The gas discharged from the tar

precipitator was drawn into an evacuated bulb to  a final 
pressure of atmospheric, the inlet stopcock closed, and the 
bulb was then cooled to —190° C., after which it was brought 
to —79° C. in an acetone-solid carbon dioxide bath. The 
uncondensed gases were then withdrawn to a final pressure for 
1 mm. The hydrocarbons boiling above room tem perature 
were retained, and the quantity  was estimated by warming to 
room temperature and by reading on an attached manometer 
the partial pressure of the evaporated residue. The base of 
the tar precipitator was kept a t 60° C. during the cracking 
operation to avoid condensation of toluene or lower-boiling 
components, which were not formed in concentrations too high 
to  be retained by the gas. From the volume change due to 
cracking and the concentration of volatile oils, the yield in 
weight per cent was calculated.

The yield data  are shown graphically in Figure 2. W ithin 
this rather wide tem perature range the maximum yield w'as 
approximately constant for th a t range of contact tim e ap­
propriate to  each temperature. No doubt the composition of 
the oils was affected somewhat by temperature. From these 
data there w'ere selected minimum values of time required to 
develop a roughly maximum yield of volatile oils within this 
temperature range. These values are related to the tempera­
ture by the following empirical formula:

T  = 691 -  100 log t 
where T  =  temperature in 0 C.

and t = time in minutes

More accurate subsequent experiments confirmed the values 
selected. The tem perature coefficient of reaction rate is 
distinctly lower than th a t of the primary decomposition of 
propane and butane for which Pease {16) found a tem perature 
coefficient of about 2.75 per 25° C. A lower coefficient for the 
polymerization of olefins has been observed by Pease {17) 
and Geniesse and Reuter (9). The polymerization reactions 
play an im portant role in the complex reactions leading to the 
formation of aromatics, and perhaps determine chiefly the 
reaction rate.

E f f e c t  o f  T i m e  F a c t o r

Since variation in tim e or in tem perature gave equivalent 
results in respect to yield of volatile oils over a rather wide 
tem perature range, an interm ediate tem perature, 850° C., 
was selected for a series of experiments in which the time factor

COMPOSITION o r  CAS TREATED
METHANE «  6% 
PROPANE 44.7% 
BUTANES 36.7%

100.0%

/'K » 0 * ‘C <
750°C.

700®C.

<& 5  ,0003 JXA .005 à  Ä» .1 ¡ ¡oTIMC M Utwrts
F i g u r e  2 . E f f e c t  o f  T i m e  a n d  T e m p e r a t u r e  

o n  Y ie l d s  o f  V o l a t il e  O il s

alone was varied, and more complete data  taken. The gas 
subjected to cracking was the same as th a t used for the preced­
ing experiments. Sufficiently large quantities of gas were 
cracked to give several grams of liquid products in each 
experiment. Tar and volatile oils wrere collected and meas­
ured separately and the gases were analyzed. The data  are 
shown in Table I.

C o m p o s i t i o n  o f  G a s e o u s  P r o d u c t s . The sequence of 
changes taking place during the reaction is best shown by the 
change in  the composition of the gases (Figure 3). The 
primary decomposition of the propane and butanes into
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simpler paraffins and olefins was nearly complete in 0.0025 
minute during which tim e oil formation was negligible. The 
time consumed by the succeeding oil-forming stage of the 
reaction was many times greater. During this stage methane 
formation increased to a high final value, hydrogen increased 
somewhat, and with the exception of ethylene and ethane the 
other gaseous hydrocarbons were quickly destroyed. Be­
cause of the relatively long time required by the oil-forming 
stage of the pyrolysis, certain reactions which have been 
observed in association with the more rapid primary decompo­
sition of paraffins have an opportunity to play an im portant 
part. The reversible hydrogenation of ethylene to ethane 
maintains ethane in nearly equilibrium concentration when 
the gas composition is changing slowly, as experiments to be 
discussed will show. Work in progress indicates th a t the 
hydrogenation of olefins higher than ethylene, such as propyl­
ene and the butenes, results in the formation of products of 
primary decomposition of the corresponding paraffins; and, 
since breaking of the carbon chain takes place and methane is 
an im portant product, much of the methane is probably formed 
in this way without the intermediate formation of polymers. 
Ethylene and ethane survive because the two-carbon chain is 
not subject to breaking of the carbon-carbon bond.

L iq u id  P ro d u cts . The effect of time of contact on the 
yield of liquid products is shown in Figure 4. During the 
early part of the oil-forming stage of the reaction, the yield of 
volatile liquid products increased rapidly, accompanied by a 
rather rapid decrease in gaseous olefins, then became constant 
during the period 0.03 to 0.08 minute while the olefins de­
creased more slowly. The volatile oil was associated with 
very little ta r during the early stages of its formation, but 
tar continued to increase after a maximum yield of volatile 
oils had formed, owing, no doubt, to  the formation of ta r from 
the latter. Carbon formation became marked a t a still later 
stage and accelerated only when much ta r had formed, due to 
its formation in turn  by the degradation of tar. The volatile 
oils first formed contained unsaturated hydrocarbons, but the 
oil surviving the longest exposure time of 0.40 minute crystal­
lized partly a t  0° C. and consisted almost entirely of benzene. 
The effect of change in time on the composition of the volatile 
liquid products is shown in more detail in a later section.

T a b l e  I .  C r a c k in g  o f  G a s  M i x t u r e “ a t  8 5 0 °  C . w i t h

R un
V a r y in g  T im e

l  2
o f  C o n t a c t  

3 '4 5 6
Tim e of contact, 

m inutes 0.0025 0.006 0.010 0.042 0 .08 0 .4 0
Vol. ra tio  of exit 

gaseous prod­
ucts to in let gas 1.8 1.8 1 .9 2 .1 1.8 2 2

Yields, weight % : 
Volatile oils 3 .0 8 .1 9 .4 14.2 13.5 8 .7
T ar 0 .2 1.4 1.9 9 .5 12.5 14.7
Carbon 0 .03 0 .13 0 .10 0 .60 1.3 11.5

Analysis of gase­
ous products, 
%  by  vol.:

COs 0.0* 0.0* No _ 0 .0 e 0 .3c 0 .0 eNe 3.4 5 .7 analysis 3.1 7 .6 0 .5
Os 0 .6 0 .0 0 .7 1.4 0 .6Hj 12.3 13.2 18.5 18.4 25.9
CO 0 .0 0 .3 0 .7 0 .3 0 .0CHi 32.8 41.3 48.5 58 .0 63 .5
CYH«
CtHe

22.6
5 .2

26 .6
3 .3 5 .8 o ’ o '

C3H«
Calls

10.7
7 .2

3 .8
4 .7

C<Hs
CpUo

1.5
1.8

0 .9
0 .2

Higher hydro- 
 ̂carbons 

U nsaturates
1.9<*

22 .7 14.0 9 .5

T otal IOO.0 100.0 100.0 100.0 100.0
„ “.C om position  of gas m ixture: m ethane 18.6%, propane 44.7% , n-bu tane 
32.7% , isobutane 4.0% .

* F ractionation  analysis. 
c A fter rem oval of benzene (Orsat analysis).
«i Volatile oils present.

Portions of ta r  from runs 3, 5, and 6 were dissolved in five 
volumes of pyridine, and to the solution was added an equal 
volume of pentane. The ta r from a 0.01-minute exposure 
gave no precipitate, bu t tar from the 0.08- and 0.40-minute 
exposures gave increasingly heavy brown precipitates, presum­
ably of aromatic hydrocarbons of high molecular weight 
formed by protracted cracking.

C a r b o n . Some carbon was always obtained in the form of 
a hard lustrous coating. A flake of carbon, obtained from an 
experiment in which butane was cracked a t 750° C. for a  
period of 2.3 minutes, was crushed and examined under the  
microscope. I t  was found to  consist of spherical particles 
about 1 micron in diameter, cemented together. Similar 
spherical particles were obtained from ta r  formed by drastic 
cracking as a residue after repeated extraction with pyridine. 
The form of the carbon suggests th a t the particles were built 
up while suspended in the gas and were deposited subse­
quently on the walls of the tube.

F i g u r e  3. E f f e c t  o f  T im e  o f  C o n t a c t  a t  
8 5 0 °  C . o n  C o m p o s i t i o n  o f  G a s

H ea t  o f  C r a c k in g  R e a c t io n . From the heat of forma­
tion of the reactants and p red ic ts, the variation in heat 
content through the cracking period was calculated, assuming 
a constant tem perature of 850° C. For the heats of forma­
tion of volatile oils and ta r  there were taken for convenience 
the values per un it weight for benzene and naphthalene, 
respectively (8). Figure 5 shows the calculated heat-content 
curve. About 650 calories per gram were required to heat the 
uncracked gas to  reaction tem perature, after which the rapid 
primary decomposition took place with absorption of heat 
followed by the slower oil-forming reactions w ith evolution 
of heat. The point of maximum heat content corresponds to 
the formation of a maximum concentration of gaseous olefins 
a t an exposure tim e of about 0.0025 minute. The exothermic 
heat developed between 0.0025 and 0.08 m inute was about 
190 calories per gram, enough to raise the tem perature about 
200° C. In  large-scale experiments to be described, a m arked 
exothermic effect from this cause has been observed.

A large-scale experimental un it for cracking gas was con­
structed in which the endothermie and exothermic reaction 
stages were conducted separately under conditions suitable for 
each. The endothermie cracking took place in a tube coil of 
chromium-alloy steel. The charging stock was butane, which 
was cracked a t 750° to 770° C. a t 2 atmospheres pressure to  a 
maximum content of unsaturates of 43 per cent by volume. 
The gas a t 770° C. then passed into an insulated chamber in 
which the formation of aromatic hydrocarbons took place 
without any further introduction of heat and over a  much 
longer period of time. The tem pérature rose 50° C. during 
the passage through the chamber. Under these conditions a 
maximum yield of benzene was obtained with a  minimum tim e 
of contact. By reducing the flow rate of the gas and thus in­
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creasing the time of contact, the formation of a larger am ount 
of ta r  took place with a corresponding increase in exothermic 
heat. Under such conditions a tem perature rise in the 
chamber proper exceeding 100° C. was observed.

T a b l e  I I . E x p e r i m e n t s  a t  E x t r e m e  T e m p e r a t u r e s
Run 1 2 3 4 5 6
M aterial treated B utane B utane B utane Propane Propane Propane

T em perature , 0 C. 600 600 600 1050 1050 1050
lim e  of contact,

m inutes 5 11 30 0.00015 0.0003 0.0005
Yields, weight %:

Volatile liquids 3 13 13 11.5 14.0 13.0
D ensity  d?'5 0 .815 0.830 0.850

T a r 0 (4) (5) 6 .0 10.0 16.0
Analysis of gase­

ous p roducts:0
N* 10.5 0 .0 4 .2
COi 0 .0 0 .4 0 .0 0 .6
Hi 4 .8 7 .2 33.9
CO Ó!Ó 2.4 0 .3 0 .8
CH< 30 .0 24 .0 55.9 35.8
CiH . 9 .1
CjIIc 7 .7 43 .4 15.5 Ó.Ó
Calle 14.8
C3IU 3 .9
C iH t 4 .0
C< H11> 20 .0
U nsa tu rated 25 .0 16.9 28.9

T o tal 100.0 100.0 100.0 100.0

decomposition was complete. In the experiments a t 600° C. 
this effect is apparent. Table II, run 2, shows the formation 
of a nearly maximum yield of volatile oils, while much ethane 
and higher paraffins still survive. This is shown by the 
analysis of the gases produced. The paraffins were determined 
by combustion and calculated as methane and ethane. The 
low apparent value of methane is due to the presence of 
paraffins higher than ethane.

E f f e c t  o f  P r e s s u r e

The cracking of an ethane-propane fraction of natural-gas 
condensate under pressure to obtain arom atic hydrocarbons 
has been studied by Davidson (4). Two reaction stages were 
observed, but the interpretation was complicated by the fact 
tha t the pressure and time factors were not separated. I t

n F ree  from liquid  hydrocarbons; analyses calculated air-free.

E x p e r i m e n t s  a t  E x t r e m e  T e m p e r a t u r e s . While the 
yield of oils and the general course of the cracking reactions are 
substantially the same within a wide tem perature range, 
certain differences are to  be expected a t different temperatures. 
Table I I  shows the results of experiments in which butane 
(11 per cent isobutane) was cracked a t 600° C., and propane 
was cracked a t 1050° C., using several times of contact for 
each. The hydrogen concentration, in both the early and 
later stages of oil formation, was much higher a t the high 
tem perature than a t the low one. This m ay be attribu ted  to 
the increase in the dissociation of the paraffins (especially 
ethane) into olefin and hydrogen with increase in temperature. 
The volatile oils formed a t 600° C. increased in density as the

t a c t  a t  8 5 0 °  C . o n  Y i e l d s  o f  
V o l a t il e  L iq u id s , T a r , a n d  C a r ­
b o n

time was prolonged, reaching 0.850 in 30 minutes, which is 
only a little lower than the density of benzene. This indicates 
th a t chiefly aromatics were formed even a t this rather low 
temperature. The liquid hydrocarbons formed a t  1050° C. 
(presumably aromatic) were not examined.

A t 850° C. the primary decomposition was nearly complete 
before the formation of liquid hydrocarbons from the olefins so 
produced became appreciable (Table I). B u t since the 
tem perature coefficient of rate is higher for the former reaction 
than the latter, it would be expected th a t a t  low temperatures 
the formation of oils would get under way before the primary

F i g u r e  5 . E f f e c t  o f  T i m e  o f  C o n t a c t  
a t  8 5 0 °  C . o n  H e a t  C o n t e n t

appeared desirable to conduct experiments in which the time 
factor was varied independently. For this purpose, propane 
of 99 per cent purity  was cracked a t one pressure (9.5 
atmospheres) and 750° C., using several times of contact. 
The method was the same as th a t used in the preceding 
experiments except for modifications made in the apparatus 
to permit the use of pressure. The cracking was conducted 
in a silica tube of 6 mm. inside diameter. The tube was 
fitted snugly into a chrome-steel tube, and the end was ce­
mented to the steel tube to prevent the passage of gas over 
the steel surface. The propane was introduced under the 
cylinder pressure into the tube, and the products were 
withdrawn a t the pressure of the system through a condenser 
and electrical precipitator kept a t a tem perature of 0° C. 
The clean gas issuing from the precipitator under pressure 
was discharged a t  the desired constant rate from a needle 
valve through a condenser immersed iii an acetone-solid 
carbon dioxide bath, and stored. At the end of the run the 
volatile oil was distilled from the precipitator; and the gas, 
volatile oil, and ta r  were separated in the usual way. In 
calculating the time of contact, the pressure was taken into 
account. Table I I I  shows the results of three experiments 
under pressure; one experiment (run 4) in which propane 
was cracked a t atmospheric pressure and a higher tem perature 
(850° C.) is included for comparison. In run 1 the tim e of 
contact was not quite long enough to  complete the primary 
decomposition. The formation of liquid hydrocarbons did 
not become marked until the prim ary decomposition was 
nearly completed. Carbon appeared in significant amounts 
when a considerable am ount of ta r  had formed. In  these 
respects the results are analogous to those obtained a t  atmos­
pheric pressure (Table I). Since the rate  of polymerization 
is increased by pressure, it would be expected th a t the rate  of 
oil formation would be increased in this case. Such an effect 
is not sufficiently marked to be shown by these few data. 
The yield of volatile oils was about the same as th a t obtained 
a t  atmospheric pressure. In  the later stages of cracking, 
much ethylene was tied up in the form of ethane. This
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should decrease its rate  of conversion into oils and allow any 
further yield increase to  be offset by the conversion of volatile 
oils into tar.

T a b l e  I I I .  C r a c k in g  o f  P r o p a n e  u n d e r  P r e s s u r e

R un 1 2 3 4 5°
T em perature , ° C. 750 750 750 850 750
Pressure, atm ospheres 9 .5 9 .5 9 .5 1 .0 1.0
T im e of contact, m inutes 0.09 0.22 0 .30 0 .04 0 .70
Vol. ra tio  exit gaseous

products to  in le t gas 1.45 1.9 1 .8 2 .0 0 .95
Yields, weight % :

Volatile oils 3 .5 13.5 16.0 15.5 }16T ar 0 11.0 8 .0
Carbon 

Analysis of gaseous prod­
1.4

**
ucts, %  by  vol., air- 
free:

COs 0.06 0 .2 C 0.0* 0.8C . . 6
Hj Ö.7 6 .9 7 .9 22 .8 12.9
CO 0 .6 1.7 0 .0 1.3 1.7
CH< 2 5 .8 66 .2 68 .8 55 .8 56 .7
CaH< 13.5 12.1
CtHe 11.3 13.6 14.3 (6.3) 3 .7
CjH* 11.1 0 .9
C all. 28 .0 0 .0
C«H* 0 .6 0 .0
CiHw 0 .7 0 .0
Higher hydrocarbons 1 .7  d 0 .0
U nsatu rates 11.4 9 .0 19.0 (N i) 12.0

T otal 100.0 100.0 100.0 100.0 100.0
a Gas used was obtained  from  cracking of bu tane  in a  previous experim ent.
6 F rac tionation  analysis.
c A fter rem oval of volatile oils; O rsat analysis.
d H igher hydrocarbons includes volatile oils..

The gas analyses show, by comparison with similar experi­
ments a t atmospheric pressure and the same tem perature, a 
much higher ratio of ethane to ethylene. The reaction

C jH ,  —  C aH ,  +  H j

is driven to  the left by increase in pressure; and, because of 
the comparative rapidity of the reaction, equilibrium is 
approached. Calculating from the data  of Pease and Durgan 
(IS) a t 750° C.,

concentrations being expressed in atmospheres. Assuming 
the unsaturates in the gas from run 3 to  be only ethylene, 
K  =  0.50. Ethane, ethylene, and hydrogen were present in 
nearly equilibrium proportions. For comparison an experi­
ment (run 5) is included in Table I I I  in which another gas, 
produced by the cracking of butane, was cracked again a t  the 
same tem perature bu t a t atmospheric pressure. The calcu­
lated value of K .  is 0.40, also in good agreement with the 
equilibrium value. Where satisfactory ethane determina­
tions are available, the concentrations found arc not far from 
equilibrium values, provided th a t the cracking has proceeded 
so far th a t the gas composition is changing slowly.

C o m p o sit io n  o f  V o l a t il e  O il s

While the sequence of changes taking place during the 
cracking of simple paraffins to produce aromatic oils is 
affected little by tem perature except in respect to velocity 
over a wide tem perature range, tem perature no doubt has an 
effect on the composition of oils formed a t equivalent time- 
temperatures, especially a t the lower temperatures and in the 
initial stages of their formation.

In  order to  obtain more detailed information about the 
composition of the volatile oil, several experiments with 
different flow rates were conducted a t an intermediate 
temperature, S50° C. (Table IV), under the conditions of 
those reported in Table I, except th a t sufficient quantities of 
gas were treated to furnish liquid products for a  complete 
analysis. For these experiments, butane containing 11 per 
cent isobutane was pvrolyzed.

A n a l y sis  o f  L iq u id  H y d ro ca rbo n s . The liquid hydro­
carbons were condensed from the gas a t —78° C. to insure 
the condensation of the low-boiling hydrocarbons above 
propane. The lower-boiling part of the ta r  was separated by 
distillation and added to the volatile oil which was then 
promptly subjected to a careful fractional distillation below 
15° C. in a  modified form of the column used for gas analysis. 
The distillate was collected in the following fractions: pro­
pylene, butcnes, pentenes, hexenes, benzene, benzene-toluene 
intermediate fraction, toluene, toluene-xylene intermediate 
fraction, xylene-styrciie fraction, and tar. The condensate 
obtained from run 2, for which the time of contact was short, 
contained a high proportion of unsaturates and for this 
reason was selected for an examination of the fractions as 
follows:

To the butene fraction cooled in an acetone-solid carbon 
dioxide bath was added dropwise a small excess of bromine. 
After standing overnight a t room temperature, the excess bromine 
was removed and the bromides distilled at a pressure of 1 mm. of 
mercury to a final temperature of 90° C. The residue was identi­
fied as the tetrabromide of 1,3-butadiene by separating 50 
per cent of it as the higher-melting isomer, melting a t 118° C. 
A separate portion of the butene fraction in the gaseous condition 
was passed into 65 per cent sulfuric acid in the Orsat apparatus, 
and found to consist chiefly of isobutene, which is absorbed more 
readily than butadiene or the normal butenes in acid of this 
concentration.

During the separation of the pentene fraction, a small propor­
tion, assumed to be pentenes, was observed to boil around 36° C. 
and most of the remainder a t a constant temperature of 42° C. 
Both cyclopentadiene and piperylene boil a t 42° C. The frac­
tion was shown to contain little but the former substance by 
keeping it a t room temperature for several days to permit poly­
merization of any cyclopentadiene, which proceeds much more 
rapidly than in the case of the other pentadienes. The fraction 
was then distilled. The distilling temperature rose immediately 
to 170° C., the boiling point of the cyclopentadiene dimer. 
Little distillate was obtained a t a lower temperature, which in­
dicated that only small amounts of hydrocarbons other than 
cyclopentadiene were present. The identity of this component 
with cyclopentadiene was confirmed by condensing it with acetone 
in the presence of sodium ethoxido according to Thiele (21).

The hexene fraction was found by bromination to contain 
chiefly diolefins. A hydrocarbon was present which gave a con­
densation product with acetone. I t  was later separated in the 
pure state from a quantity of benzene and found to boil a t 72.7° 
C. (760 mm.). This hydrocarbon is probably mcthylcyclo- 
pentadiene. I t  passes over into the dimer quite rapidly a t room 
temperatures, but the rate is somewhat slower than that of 
cyclopentadiene.

The benzene fraction was found to melt a t 4.5° C. I t  con­
tained a small amount of unsaturates, estimated by bromine 
titration.

The toluene fraction also contained a very small amount of 
unsaturates. At a few degrees above the boiling point of toluene, a 
bright yellow hydrocarbon was obtained during the fractionation. 
The quantity was too small for identification.

The xylene fraction contained chiefly xylenes, but a large pro­
portion of styrene was also present, as well as a small amount of 
another yellow hydrocarbon not identified.

The analyses for the several runs a t  different flow rates are 
shown in Table IV. In  the early stages of benzene formation, 
butadiene, and cyclopentadiene, as well as less abundant 
higher unsaturates, are present in fairly large amount. W ith 
prolonging of the reaction time, the proportion of these 
diolefins decreases. They should be regarded as transient 
in character, the rate a t which they are destroyed exceeding 
the rate of formation from gaseous olefins as the concentration 
of the la tte r decreases. The concentration of toluene also 
decreases somewhat with increased reaction time. Benzene, 
however, continues to increase up to  the longest reaction time 
used. A comparison with the data  of Table I  indicates th a t a 
further increase in tim e would have decreased the yield of 
volatile oils. While significant am ounts of unsaturates of 4 
and 5 carbon atoms per molecule were formed, very little of 
the unsaturates were found in the boiling range of benzene
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and toluene. The tendency for larger hydrocarbon molecules 
other than aromatics to survive is evidently small. Nearly 
all the unsaturates occurring in benzene formed a t this 
tem perature were diolefins, and of these the cyclopentadienes 
were present in largest amount.

E f f e c t  o f  R a w  M a t e r i a l  C r a c k e d  o n  B e n z e n e  Y i e l d

Since all the lower normal paraffins except m ethane de­
compose into smaller paraffins and olefins in a time much 
shorter than th a t required for subsequent benzene formation, 
it  is evident, as has been pointed out by Hague and Wheeler
(10), th a t the optimum tim e-tem perature conditions for 
benzene formation should be nearly the same for all. The 
lower olefins and other lower paraffins should also require the 
same conditions. A high yield of methane is invariably 
formed along with the aromatic hydrocarbons by reactions 
involving the consumption of hydrogen, and no other paraffins 
usually survive in significant amounts. Since the carbon 
required to form m ethane is unavailable for the formation of 
aromatic hydrocarbons, the yield of oils depends upon the 
carbon not consumed in this way, and the carbon-hydrogen 
ratio of hydrocarbon m aterial to be converted into aromatic 
oils may be used as an index of the yield to  be expected. 
Table V shows the results of experiments in which several 
different hydrocarbons were cracked under conditions giving a 
maximum weight per cent yield of volatile oils containing 
little b u t benzene and toluene. E thane (runs 1 and 2) gave a 
distinctly lower yield than propane (run 3). Ethylene (run 4) 
gave a greater yield. The addition of hydrogen to propane 
caused a marked decrease (run 5). Kerosene (run 7) gave a 
slightly lower yield than  would be expected from its hydrogen- 
carbon ratio, bu t this should perhaps be expected in the case 
of high molecular-weight hydrocarbons which are not wholly 
converted into small molecules by the primary decomposition.

T a b l e  IY .  C o m p o s it io n  o f  V o l a t il e  O il s  f r o m  B u t a n e  a t  
8 5 0 °  C .

R un 1 2 3 4 5
Tim e of contaot, m inutes 0.0015 0.015 0 .04 0.065 0 .12
Vol. ra tio  exit gaseous prod­

ucts to  in le t gas 2 .0 1.9 2 .1 2 .3 2 .4
Yields, weight % :

Volatile oils 3 10.5 15.5 16.0 17.0
T ar 0 .0 5 .0 9 .5 11.0 17.0

Analysis of gaseous prod­
ucts, %  b y  vol.:

COi 0 .0 0 .0 No 0 .7 0 .1
h 2 10.0 16.7 analysis 16.6 28.1
CO 0 .0 0 .5 2 .1 0 .5
CH«
Ci H 6

23.1
4 .2 j  48 .4 j 57.4 }oo.o

CaH* 25 .5
CjH« 16.9
CaHs 0 .0
C<H. 4 .4
C4H 10 15.9
U nsa tu rates 34.4 23*2 11.3

T otal 100.0 100.0 100.0 100.0
Analysis of volatile  oils.

weight % :
0 .9 0 .7Propylene 3

B utenes 5 ) 5 3
B utadiene 4 I 1.9
Pentenes 1 I 4 2 .5
C yclopentadiene
Hexaaienes

6
0 .3 0 .51

Benzene 61.1 74 .8 82 .8 92 .0
In term edia te 0 .9 1 .0 1.0 0 .3

Toluene 9 .85 12.0 9 .5 5 .8
In term edia te 0 .15 0 .0 0 .0 0 .0

X ylenes plus styrene 8 (2)

T otal 100.00 100.0 100.0 100.0

The properties of the ta r  varied with the m aterial cracked. 
The tars produced by the cracking of ethane, and of propane 
plus hydrogen, were transparent, yellow-brown, and quite 
fluid. The ta r  from ethylene was almost black and quite 
viscous. This difference is probably due to  a  difference in 
concentration of hydrogen, a high hydrogen content favoring

the formation of a light tar, perhaps by destroying certain 
components.

T a b l e  V . Y ie l d  o f  V o l a t il e  O il s  f r o m  S e v e r a l  H y d r o ­
c a r b o n s

R un 1 2 3 4 5 6 7
M aterial cracked CiHe CaHe Calls Call* Calls K ero­ K ero­

T em perature, 0 C. 850 850 850 725
+  H i 
850

sene®
850

sene®
850

Tim e of contact, 
m inutes 0 .05 0 .10 0 .04 1.0 0 .0 5 0 .02 0 .0 5

Vol. ra tio  exit 
gaseous prod­
ucts to  inlet 
m aterial 1 .5 1.5 2 .0 0 .92 1 .5 4.8& 6.3¡>

Yields, weight % : 
Volatile oils 10.5 10.5 15.5 23.5 9 .5 16.5 19.0
T ar 3 .0 8 .0 18.5 6 .0 2 2 .0 32 .0

Analysis of gase­
ous products ,6
%  b y  vol.:

CO2 (Na) 1 .2 0 .1 0 .8 0 .3 1.0<* 0 .0 0 .2
Hi 37.1 41 .8 22 .8 14.8 7 .8 22.1 25 .0
CO 1.0 0 .6 1.3 0 .9 1 .0 0 .0 0 .2
C H 4 22 .8 34.9 55.8 33 .8 57.6 48 .0 55.3
Cj H s 6 .9 4 .8 (0 .3) 20 .7 3 .6 2 .2 0
U nsatu rates 31 .0 17.8 19.0 29 .5 29 .0 27.7 19.3

T otal 100.0 100.0 100.0 100.0 100.0 100.0 100.0
° From  M idcontinent crude. 
b R atio  of gas volum e to  vapor volume. 
c Free from volatile oils.
d C alculated free from added hydrogen. T he gas trea ted  was a  m ixture 

of equal volumes of propane and  hydrogen.

C o n c l u s i o n s

1. The cracking of the lower paraffins, with the exception 
of methane, to  produce benzene and toluene m ay be conducted 
within the rather wide tem perature range of 700° to 1050° C., 
provided th a t the correct tim e-tem perature values are used.

2. The pyrolysis proceeds through a rapid endothermic 
decomposition in which simple olefins are formed, which is 
followed by a much slower exothermic reaction during which 
the olefins are converted into aromatic hydrocarbons.

3. In  the neighborhood of 850° C., butadiene and cyclo- 
pentadiene are the chief low-boiling hydrocarbons formed, 
other than the benzene and toluene which predominate in the 
volatile oils.

4. The yield of benzene and toluene from the lower 
paraffins and olefins increases with the carbon-hydrogen ratio.
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Thermal Decomposition of Alunite
S. C. O g b u r n , J r ., a n d  H. B. S t e r e , Department o f  Chemical Engineering, Bucknell University, Lewisburg, Pa.

Al u n i t e  as a possible
commercial raw material 
for chemical in d u s t r y  

was brought into the field of ac­
tive investigation in 1912 when 
Butler and Gale (3) published 
results of their investigation of 
the chemical and geological na­
ture of the a lu n i te  d e p o s i ts  
found near Marysvale, Utah. 
A report by Waggaman {12) in 
the same year discussed “Alunite 
as a S o u rc e  of P o ta s h ” and 
showed th a t potassium sulfate 
could be leached from alunite 
which had been calcined a t about 
700° C. F o llo w in g  these re­
ports, several patents were issued

The progressive stages of decomposition of 
Utah alunite, effected by heating the material 
at constant temperatures and over a tempera­
ture range from 100° to 850° C., have been 
observed through the medium of chemical analy­
sis. Combined ivaler is liberated at 460° C., 
and complete decomposition of the aluminum  
sulfate to form alumina results at 800° C. 
Potassium sulfate is not decomposed by heating 
at this temperature and has been leached from  
the calcined material and recovered as 99.26 
per cent pure potassium sulfate. The residue 
after leaching consists mainly of aluminum  
oxide containing small amounts of silica, iron 
oxide, and magnesia.

Cameron and Cullen (4) ob­
tain potassium alum by diges­
tion of the ore with sulfuric acid 
a t 110° C., and r e c o v e r  the 
product in a way similar to the 
process of Tilley.

Detwiller (.9) prepares a nitric 
acid solution of the alumina and 
potassium while the silica re­
m a in s  in s o lu b le .  S o lu b le  
n i t r a t e s  and s u l f a t e s  are re ­
covered.

Blough and M cIntosh (I) sin­
ter a mixture of finely ground 
alunite and sodium chloride a t 
800° C. and leacli out soluble 
salts, after which the sodium sul­
fate and insoluble alumina are

on methods of recovering potash 
and other compounds from alunite.

A process by Tilley {11) recovers the potash as potash alum 
by digesting the crushed ore with sulfuric acid at 90° C. for 
24 to 48 hours. The undissolved ore residue is converted to 
aluminum sulfate by  roasting, and is recovered as such. 
Moldenke {10) has proposed a similar treatm ent, except th a t 
calcination is carried out in steps in a circulating atmosphere 
of sulfur dioxide and oxygen.

Chappell (7) treats the alunite with sulfuric acid and, after 
precipitating the aluminum as hydrate with ammonium 
hydroxide, produces mixed sulfates of ammonium and 
potassium to be used for fertilizer. In other patents (5, 6) 
he recommends slow calcination a t 750° to 1000° C. in a 
strong current of air, and calcination in two steps, first a t 
600° C. and finally a t 900° to 1000° C., after which the hot 
material is dumped into water to leach out potassium sulfate.

heated together a t temperatures 
less than  1500° C. to form soluble sodium aluminate.

Although the greater num ber of patents include decomposi­
tion of the ore by heating, no literature has been found to 
show either the rate or completeness of decomposition a t 
given temperatures.

The work presented herewith was done to determine by 
means of chemical analyses the course of the therm al de­
composition of M arysvale alunite.

C h e m i c a l  N a t u r e  o f  A l u n i t e

Alunite is a  naturally  occurring, hydrated double sulfate of 
aluminum and potassium of the approximate composition 
represented by K 20 -3A1203-4S03-6H20 . Impurities, such as 
silica and salts of iron, magnesium, and sodium, are usually 
present in small and varying amounts.

I a b l e  I . A n a l y s e s  o f  A l x jn it e  f r o m  V a r io u s  S o u r c e s

SouncK SiOî AhOj SOi K :0 NajO FeiOj MgO IiiO* HtOfe
% % % % % % % % %

Theoretical (5) 37 .0 38 .6 11.4 13.0
M arysvale, Utah* 0.95 3 8 .3S 35.52 10.21 o!i>6 6'. i.3 6! 84 0 . Î4 13.02
M arysvale, U tah  (£) 0.22 37. IS 38.34 10.46 0 .33 Trace 0 .09 12.90M arysvale, U tah  (3) 5 .28 34.30 36.54 9.71 0 .56 Trace 0.11 13 .OSRico M ts., Colo. (5) 2.54 42.35 35.24 3.27 4.02 0 .13 11.99Rico M ts., Colo. (2) 1.79 37.66 37.92 6.77 2.12 6 '. 38 0 .06 13.03Silverton, Colo. (2) 0 .50 39.03 38.93 4 .26 4.14 13 35aTres C erritos, Calif. (2) 2.64 38.05 38.50 4 .48 2.78 6!23 Trace NiV 11192

a W ater rem oved a t 105° C.
¿> W ater of com bination rem oved a t 460° 
c A lunite used in this investigation.

C.

Cameron (3) calcines the ore a t  500° C., causing a re­
stricted evolution of sulfur oxides. The soluble aluminum 
compounds are leached and alum separated. The la tte r is 
then calcined a t 750° C., forming potassium sulfate and 
alumina, which is digested with hot water to yield a solution 
of the potash salt.

Table I  shows the composition of representative samples of 
raw alunite from different localities and from different mines 
in the same locality.

The natural product is practically insoluble in water, but, 
after calcination a t  tem peratures which produce partial 
decomposition of the original structure, potassium sulfate and
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aluminum sulfate may be leached from the material. From a 
consideration of the analysis of alunite used in this work, it is 
to  be noted th a t there is an insufficient am ount of SO3 present 
to  combine with all of the alumina, potassium oxide, and 
sodium oxide to form sulfates. Hence it would not be possible 
to  recover all of these oxides as sulfates without addition of 
sulfuric acid or its equivalent in SO3. Since the interest in 
this investigation was centered on the therm al changes, such 
possible intermediate products were not investigated.

E f f e c t  o f  T e m p e r a t u r e  o n  E x t e n t  o f  D e c o m p o s i t i o n

A study of the thermal decomposition of alunite m ust 
necessarily include both the effect of tem perature of calcina­
tion and the time of heating a t selected temperatures. Uni­
formity of sampling and careful tem perature control are 
recognized prerequisites.
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These calcined samples were analyzed for S 0 3 content, 
since, in the tem perature ranges used, SO3 and water are the 
m ajor volatile constituents. The percentage of S 0 3 removed

from the m aterial and the percentage of volatile m atter a t 
given tem peratures are shown in Figure 1.

The decomposition of alunite is accomplished in two stages, 
the first being approximately completed a t 460° C. with 
complete removal of water of combination; the second stage 
is approximately completed by heating to 800° C., a t  which 
tem perature oxides of sulfur are removed. Analyses of the 
evolved gases in this la tter stage of decomposition have shown 
approximately 90 per cent S 0 3 and 10 per cent S 0 2.

R a t e  o f  D e c o m p o s i t i o n  a t  C o n s t a n t  T e m p e r a t u r e s

To study the rate of removal of combined water near the 
end of the first stage of decomposition, duplicate samples 
were heated a t a constant tem perature of 460° C. The 
samples were weighed a t regular intervals, and the percentage 
of water removed was calculated. The tim e rate of removal 
of water under these conditions is shown diagrammatically in 
Figure 2.

W ater was liberated continuously as the time of heating was 
increased, until ultim ately the entire six molecules of 
combined water were removed. Since removal of water is so 
regular, it is evident th a t no intermediate hydrates form 
during calcination of the alunite. Curve I  (Figure 1) and 
Figure 2 both show this regularity in decomposition.

F ig u r e  1. E f f e c t  o f  T e m p e r a t u r e  o n  D e c o m p o ­
s it io n

C urve I. Percentage volatile m a tte r a t  given tem peratures 
C urve II . Percentage SOa rem oved a t  given tem peratures

The m aterial used in this work was crushed to pass a 40- 
mesh sieve. The calcination was effected in an electric muffle 
furnace with variable tem perature control actuated by a 
platinum -platinum  rhodium thermocouple as the thermo-unit. 
The accuracy of control was =*=8° C. a t  1000° C.

To determine the effect of the tem perature of calcination, 
duplicate samples of 1.0000 gram of alunite were weighed into 
platinum crucibles and placed in the furnace in which the 
tem perature was m aintained constant. The samples were 
removed periodically, cooled in desiccators, and weighed 
quickly. H eating was continued until no further loss in 
weight of the samples was noted. In  this manner the total 
volatile m atter removed from alunite a t definite tem peratures 
between 110° and 780° C. was determined. New samples 
were used for each tem perature of calcination studied.

F i g u r e  3. R a t e  o f  R e m o v a l  o f  S O j a t  
805° C.

The rate  of decomposition of a  1-inch bed of alunite has 
been determined by heating the m aterial a t  a constant 
tem perature of 805° C. and removing samples a t definite time 
intervals. These samples were analyzed and the percentage 
of SO3 removed over a period of 4 hours was computed. The 
rate of removal of SO3 under these conditions is shown in 
Figure 3.

After 4 hours of heating, the SO3 remaining (16.78 per cent) 
was slightly in excess of th a t required for combination with 
the potassium oxide and sodium oxide present to  form sulfates. 
Later experiments conducted on a larger scale have confirmed 
these data  and show th a t prolonged heating is essential to 
complete decomposition of the aluminum sulfate when the 
material is heated in a stationary bed.

I t  is seen from Figure 3 th a t decomposition of a 1-inch bed 
of alunite is practically completed in 4 hours of heating a t 
805° C. To determine the nature of the compounds remain­
ing after such treatm ent and the possibility of recovering 
potassium sulfate from the calcined material, it was necessary 
to prepare a larger quantity  than previously used in these 
studies.

About 12 pounds of calcined m aterial were prepared by heat­
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In  the ease of the calcined alunite before leaching, it is seen 
th a t the S 0 3 present is about 2.5 per cent in excess of the 
am ount necessary to combine with the potassium oxide and 
sodium oxide present. This indicates the presence of a small 
am ount of undecomposed aluminum sulfate. This excess is 
not apparent after leaching; it is believed therefore th a t a 
small am ount of potassium sulfate has remained in the residue, 
but th a t any undecomposed aluminum sulfate has been dis­
solved out.

R e c o v e r y  o f  P o t a s s i u m  S u l f a t e

After the filtrate and washings had been evaporated to a 
volume of about 1 gallon, the crystals were separated from 
the mother liquor by filtering through paper supported by 
large glass funnels. The crystals obtained in this manner 
were contaminated with a  small am ount of iron from the 
evaporating kettle; they were therefore dissolved in the least 
possible am ount of hot water in large glass beakers, filtered 
while hot to remove the .insoluble ferric hydrate, and re- 
crystallized by evaporation. The crystals were recovered, 
washed once with cold water, and dried a t 110° C. They 
were then pulverized, and a representative sample was retained 
and analyzed for potassium oxide with H 2PtCl6 according to 
standard procedures. A mean of three determinations showed 
the recrystallized salt to be 99.26 per cent potassium sulfate. 
The total potassium sulfate recovered represents 97.0 per cent 
of the theoretical potassium sulfate content of the calcined 
ore.

C o n c l u s i o n s

1. The therm al decomposition of alunite begins a t  430° C. 
with the liberation <j>f water of combination.

2. No intermediate hydrates are formed during dehydra­
tion.

3. A t tem peratures of 575° to 800° C. the aluminum 
sulfate is decomposed, while potassium and sodium sulfates 
remain as such. At the higher tem perature, decomposition 
of the aluminum salt is practically complete.

4. A good grade (99.3 per cent) of potassium sulfate can be 
obtained by leaching the residue after calcining a t  about 
800° C.

5. The purity  of the alumina residue after leaching out 
soluble salts was found to  be 92.40 per cent w ith 2.30 per 
cent silica, 2.73 per cent iron oxide, 2.03 per cent magnesia, 
and small amounts of potassium oxide and S 0 3.
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ing several lots of -40-m esh alunite a t a  temperature of about 
850 ° C. The alunite was heated for 8 hours in fire-clay mufiles 
supported in a coal-fired furnace. The increased period of 
heating was necessitated because of the thicker bed of 
material which was being calcined. In  a later experiment, by 
the use of an electrically heated rotary calcining furnace, the 
time required to reduce the percentage of S 0 3 in the raw' ore to 
the value of 16.78 per cent, as mentioned above, was found to 
be less than 1 hour.

F ig u r e  4 . “ D o p p ”  K e t t l e  E q u i p p e d  w it h  “ L i g i i t n i n ”  
H i g h -S p e e d  A g it a t o r  f o r  L e a c h in g  C a l c in e d  O r b  in  
R e c o v e r y  o f  P o t a s s iu m  S u l f a t e

The several lots were thoroughly mixed, and a representa­
tive sample of the w'hole wras reserved for analysis. Ten 
pounds of the remainder were mixed with sufficient water to 
make a sludge of approximately 5 per cent solids. This slurry 
was heated to approximately 90° C. and agitated for 2 hours 
in a  steam-jacketed kettle. The mixture was then filtered 
through a pressure filter of the leaf type, the cake was washed 
thoroughly with hot water, and filtrate and washings were 
returned to the steam-jacketed kettle to be evaporated to 
crystallize the potassium and sodium sulfates. The filter 
cake was removed from the press, dried a t 110° C., and broken 
up; a representative sample was retained for analysis.

The analysis of the calcined alunite both before and after 
leaching with water are shown in Table I I  together with the 
analysis of the raw' ore.

T a b l e  II. A n a l y s e s  o f  P r o d u c t s

C alcined  A lun ite
INSTITÜENT3 R aw  A lu n ite Unleached Leached

% % %
SiOl 0 .95 1.29 2 .30
AIiOj 38.38 63.28 92.40
FeiOj 0.13 2.11 2.73
SO* 35.52 16.31 0.43
K jO 10.21 14.89 0.50
NaiO 0.56 0.89 Nil
MgO 0.S4 1.08 2 .03
HiO — 0.14
H ,0 4 - 13.02
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Petroleum Distillates
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Ac c u r a t e  data  on the
physical a n d  th e r m a l  
properties of petroleum 

hydrocarbon mixtures, extend­
ing over a wide range of tem­
peratures and pressures, are de­
sirable as an aid in the develop­
m e n t  of p e tro leu m -re fin in g  
operations. D ata  of this charac­
ter are especially useful in the 
development of cracking proc­
esses. Although such data  are 
extremely useful, the literature 
contains only meager informa­
tion relative to the properties of 
petroleum mixtures a t high tem­
perature and p r e s s u r e .  The 
usual practice in petroleum re­
fining has been, whenever such 
data  were needed, to assume cer­
tain values which were estimated 
from the properties of pure hy­
drocarbons. Insufficient proof of 
the justification and limitations 
of these assumptions exists.

In  view of th e  p a u c i ty  of 
data  in this field, the present 
authors initiated a program of

The P -V -T  relationships of two light-pelroleum 
fractions—one a commercial gasoline and the 
other a rather narrow boiling-range naphtha— 
have been determined experimentally over a wide 
range of conditions, extending from  near at­
mospheric pressure to well beyond the critical 
region.

The complete P -V -T  data on these two mixtures 
are given. Comparison with the properties of 
pure hydrocarbons is made, and methods of 
correlation are indicated.

This investigation has shown that the P -V -T  
relationships of petroleum hydrocarbon mixtures 
are similar in all respects to those of binary 
mixtures heretofore investigated.

From these physical data the thermal properties 
of one of the mixtures was calculated thermo­
dynamically, making use of an equation of stale 
developed for the superheated vapor region. Com­
bining the properties calculated and previously 
published data on the specific heat of the liquid 
and vapor at atmospheric pressure, a total heat 
temperature chart is presented.

3. Latent heats of vaporization.
4. Total heats as a function of

pressure and temperature.

research in  th i s  l a b o r a to r y
which, it was believed, would establish the general behavior of 
complex hydrocarbon mixtures and ultim ately lead to the 
possibility of readily estimating the properties of petroleum 
fractions. This program contemplated the measurement of 
physical properties of a number of fractions and the general 
correlation of these properties with one another as well as 
with other more easily determined properties of the fractions, 
such as A. S. T . M. boiling range, specific gravity, and molecular 
weight. Further, i t  was proposed to calculate therm al 
properties from physical properties and obtain a similar 
correlation. The development of means of ready measure­
m ent of some of these properties, for cases where very precise 
data  in the high pressure-high temperature region are re­
quired, was also included in the program.

This paper presents some of the data obtained in this pro­
gram. I t  gives data on the physical properties of two 
petroleum fractions—one a  commercial gasoline and the 
other a rather narrow boiling-range naphtha. These two 
distillates were chosen because they have approximately the 
same A. P. I. gravity and molecular weight, but markedly 
different boiling ranges with nearly the same average boiling 
point. The methods and results of determination of the 
pressure-volume-temperature-state relationships over a wide 
range of conditions are given. The behavior around the 
critical region were rather closely studied, and the results 
are given. Further, the methods and results of calculations 
of the following therm al properties of the naphtha are given:

1. Difference in specific heats at constant pressure and 
constant volume as a function of pressure and temperature.

2. Joule-Thomson coefficients as a function of pressure and 
temperature.

M et h o d  o p  D e t e r m in a t io n  o f  
P h y sic a l  P r o p e r t ie s

For determining the pressure- 
volume-temperature-state rela­
tionships, a small sample of the 
air-free liquid was confined over 
mercury in a thick-walled capil­
lary tube which was heated to 
a constant tem perature by the 
vapors of a series of pure organic 
compounds. The capillary tube 
communicated with a mercury- 
filled compressor for regulating 
the pressure on the sample and 
with a gas manometer for meas­
uring the pressure. The tube 
had been carefully calibrated so 
th a t it was possible to measure 
the to ta l volume occupied by the 
sample as well as the volume of 
the s e p a r a te  p h a s e s  present. 
Equilibrium between the liquid 
and vapor phases was assured 
by stirring w ith  a n  electro­
magnet stirrer. Observations 

of the pressure and volume of liquid and vapor phases a t  a 
constant tem perature were made for a number of tem peratures 
and covering a range of to ta l volumes, extending from the 
volume occupied by the compressed-liquid phase to th a t by 
the expanded-vapor phase.

A p p a r a t u s . The apparatus for determination of the P-V-T 
relationships was a modification of th a t employed by Sydney 
Young and is shown in Figure 1.

It consisted of the long steel compressor block, A,  securely 
fastened in a horizontal position with three vertical branches at 
right angles to it. The block, A ,  was fitted with a section, B, 
through which the plunger, D, passed, a pressure-tight joint 
being insured by the stuffing box, C. One end of the plunger 
was threaded and held in a correspondingly threaded section 
of B. I t  could be turned by means of the hand wheel, F, and 
thus permitted the volume of the space, E, which was filled 
with mercury, to be changed at will.

Each of the vertical branches was fitted with a stuffing box 
through which passed a thick-walled capillary tube. The tube 
was held in position by an enlargement, G, which rested on 
rubber washers against the loose-fitting steel ring, II. The 
packing of the stuffing box consisted of a perforated cylindrical 
rubber stopper /  which was forced around the tube by the gland, 
J ,  by screwing down the cap, K. The compressor was immersed 
in a water bath whose temperature near tha t of the room was 
held constant to within 0.02i> F. (0.01° C.).

The liquid under investigation was confined over mercury in 
the experimental tube, L, which was constructed of Pyrex 
capillary tubing of about 1.5 mm. bore with an intermediate 
section of 4 mm. bore. The tube was carefully calibrated, and 
the volume from .the sealed end was expressed in terms of the 
distance from a reference line etched around the tube near 
the sealed end. This distance was measured to 0.05 mm. by 
means of a eathetometer.

To bring about equilibrium quickly between the liquid and

291
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vapor phases of the sample, the experimental tube was provided 
with a stirrer, consisting of a small rod of soft iron about 0.75 
inch (1.9 cm.) long and of dumb-bell shape. The stirrer was moved 
by means of an electromagnet outside the apparatus.

In  calculating the volume of the liquid and vapor phases of 
the sample from the experimental data, the following factors 
were taken into account: the volume of the mercury and 
liquid menisci; the therm al expansion of the tube; and the 
volume of the iron stirrer.

The experimental tube, surrounded by the jacket, 0 , was 
heated to a constant temperature by the vapors of a series of 
pure organic liquids whose boiling points lay within the tem­
perature range desired. Bv boiling the liquid under reduced 
pressure, a 70° F. (38.9° C.) range of temperatures, constant 
to within 0.02° F. (0.01° C.), was obtained with a single liquid. 
The liquids recommended by Young (7) were used. The tem­
perature of the vapor bath (that is, the temperature to which 
the experimental tube was heated) was measured by a copper- 
constantan thermocouple, T,  inside a thin-walled glass tube, 
projecting into the vapor bath (as shown) to a  point just above 
the experimental tube. To prevent the cold liquid condensate 
from running back on the couple, which would thereby give 
too low temperature readings, and also to shield the couple 
from radiation from the electric heater (not shown) surrounding 
the jacket, a bell-shaped metal guard, U, with several holes 
drilled through the side near the top, was placed over the end 
of the couple. Thé couple was calibrated using the standard 
temperatures of the boiling points of water, aniline, naphthalene, 
benzophenone, and sulfur. Melting ice served to maintain a 
constant cold junction temperature, and a Leeds and Northrup 
type K  potentiometer measuring to 0.001 mv. was used for the
e. m. f. measurements.

The pressure was measured by means of the two gas manome­
ters, M  and N.  The internal diameter of M  (1 mm. bore), 
which served for the measurement of moderate pressures, was 
the same throughout. Ar, which served to measure high pres­
sures, was provided with a reservoir of relatively large capacity 
at the open end. Both tubes were carefully calibrated and filled 
with pure nitrogen. The gas constant for' the low-pressure 
manometer was determined by comparing it with a direct 
column of mercury in a tube of about 1.5 meters in height, 
which temporarily replaced the experimental tube. This tube 
was later replaced by a glass rod, and the constant for the high-

pressure manometer determined by taking readings simultane­
ously on both manometers. The pressure as determined by the 
manometer was corrected: for the difference in level of the 
mercury (corrected to standard temperature) in the experi­
mental tube and manometer; for the pressure of the column 
of unvaporized liquid; for capillarity and the vapor pressure 
of mercury when necessary; and for the deviation of nitrogen 
(in the manometer) from Boyle’s law.

P r e p a r a t io n  o f  S a m ple

R em o va l  o f  M a t e r ia l  R e a c t iv e  w it h  M e r c u r y . 
Petroleum distillates, even though rather highly refined, 
contain compounds which react with mercury and cause a 
finely divided precipitate to settle out. These compounds 
were removed by first shaking the sample with mercury a t 
room tem perature and finally by vaporizing in contact with 
mercury vapor a t 075° F. (357.2° C.).

R em o va l o f  W a t e r . The sample was dried by standing 
over metallic sodium for several days or in contact with P2Os 
for about half an hour.

R em o va l  o f  A ir . The general plan of deaerating the 
sample w ithout changing its composition appreciably was to 
reflux it for some tim e under high vacuum with the tem pera­
ture of the condenser such as to condense the more volatile 
hydrocarbon vapors but perm it the exit of the air and other 
noncondensable gases. The apparatus for removing the air 
and filling the experimental tube with an air-free sample is 
shovm in Figure 2.
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A high-vacuum mercury diffusion pump, A,  was backed by 
a Cenco-Hy-Vac oil pump. The pressure in the apparatus 
was measured by the MacLeod gage, B, capable of measuring 
less than 10 ~6 mm. mercury pressure. The sample (about 
175 to 200 cc.) in C was introduced through the mercury-sealed 
stopcock, D, and stood over the mercury in the boiler, II. This 
stopcock contained no lubricant and was prevented from sticking 
by filling the lower compartment of the sheath with mercury. 
The height of the mercury in the boiler, E,  was regulated by 
the pressure over the mercury in the vessel, P. The by-pass 
tube, G, a small section of which was wrapped with electrical 
heating wire, served as a thermotirculator for the liquid sample 
as well as to cause gentle boiling. The hydrocarbon vapors, 
together with the air, passed to the condensers, II  and I ,  where 
the vapors wrere condensed and returned to boiler E  while the 
air and noncondensable gas were removed from the system 
through the vacuum pump. Condenser II  was cooled with a 
mixture of carbon dioxide snow and acetone; I  was cooled 
with the same mixture or with liquid air, as the volatility of the 
sample demanded. The sample was refluxed a t a pressure of
0.001 to 0.0001 mm. for about 6 hours which, experience showed, 
was sufficient to remove all dissolved air.

F i l l in g  T u b e  w i t h  A i r - F r e e  S a m p l e . When the sample 
had been sufficiently degassed, stopcocks J ,  K,  and L  were 
closed; and, as soon as the condensers warmed up to near 
room temperature, the sample was forced up through the con­
densers several times by controlling the pressure in vessel F,
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in order to flush out the more volatile constituents which had 
adhered to the walls. Likewise, the line from the condenser 
through the U-tube, M,  to the compartment, 0 , surrounding 
the experimental tube, was flushed out several times by small 
quantities of the degassed liquid which was discarded to the 
vessel, Q, through the stopcock, P. Stopcock P was then 
closed and the liquid allowed to cover the end of the experi­
mental tube, R,  which was held in an inverted position in com­
partment 0  by a tight-fitting rubber stopper. The stopper 
was covered with a layer of mercury and made vacuum-tight 
by a mercury seal.

In order to introduce the desired quantity of liquid into the 
experimental tube,a very narrow hair-like capillary, 5, was drawn 
and inserted in the tube to the point T, about 3.5 cm. from the 
end. This capillary tube was held in a fixed position by an 
offset, V', near the top. The top projected into the compart­
ment, W, which was connected to 0  through a mercurv-sealed 
ground joint. W ien the liquid sample covered the end of the 
experimental tube, the liquid flowed in and completely filled 
the tube. Mercury was then introduced from X  until the end 
of the tube was covered, when, by gently tapping the tube, the 
mercury entered and displaced all of the liquid sample except 
that below the end of the small capillary. The apparatus was 
then brought to atmospheric pressure, section IE removed, and 
the capillary withdrawn while the end of the tube was still 
covered with mercury. The experimental tube was then re­
moved from the apparatus, the end firmly closed with the 
finger, and the tube turned up in the compressor at an angle 
of about 45° with the open end under mercury. Any air that 
might have been trapped in the open end was forced out by 
carefully warming the sample until it suddenly expanded. 
The tube was then fixed in place in the compressor.

The weight of liquid in the tube was determined from the 
volume as measured with the cathetometer and the density as 
determined on a portion of the air-free sample in a pycnometer.

R e s u l t s  o f  P h y s i c a l  M e a s u r e m e n t s

The A. P. I. gravity, A. S. T. M. distillation, and average 
molecular weight (determined by freezing-point lowering of 
benzene) of the two distillates as determined on the de­
aerated samples are given in Table I.

A number of isotherms were determined experimentally, 
covering a range from near atmospheric conditions to above 
the critical region. These data are given in Tables I I  and I II . 
In  the  determinations, particular attention was paid to  the

phenomena occurring in the critical region. Thus the proper-' 
ties in this region were determined to be as given in Table IV.

T a b l e  I. P h y s i c a l  M e a s u r e m e n t s  o f  D i s t i l l a t e s
 --------------- A. S. T . M. Distillation---------------- .

M ol. A. P. I. Ini-
Wt . G iiav. tial 10 20 30 40 50 60 70 80 90 M ax.

° F. ° F. ° F. 0 F. 0 F. ° F. » F. ° F. ° F. ° F. 0 F.
Gasoline 109 57 .3  98 149 191 230 260 282 302 325 348 371 414
N aphtha 110 57.1 211 230 238 245 252 258 264 272 282 295 326

The isotherms are shown in Figures 3 and 4, and the data 
are presented in somewhat different form in Figure 5. Refer­
ring to Figure 5, i t  is notable th a t the boiling line increases 
regularly with pressure and temperature, whereas the dew line 
passes through both a maximum of tem perature (termed

“point of maximum tem perature” ) and a maximum of pres­
sure in the region of the critical point. This is particularly 
evident from an examination of the d a ta  for the gasoline. 
The dew line and boiling line meet a t the critical point. At

BORDER
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the critical point the properties of the saturated liquid and 
saturated  vapor are identical. A t any P -T  intersection, 
within the area bounded by the dew line and boiling line, two 
phases—liquid and vapor—exist (Figure 5); outside this area 
one phase exists, the theoretical dividing line between liquid 
and vapor rising vertically from the critical point where the 
dew line and boiling line meet. The phenomenon of retro­
grade condensation of the first kind takes place between the 
critical tem perature and the point of maximum temperature. 
Thus, when raising the pressure from a point of low pressure 
a t any tem perature between these two, a liquid phase appears

T a b l e  I I .  I s o t h e r m s  o p  N a p h t h a

a t  the lower intersection of the dew line; and, on further 
compression, the volume of this phase first increases, then 
decreases, and finally disappears a t the upper intersection of 
the dew line. A t the critical temperature, condensation 
proceeds in a normal fashion as the pressure is increased 
until, when the system is just completely condensed, it 
suddenly vaporizes. A t the critical point and in the region of 
retrograde condensation, opalescence occurs on change of 
state.

On changing conditions of the system a t pressures below 
the maximum pressure of the dew line, the phases are readily 
identified according to the known starting  point and the 
changes which occur in the system. At pressures higher than 
the maximum of the dew line, however, the identification of 
the phases m ust be made from knowledge of w hat occurs a t 
lower pressures. Thus on heating from a low to a high 
tem perature a t pressures higher than the maximum of the 
dew line, no evidence of transition from one sta te  to another is 
observed when passing through the critical temperature. 
Visually the system behaves as if no change in state occurs a t 
any point when heating under these high-pressure conditions, 
and naming the phase is really a  m atte r of definition.

The behavior of these complex hydrocarbon systems is, 
in general, similar to th a t characteristic of the simpler binary 
systems (excluding systems which form constant-boiling 
mixtures in the critical region) which have heretofore been 
investigated (3). However, the distinct narrowing of the 
region of retrograde condensation for the naphtha of narrow 
boiling range, as compared with th a t for the gasoline of wider 
boiling range, is noteworthy

The causes of retrograde condensation, such as is character­
istic of these two hydrocarbon systems, m ay a t first appear 
obscure. For this reason the authors present the following 
explanation based on a study of the data of Caubet (3) on 
binary mixtures: Caubet has shown th a t for mixtures of 
normal liquids the critical tem perature lies between th a t of 
the higher-boiling and th a t of the lower-boiling component.

T e m p . 

° C.
155.3 

(311.5° F.)

183.3
(362.0° F.)

194.3 
(381.8 \F . )

218.0 
(424.4° F.)

242.7
(468.9°,F .)

hz
Pio H

w
►4o i PQ

3 >  „ PHp

s
i «
n c0 O ¡M

«5

>

<
►4

Hco
Atm . Cc./gram

>

2 .18 78.680 0 .42
2.24 69.266 0 .46
2.31 58.077 0 .55
2.40 45.218 0 .64
2.52 29.132 0 .77
2.69 12.042 0 .91
2.81 3.274 0 .98
2.85 1.599 1.00
3 .56 75.645 b
3.72 65.030 b
3 .90 51.248 0.31
4.16 34.182 0 .55
4 .47 16.956 0 .78
4.81 3.964 0.97
4 .82 3.553 0 .98
4 .85 2.812 0 .99
4 .92 1.686 1.00
5 .28 1.686
6.51 1.686
8 .64 1.662
3 .85 79.196
4 .00 75.778
4 .12 72.911
4 .32 68.655 b
4 .34 67.572 b
4 .39 64.757 b
4.46 60.825 b
4.71 46.370 0 .28
4 .83 39.491 0.37
4 .93 34.419 0 .47
5 .07 27.768 0.59
5.21 21.859 0.67
5.51 11.089 0.84
5.78 3.905 0.96
5 .84 2.6458 0 .99
5.92 1.726 1.00
6.44 1.724
8.66 1.721

13.86 1.717
25.58 1.703

4.09 79.128
4.39 73.257
4.58 69.874
4.89 64.908
5.14 61.256
5.41 57.713
5.77 53.320
6 .18 49.297
6.73 44.089
6.78 43.447
6.85 41.802 b
6.94 39.300 b
7 .11 34.538 0 .20
7.28 29.738 0 .29
7.49 24.353 0 .40
7.70 19.189 0 .54
7.45. 14.038 0.69
8.56 3.715 0 .95
8.65 2.734 0.£ 8
8.72 2.117
8.76 1.826 1.00

10.16 1.821
13.90 1.816
17.96 1.809
21.27 1.802
26.64 1.795

6 .69 48.588
7 .5 8 41.828
8 .22 37.831
8 .79 34.749
9.29 32.249
9 .86 29.738

10.43 26.653 &
10.57 24.600 b
10.82 20.981 0 .25
10.99 18.618 0 .33
11.23 15.905 0 .42
11.32 14.3S0 0 .49
12.37 3.825 0 .92
12.48 3.043 0 .95
12.66 1.949 1.00
14.30 1.944
17.59 1.935
20.59 1.926
26.61 1.907

w &

T e m p .
° C. 

259 .8  
(499.6° F.)

aA.

A a
g i

280.7 
(537.2° F.)

298.8 
(569.9° F.)

307.1 
(584.8° F.)

310.5 
(590.9° F.)

311.7 
(593.0° F.)

317.4 
(603.2° F.)

Atm . Cc./gram
5 .86 59.219
7 .81 42.891

10.23 30.662
11.82 25.105
12.45 23.334
13.01 21.792
13.63 20.166 V
13.72 19.757
14.05 17.034 o i i s
14.50 13.412 0 .35
15.85 3.849 0 .89
15.99 3.210 0 .92
16.27 2.077 1.00
18.12 2.068
19.79 2.056
22.79 2.042
26.72 2.021

6 .34 57.181
7 .58 47.106
9 .23 37.574

11.16 29.729
13.58 22.883
14.99 19.767
16.55 16.896
17.52 15.277
17.92 14.607
18.44 13.811 V
18.65 13.428 b
19.10 11.474 0 .16
20.73 3.906 0 .83
20.97 3.023 0 .93
21.40 2.292 1.00
24.07 2.252
28.24 2.210

6 .1 0 61.258
7 .20 51.543
8 .83 41.412

11.99 28.832
14.24 23.043
17.77 16.778
20.73 12.792
25.42 3.925 0l75
25.67 3.318 0.87
26.12 2.620 1.00
26.19 2.613
28.11 2.521
30.53 2.450
33.06 2.394

6 .45 59.348
7 .72 49.358
9 .98 37.079

12.48 28.341
17.65 17.898
22.41 11.997
28.36 3.799 o !72
28.63 3.420 0.87
28.81 3.063 1.00
30.02 2.831
32.75 2.630
36.64 2.503
18.71 16.763
22.83 11.948
25.51 9.336
29.37 4.080
29.55 3.857 c C riti­

cal 
point

29.65 3.601
29.94 3.301
30.51 3.049
32.04 2.819
37.1 2.561
24.1 9.566
29.69 4 .1 5 3  d P o in t 

of max. 
tem p.

29.85 3.8876 . .
30.09 3.544
30.43 3.251
31.35 2.975
33.82 2.734

6.31 61.253
7 .86 49.590

10.21 37.135
12.17 30.203
15.82 21.703
23.68 11.778
32.26 3.930
36.02 2.905
41.76 2.618

° V, L. =  volum e of liquid.
& L iquid phase too sm all in am ount to  be m easured. 
c L iquid present b u t not m easurable. 
d M inute trace of liquid on m ercury meniscus.
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T e m p .
°  C. 

183.2 
(361.8° F.)

H
Atm .

£ 5
r °  >*H ot

Cc./gram

216.9 
(422.5° F.)

227.7°
(441.8° F.)

235.1
(455.2° F.)

3. 63 59.257
3. 97 51.344 0 .35
4.,40 42.332 0 .47
4.,89 33.933 0 .54
5.,39 27.280 0 .59.
6. 23 19.158 0 .66
7..15 13.157 0 .78
9.,89 3.578 0 .94

10.,19 3.009 0 .96
11..00 1.702 1 .00
12..95 1.702
4.,99 60.890 b
6. 343 41.909 0 .19
7,.28 31.805 0 .32
9 ,13 19.037 0 .51

11,,08 11.391 0 .68
15,.22 3.397 0 .92
15 .82 2.749 0
16 .83 1.840 1 .00
19 .49 1.836
29 .59 1.825

5 .52 61.674
5 .68 59.831
5 .85 57.775
6 .03 55.240
6 .18 52.991
0 .25 52.344 Ö
6 .43 49.884 b
6 .86 44.292 b
7 .53 37.936 0 .16
8 .10 31.649 0 .24
8 .61 27.763 0 .29
9 .25 23.740 0 .37

10 .33 18.202 0 .48
12 .29 12.025 0 .62
16 .95 3.559 0 .91
17 .60 2.818 0 .95
18 .78 1.899 1 .00
20 .26 1.895
22 .06 1.890

5 .64 61.604
5 .85 59.190
6 .04 57.079
6 .32 54.227
6 .50 52.566
6 .73 50.447
6 .93 48.521

T e m p .
°  C. 

235.1
(445 .2° F .)

T a b l e  I I I .  I s o t h e r m s  o f  G a s o l in e

T e m p .

257.2 
(495.0° F.)

269.2
(516.5° F.)

6hO fcy H
u Jo wX a
« r*" H& •<
COH

Z w
Àat O ®

H H ot > >
Atm . Cc./gram

7.00 47.674
7.21 45.408 b
7.45 42.641 h
8.23 35.307 b
9.06 29.020 0.22

10.04 23.195 0 .31
11.32 17.540 0.42
13.22 12.046 0 .58
18.46 3.556 0 .89
19.20 2.891 0 .94
20.46 1.949 1.00
22.94 1.938
26.45 1.929

6 .13 59.375
6.38 56.961
6.71 53.899
7.01 51.564
7.31 49.112
7.58 47.055
7.85 45.162
8.29 42.483
9.06 38.104
9.86 34.324

10.34 32.340
10.80 30.289 0
10.84 29.986
12.90 21.400 0 16
16.08 12.370 0.43
22.95 3.579 0 .88
24.02 2.867 0.93
25.38 2.103 1.00
28.47 2.078
32.13 2.058

6 .34 59.280
7.07 52.850
8 .00 46.161
9.23 39.202

10.55 34.109
11.52 30.049
12.25 27.820
13.01 25.659
13.11 25.115 *
13.23 24.731 b
14.36 20.966 b
15.70 17.056 0. 17
17.92 12.205
16.41 15.323 0 .24
25.74 3.548 0 .83

-

rjH oq O H
H ot

° V. L. =* volume 9f liquid. 
b Liquid too small in am ount to  measure.
c M ercury meniscus was in an irregular section of the  tube, and  to ta l

volum e of tu b e  had  no t been calibra ted  a t  th is  point.
d Trace of liquid present. W ith increase in pressure, q u a n tity  of liquid

a t  first increased, reached a  m axim um , and  th en  decreased un til a t  suc­
ceeding reading no liquid was present. T em peratu re  was too  unsteady 
to  measure volume of liquids.

Moreover, the critical tem perature of any mixture is fixed by 
its composition; th a t is,, in any normal mixture the greater 
the concentration of the cbristithe'ht of higher critical tem pera­
ture the higher the critical tem perature of the mixture, and 
vice versa.

Now in any condensation of a normal mixture below the 
critical tem perature the liquid formed is less rich in the more 
volatile component than is the vapor from which it  is con­
densed; but, as condensation proceeds, the liquid becomes 
richer in the more volatile component until, when the system 
is totally  condensed, the composition of the liquid is equal to 
th a t of the original vapor from which it  was produced.

T a b l e  IV. P r o p e r t ie s  o p  G a s o l in e  a n d  N a p h t h a  
i n  C r it ic a l  R e g io n

P r o p e r t i e s  a t  C r i t i c a l  P o i n t  
Pressure Tem p. D ensity 
Lb./in .*  

obi. °  F. Gram/cc. 
j&soline 542 586 0.325
S ap h th a  434 591 0.258

P r o p e r t ie s  a t  P o in t  o f  M a x . 
T e m p .

Pressure Tem p. 
Lb./in .*  

ab$. °  F.
492 603
436 593

D ensity
(vapor)

Gram/cc . 
0.204 
0.239

° C. Atm . Cc./gram
269.2 26.79 2.944 0.91

(516.5° F.) 28.31 2.205 1.00
29.71 2.186
33.65 2.149

280.8 6 .59 57.874
(537.5° F.) 7 .16 53.126

8 .19 45.854
9 .79 37.351

12.27 28.416
13.91 24.390
15.14 21.683
16.05 19.930
16.59 18.812 6 '
17.36 17.000 b
18.39 14.834 0.15
19.92 12.069 0.25
28.70 3.549 0.81
29.66 2.969 0.90
31.33 2.355 1.00
32.60 2.328
33.30 2.279

290.1 7 .40 52.621
(554.1° F.) 8 .55 44.825

9 .82 38.358
11.58 31.539
13.84 25.531
15.34 22.203
16.69 19.697
18.21 17.224
18.81 16.362 Ó
19.05 15.989 b
20.77 13.103 0.1 1
21.67 11.698 0 .16
22.28 10.874 0 .20
31.68 3.251 0 .83
33.49 2.518 1.00
36.52 2.424

299.7 7 .58 52.188
(571.5° F.) 8 .90 44.003

10.59 36.200
13.04 28.329
16.06 21.754
18.20 18.203
19.89 15.908
22.17 13.220
22.57 12.837 *0
24.54 10.423 0 .1 0
34.43 3.344 0 .8 0
35.85 2.811 1.00

307.6 8 .98 43.787
(585.6° F.) 12.13 31.456

16.50 21.667 ,.
23.89 12.279
36.90 3.312 C ritical

T e m p .
° C. 

311.8 
(593.2° F.)

316.9 
(602.5° F.)

326.5 
(619.7° F.)

327.8 
(622.0° F.)

339.9 
(643.8° F.)

340.5 
(645.0° F.)

355.6 
(672.2° F.)

356.3 
(673.3° F.)

o y ai

«
■4
O

«
w
Oí «

at >  _ Ph h
T. 0as
H

< cH S H À
as o £

>a H ot >
Atm . Cc./gram
6.95 58.558
8 .50 47.567

10.13 39.156
13.44 28.529
17.72 19.905
23.32 13.081
28.17 8.987 d
37.13 3.685

8 .67 46.984
10.74 37.415
13.61 28.674
17.31 21.119
24.44 12.648
33.46 e Point

of max
tem p.

7 .00 58.238
8.59 47.563

14.35 27.492
17.50 21.369
25.40 12.401
40.23 4.092
37.35 5.067
35.17 5.999
32.88 7.028
30.85 8.259
28.59 9.514

7 .15 58.708
8 .26 51.314
9 .59 44.366

10.97 38.595
12.57 33.155
14.82 27.558
18.83 20.401
26.87 12.293
40.17 5.310
37.94 6.082
35.33 7.120
33.39 7.989
31.48 8.871
30.14 9.525

7 .24 59.486
8 .40 51.913
9 .93 44.336

12.00 36.366
14.43 29.716
16.81 24.707
21.46 18.158
28.30 12.450
40.62 6.279
38.08 7.119
35.95 7.919
33.95 8.762
32.00 9.529

I t  follows from what has just been said that, as condensa­
tion progresses, a t  constant tem perature below the critical 
from a lower to a higher pressure, the liquid produced has a 
progressively lower critical temperature. Now if condensa-

point

tion is carried out a t progressively higher temperatures 
(starting a t  a tem perature below the critical), a temperature 
is finally reached which is identical w ith the critical tempera­
ture of a liquid having the composition of the system in ques­
tion, and a t this point the liquid produced m il pass into the 
vapor sta te when the system is ju st completely condensed.

A tem perature slightly higher than this corresponds to the 
critical tem perature of a liquid slightly less rich in the more 
volatile component, and consequent)}' if condensation oc­
curred in the normal manner a t this temperature, the liquid 
formed would suddenly vaporize before the system was 
completely condensed. Instead of the condensation-vaporiza- 
tion process occurring in this manner (which would lead to 
anomalous relationships between the composition of the 
saturated liquid and vapor a t and near the critical point), 
the liquid first formed soon begins to  dissolve in the relatively 
large am ount of highly compressed vapor remaining and is 
eventually revaporized by this means.

While the hydrocarbon systems studied here are much more 
complex than any studied by Caubet, the explanation of retro­
grade condensation as given above is still tenable.

The relationships between density and tem perature for the 
saturated liquid and vapor are shown in Figure 6, which 
includes also the data  of Young on normal octane. I t  will be 
noted th a t the density-tem perature relationships for these 
hydrocarbon mixtures are, in general, similar to  the behavior
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possible, so tha t a number of determinations required can be 
reduced to a minimum.

For the purpose of correlation the theorem of corresponding 
states offers perhaps the best possibility. This theorem has 
been rather generally tested by Young (8) who found th a t i t  
holds with quite good accuracy for certain closely related 
substances whose critical pressures are very nearly equal, and 
with fair accuracy for closely related substances having 
quite different critical pressures.

If  the theorem of corresponding states were strictly true, 
all pressure-temperature-volume relationships for pure 
compounds could be represented by a single relationship

V
such as is shown in Figure 9 where the reduced isochors, y -  -
constant, for isopentane (9) are shown as related to reduced

T  Ptemperature ~r and reduced pressure w-. As shown by
1  c * c

Figure 10, however, where similar relationships for five hydro­
carbons are given, the theorem of corresponding states is only 
approximately correct. There appears, however, a system­
atic shift with molecular weight which could no doubt be 
evaluated if necessary.

The theorem of corresponding states was applied to the two 
hydrocarbon systems studied here, and the reduced isochors 
are shown in Figure 11 in comparison with the data  of iso­
pentane. The agreement between the two hydrocarbon 
systems in the superheated vapor region is as good as might 
be expected. Moreover, the data  are in fair agreement with 
those of isopentane except in  the critical region. I t  appears, 
therefore, th a t the data  for some other hydrocarbon system 
in the superheated region could be estimated over a fair 
range of pressures and tem peratures from Figure 11, together 
with a determ ination of the critical tem perature, pressure, and 
volume.1

The relationships, as in Figure 11, along the saturation lines 
are a function of the boiling range of the fraction under con­
sideration, and further data  are necessary before general 
correlation can be made.

C a lcu la tio n  o f  T h e r m a l  P r o p e r it e s

The P-T-V data are not only valuable in themselves but 
serve for the calculation of various therm al properties which 
are difficult to measure with accuracy. From the data  in the 
foregoing sections it is possible to calculate, using the exact

1 Since th is paper was compiled, Cope, Lewis, and  W eber (Ind . E no . 
C h eu ., 23, 887 (1931)] have presented a m ethod of calculating the  P-V-T 
d a ta  of a  hydrocarbon in th e  superheated  region, based on a  modification 
of th e  theorem  of corresponding sta tes. Values of the  specific volum e of 
the*vapor of gasoline and  nap h th a  calculated by  th is m ethod agTee with 
the  experim ental to  w ithin abou t 4 per cent. However, w ithin th e  range 
of the  experim ental da ta , for pressures and  tem peratu res near the  critical 
region, th e  deviations are som ew hat greater and are  of the  order of 5 to  
10 per cent.

of pure compounds except th a t in the case of mixtures the mean 
density line passes through the point of maximum tempera­
ture rather than the critical point. However, in this respect 
also these complex systems are similar in behavior to the 
simpler binary systems.

The relationships between pressure, temperature, and 
percentage of liquid evaporated are shown in Figures 7 and S 
where log pressure is plotted against the reciprocal of the 
absolute tem perature for various percentages evaporated. 
As might be expected, a straight line relationship between

REDUCED TEMPERATURE

P  and ?p holds a t  constant percentage evaporated, except in 

the region of retrograde condensation.

C o r r e l a t i o n  o f  P h y s i c a l  P r o p e r t i e s

D ata such as are given in the preceding paragraphs are 
extremely useful in the development of high-pressure high- 
temperature processes in the petroleum industry. However, 
the determinations of the isotherms over a useful range of 
pressures is a laborious and time-consuming operation, and it 
is therefore desirable to have some method of correlation if

FIG 9

REDUCED P-T-V  RELATIONS
FOR

ISOPENTANE
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PV = A T  — P{C ÆP) +  P{D + FP) 
where A, C, D, E, and F = constants

As applied to naphtha, the constants in the above 
equation were evaluated as follows:

A = 157 
C = 7234 X 107 
D =  20
E = 102 X 107 
F = 0.52 

When P = lb. per sq. in. abs. 
T = ° Rankine 
V = cu. in. per lb.

The evaluation of the above equations can be accomplished 
either graphically or through use of an equation of sta te by 
differentiation. Since, for most refinery operations, the 
evaluation of the therm al properties in the vapor sta te are 
m ost useful, an equation of sta te  applying to the vapor state 
serves to  the most probable range of utility. The heat of 
vaporization, however, is best evaluated graphically as will be 
shown.

\ S T > J p

From the equation of sta te  by differentiation,

. 3CP 3 EP*
A T  rpt T  ipt

(6*V\ _  - 1 2 CP 12E P 2
KoT'Jp  as

laws of thermodynamics, the following therm al properties: 
change of specific heat w ith pressure; difference in specific 
heat a t constant pressure and constant volume; Joule- 
Thomson coefficients; la tent heats of vaporization; and 
ratios of specific heats.

In  selecting an equation of state, one m ay be guided by the 
forms which have been shown to express the relationships for 
similar substances (3). However, simplicity of m athem atical 
form m ust be considered if the equation is to  be of greatest use 
in the calculation of the various properties. For the present 

purpose various equations were examined by the 
authors, and the one finally chosen was th a t pro­
posed by Linde (<?) for superheated steam. In  its 
expanded form it  is as follows:

REDUCED TEMPERATURE t j

From the values of the above therm al properties and a 
tem perature-to tal heat relationship under one condition, a 
complete tem perature-pressure-total heat diagram can be 
constructed. This has been done for the naphtha studied 
here, and the method and results of the calculations are given 
in the following paragraphs.

The first and second laws of thermodynamics provide 
the basis of the equations necessary for the calculation of 
therm al properties. The derivation of the equations are in all 
cases perfectly general; hence they apply to mixtures as well 
as to pure substances. The derivation of the equations used 
below for calculation of therm al properties are given in most 
textbooks of thermodynamics and have therefore been omitted 
here.

For calculation of the various therm al properties the follow­
ing equations were used:

1. Change of specific heat with pressure,
( & \  = —t  
\ S P ) T

2. Difference in specific heats,

C' - C f ~ - T m x
\ S P ) T

3. Joule-Thomson coefficient,

4. Latent heat of vaporization,
dll = TdS + VdP

The degree to  which the equation fits the experi­
mental data is shown in Figure 12. The solid lines 
represent the experimental d a ta  while the broken 
lines were calculated using the equation of state. 
The agreement is excellent except near the saturation 
line. A t 200 pounds per square inch the deviation is 
insignificant, b u t a t  higher pressures it becomes ap­

preciable. For this reason all therm al properties calculated, 
using the equation, are certain to  be in error to some extent in

REDUCED TEMPERATURE

this region. The regions where this occurs have been indicated 
by broken lines in the various plots of these properties.

1. C a l c u l a t i o n  o f  S p e c i f i c  H e a t  Cp a t  H i g h  P r e s s u r e . 
The thermodynamic formula is:

FIG.! I
REDUCED ISOCHORS 
GASOLINE NAPHTHA

AND
ISOPENTANE

X GASOLINE 
o NAPHTHA 

 ISOPENTANEOp
ÜJ
cr
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-G--v/  S2V \  _  - 1 2 C  12EP
\S T * ) P T5 Ts

Substituting in Equation 1, 

(äCp\  _  12C 12 EP
S P J t  T * +  T<

Cp — Cp, —T12CP 6PP2y ’ 
+ T< J lML T*

12 C (P -  14.7) + 6F(P2-1 4 .7 2)
-  (2)

= i g 4 5 r (i +  670) +  [¥(P
6 E

14.7) +  

(P2 -  14.72)-] 1
T * 9331.7 (3)

(t +  459.6)*

This equation has been used to  calculate the specific heat a t 
constant pressure from atmospheric pressure to 350 pounds per 
square inch abs. The results of the calculation have been 
plotted and are shown in Figure 13.

2 .  C a l c u l a t i o n  o f  Cp — Cr. The thermodynamic 
formula is:

CP - C v  =

\ i P j r

Vol. 24, No. 3

(4)

From the equation of sta te by differentiation,

' rv: ' T> 2PJ\ 5 P J t L P I  
, n v \  A . 3C ,

[ s t J p  P + T*  +

Substituting in (4) the values of (jpp)  and

3 EP  
T *

Cv =

[A  , 3C 3EP~y
Lp + r* + ~T< J

r  C 2E V _ D  _
L P7’3 +  "  '

Substituting for V  its value,

| _ P 7 - 3  d "  y a  d "  p  p

V  =  ~p- — {C -  +  (D +  F P )

the following formula is obtained:

FA 3C 3 EP-\*
1 I p  » >jn i T4 J

Cp — Cv ~
Ji  z ‘ p z

(5)

Integrating the above equation (T  =  constant) between the 
limits of a pressure, P,  and atmospheric pressure, Equation 5 may be simplified by rearrangem ent to give 

[AT* +  P(3C +  3 EP)Y
c P Cv Ti [p2 Ê _  F T ^  +  A T ^  9331 7

where CP — Cv =  B. t. u. per lb.

(6)

T* v ' 1 T*
where Cp, = sp. heat a t const, pressure at atm. pressure.

Now for the vapor sta te (1),

c ' > - i 5 i i r «  +  670>

where S =  sp, gr. of liquid at 60° F ./60“ F. 
t =  0 F.

Substituting the above value for Cp,, the final equation is 
obtained:

A, C, E, and F = constants in equation of state when P, V 
and T  are expressed as lb. per sq. in. abs., cu. in. per lb. 
and ° F. abs., respectively.

where Cp — B. t. u. per lb. 
t = °F .

C and E  =  constants in equation of state when P, V, and T 
are expressed as lb. per sq. in. abs., cu. in. per 
lb., and ° F. abs., respectively.

Substituting the appropriate values of the constants in 
Equation 3, the following equation for the specific heat a t 
constant pressure of naphtha as a function of tem perature 
and pressure is obtained:

4.0 -  0.7500 . c„ ,  , (9.316P +  0.065P2 -  151)107
Cp = ----- 6450  (i +  670) +  W  -̂-----------------

Substituting the appropriate values of the constants in 
Equation 6, the following formula for the difference in  the 
specific heats of the naphtha is obtained:

CP - C r  = [157P* +  P(21730 +  305P)107p 
T*[P2(948,970 X 10J -  4805T5) +  l,465,000r*]

The results calculated from the above formula for pressures 
from atmospheric to  350 pounds per square inch absolute are 
given in Figure 14.

3. C a l c u l a t i o n  o f  J o u l e - T h o .m s o n  E f f e c t , The 
thermodynamic equation is:
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IIeat Content from 0° F. {—17.8° 
C.) to Boiling Point. The change 
in heat content of a system is given 
by the exact thermodynamic equa­
tion:

dll  =  CP dT

f ]  d P  (10)

-*00 500 «¡0
TEM PERATU RE T

(7)

From the equation of sta te  by differentiation

f S V \  _  A  3C 3E P  
\ S T j p  P  +  T < +  T *

Then

Now

A T
P

3C
T>

3 E P  
R3 (8)

V  = A T
P

CP 
(C +  E P )

J*3 +  (D  +  FP)

and from Equation 3

C p  =  ( t  +  6 7 0 )  +  [ y ? { p  - 1 4 -7 )  +

o e ^ 147s>

Substituting these values in Equation 8 and simplifying

A =
[T(4C +  4E P )  -  T ‘(D +  FP) ]  9331.7

6450

T* |~4.0 0.750
6450 (t + 670)] +  P(9.31 +  0.065P)107

For the liquid state, however, 
c a lc u la t io n  reveals th a t for the 
pressure range considered here the 
second member of the equation is 
in s ig n i f i c a n t  (e x c e p t near the 
critical state) and m ay be disre­
garded.

Then
d l l  =  CpdT

For the liquid state (4)

C p  =
2.10 -  S  

2030 (i +  670) (11)

where t = 0 F. and S -  sp. gr. a t 60° F ./600 F.
2.10 -  S

H  -  Ho =  

H -  I/o =

2030 j f (i +  6? m  

2.10 — S  ft* , „ „ ,1
-MOT" h + °70iJ (12)

where H0 = 0 a t t = 0° F.

This equation for the total heat content of the liquid from 
0° F. to a tem perature I, when applied to naphtha becomes

1 — J 9331.7
-  0 F.
= B. t. u.

II  =  6.6502 X 10-* (jz +  670i)

per lb.

• {t +  6 7 0 ) ]  +  12C  ( P  -  1 4 .7 ) +  6 E  (PJ -  1 4 .7 2)

(9)
where a = 0 F .  per lb. per sq. in.

T  = i°  F .  +  4 5 9 .6  
P =  lb. per sq. in. abs.
S  = sp. gr. a t 6 0 °  F . / 6 0 °  F .  of liquid
C, D, E, and F — constants in equation of state

When the appropriate constants are substituted into 
Equation 9, the following equation for the Joule-Thomson 
coefficient for naphtha results:

T ( 3 .1 0  +  0 .0 4 4 P )1 0 7 -  7'•‘(0 .0 0 2 2  +  0 .0 0 0 0 6 P )

The coefficient for various pressures from atmospheric to 
350 pounds per square inch have been calculated and are 
shown in Figure 15.

4. C a l c u l a t i o n  o f  T o t a l  H e a t  C o n t e n t  f r o m  0° F. 
The heat required to change a liquid distillate a t  0° F. 
(—17.8° C.) to a superheated vapor may conveniently be 
divided into three parts: (1) the heat required to  heat the 
liquid from 0° F. to the boiling point; (2) the heat required 
to vaporize the liquid; and (3) the heat required to heat the 
vapor.

Calculation of Heat of Vaporization. The process of va­
porization of a pure compound takes place a t constant tem ­
perature and constant pressure. In  the case of a mixture, 
however, when vaporization takes place a t constant pressure, 
the temperature increases; and, when vaporization takes 
place a t constant temperature, the pressure decreases (retro­
grade condensation region excluded) and the heat required 
for vaporization from saturated liquid to the same final 
saturated vapor sta te will vary, depending upon whether 
the process is carried out a t constant tem perature or a t 
constant pressure. The heat content of the vapor will, of 
course, be the same in the two cases.

I t  does not appear th a t the heat of vaporization a t 
constant pressure is readily calculable from the physical 
properties directly. On the other hand, the heat required 
for vaporization a t constant tem perature can be so cal­
culated according to the method given below.2 By com­
bining these values with the heat of the liquid, the total heat 
of the saturated vapor a t any tem perature and its correspond­
ing pressure m ay be obtained. The heat of vaporization a t 
constant pressure can then be computed by substraction of 
the heat of the liquid up to the tem perature of the boiling 
point a t th a t pressure.

2 The am ount of h ea t th a t would be absorbed if the vaporization  of a 
m ixture were conducted reversibly a t constan t tem peratu re  is g rea te r than  
the  difference in h ea t con ten t of sa tu ra ted  vapor and boiling liquid a t  the  
sam e tem perature. In  actual refinery operation th is type of vaporization 
does no t occur; however, the  change in h ea t con ten t is m ore im portan t. 
There appears to  be no generally accepted definition of the  heat of vapori­
zation of a  m ixture. As used in th is  paper, it means change in h ea t con ten t 
of u n it weight of the system  when th e  tem pera tu re  is constan t and  the  
pressure decreases from th a t  of the  boiling point to th a t of the  dew point.
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The method of calculation of the heat of vaporization a t 
constant tem perature is as follows: By a combination of the 
first and second laws of thermodynamics, i t  can be shown (5) 
th a t

dH = TdS + VdP (13)
where II = heat content 

S  =  entropy 
T  =  abs. temp.
V = volume of system 
P  = pressure

This equation is perfectly general and m ay be applied to 
the calculation of the change of heat content when any system 
undergoes a change.

TEM PERATURE ‘C.

In  its application to the vaporization of a liquid mixture a t 
constant tem perature T,

Since

(ss)r = (5 ) v (sF)r
Equation 13 becomes s

dH = T  (aF )r  +  VdP

Putting d ll  =  L, the latent heat, and (5F )r =  (Fv — V l) t, 
the difference between the volumes of unit weight of saturated 
vapor and liquid, respectively, a t tem perature T, Equation 14 
is obtained:

(14)

Since the equilibrium pressure varies continuously through­

out, the vaporization (Jjp) y changes continuously, and it  is
necessary to determine the average value during the course of 
the vaporization. This may be done graphically as follows: 
From a plot of the isotherms similar to Figure 4, the values of 
the pressure and tem perature a t constant volume are read off 
for a number of constant volumes. The pressure-tempera- 
ture data for each volume are then plotted as logio p against 
l/!T(abs.), and the slope of the lines measured. These 
slopes are plotted against the corresponding values of the 
volume to  give a curve from which the slope of the line can 
be obtained for any volume of the system during vaporization.

If s =  slope of line,

then

or

' & logio P —8 = -0.4343 T1 (a (15)

( a  - sP
0.4343 T 1 (16)

Using this equation, the values of y are calculated for a

number of different volumes (at constant temperature), and 
these values plotted against the corresponding values of the 
volume of the system and a smooth curve drawn through the

points. The average value of (j?p)v between the saturated

volumes of liquid and vapor is then determined graphically.
The value of VdP in Equation 14 is obtained graphically 

by determining the area under the isotherm between the 
saturation pressures of the liquid and vapor.

The above-described method for the calculation of the 
latent heat of a mixture has been applied to the data on 
naphtha. The calculated la ten t heats in B. t. u. per pound 
have been plotted against temperature, and are shown in 
Figure 16.

Calculation of Total Ileat of Vapor State. The therm o­
dynamic equation is:

dH = CpdT -  [ r  -  f ]  dP (17)

Now

and

„  , 12CP , 6E P 3Of -  Upo -i ----1----Tfi
T  3

Substituting in the above equation and simplifying:

dH = [Cpo +  ~  dT

f  4C 4EP
Lr* + — D — p p j dP

Since

Cpt = n k s r (i + 670)

the above equation when integrated gives

H -  Ho 4.0 -  S
6450 I  +  670,]

(*■+§?-
9331.7 

4 CP 
T 3
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where S  =  sp. gr. of liquid 60° F./GO0 F.
I = °F .
T  = ° F. abs.
H o — constant
H = total heat content, B. t. u. per lb.
D, F, C, and E  =  constants in equation of state when 

P, T, and V  are expressed as lb. per sq. in. abs., ° F. 
abs., and cu. in. per lb., respectively.

The value of H0 is determined by substituting a known 
value of H  a t some pressure and tem perature (for example, 
a t  the tem perature of the saturated vapor a t atmospheric 
pressure) and by solving the equation for II0.

Substituting the appropriate values of the constants in the 
above equation, the following equation is obtained for the 
heat content of naphtha from 0° F. ( — 17.8° C.) to any 
tem perature (t° F.) where the distillate exists only in the 
vapor state:

rr 4.0 -  0.7500 |-(2 , 1 , 1
6450 |_2 +  J +  9331.7

^20.47P +  0.258P2 -  ^  (28,970 +  203.4P) X 107J  +  167

The values of the to ta l heat for various pressures and 
tem peratures have been calculated for naphtha, and the 
results plotted against tem perature in Figure 17.

I t  will be noted th a t Figure 17 is not complete in the

critical region. This arises partly through the fact that the 
equations for specific heats of the liquid cannot be guaranteed 
as exact in this region. In general, however, the total-heat 
curves along the dew-point and boiling-point curves should be 
rounded to meet at the critical point.
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Tower-Absorption Coefficients—IV
L. ¡VI. B e n n e t c h  a n d  C. W. S im m o n s , Department of Chemical Engineering, Lehigh University, Bethlehem, Pa.

M ole-flow ratio  and free-volum e concepts are introduced into the derivation of a general absorption  
equation which is applicable equally to system s obeying either H en ry’s or R aoull’s law

MUCH has been w ritten concerning the mechanism 
of gas absorption by countercurrent tower processes, 
and much emphasis has been placed on the graphical 

solution of tower-design problems. I t  is the purpose of this 
paper to  give a m athem atical analysis of countercurrent tower 
processes, to derive an absorption equation, and to apply this 
equation to some experimental data.

D o n n a n -M a so n  C o n c e pt

The derivation of a satisfactory equation representing the 
continuous countercurrent absorption process, such as is 
used in gas scrubbing, depends chiefly upon the function 
representing the rate  of solution of the solute gas in the 
extractor. This rate  of solution was given by Donnan and 
Masson (S) to be

^  = f(m) -  « (A)

where m = gram concentration of solute in carrier gas 
n =  gram concentration of solute in extractor

At equilibrium, when no absorption occurs, /(m ), some 
function of m, and n  are equal. In  addition, in a system 
obeying H enry’s law, f(m)  equals k(m) where k is H enry’s 
coefficient. Cantelo (1) utilized this fact to  transform 
the original equation of the rate  of solution to

^  = —K(km  -  n) (B)

where K  = Cantelo dissolution coefficient, which, for strictly 
specified conditions of gas and extractor flow, 
etc., will remain a constant

W ith the aid of a second equation based on the fact th a t a 
steady sta te prevails within a countercurrent absorption unit, 
Cantelo integrated Equation B obtaining a formula for 
investigating tower-absorption coefficients.

L e w is  C o n c e pt

I t  was proposed by Lewis (4) and W hitman and K eats (6') 
th a t the ra te  of solution of soluble gas in extractor can be more 
accurately represented by

where Pc — Pi — difference between partial pressure of solute 
in gas and vapor pressure of solute in 
extractor

Here equilibrium conditions prevail when P„ = Pi. The 
Lewis form m ay be equated to the Donnan and Masson form 
by applying H enry’s or R aoult’s law and converting the 
partial pressures to gram concentrations. Thus in

Pi = H X
Pi = vapor pressure of solute in extractor 
X  — its mole fraction 
H  =  either Henry’s or Raoult’s factor

However, the fundam ental difference between these equations 
for the rate  of solution is in the units expressing solute 
concentrations. The first form which uses gram concentra­
tions introduces an inaccuracy, owing to  the fact th a t the 
concentrations in H enry’s and R aoult’s laws m ust be given in 
mole fractions. The Lewis rate-of-solution equation readily 
lends itself to  evaluation in mole-fractional quantities, and 
i t  is therefore used as the basis of the derivation in this 
article.
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F u n d a m e n t a l  A s su m ptio n s

A countercurrent tower-absorption process is assumed in 
which there exists a steady state. Thus, a t  any chosen point 
in the tower, all factors, such as temperature, pressures, or 
rates, are constant. M athem atically this means th a t a t  any 
fixed point in the tower all derivatives w ith respect to time are 
zero. Moreover, the extractor is taken to exert a negligible 
vapor pressure, and the carrier gas to be inert. For example,

-
1 1

FJTT.CT OF UOLE-FLOf RATIO 
OK ABSORPTIOK COEFFICIEXT 
A. C.Hfl -  UIXERAL OIL SYS. 
g ,  CO, -  WATER £ ÏS .
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This equation states th a t there is no change in the quantity  
of carrier in its passage through the tower. I t  can be trans­
formed into term s of partial press:

dh
dß

= ta v  22A (  \
A  A m -  P J

wherei
p  111 \ l  gis I  f jJ

I t  can also be shown th a t 

dPg

(2)

de = - K { P ,  -  P,) (3)

Equation 3 is the equation adopted as representing the 
rate of solution, expressed as rate  of change of partial pressure 
of solute in the gas as a function of (P c — Pi).

Pm

y =

1 +  y 
Pa

= mole fraction of solute in gas (4)

dPa = Ppaa dy
(1 +  yY

o  400 800 1200 1800 2000 2400 2800 CO, ST8
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F i g u r e  1

these conditions obtain in a benzene scrubbing un it where 
coke-oven gas is the inert carrier and the petroleum-oil extrac­
tor is nonvolatile a t the tem perature of the system. The 
recovery of hydrocarbons from natural gas is a similar process 
However, in the case of water, aqueous solutions, and organic 
solvents being used as the extracting medium, there may be 
error introduced into the calculations if these extractors exert 
an appreciable vapor pressure. The magnitude of this 
error will depend upon the ratio of the vapor pressure of the 
extractor to the to tal gas pressure within the tower, and to the 
partial pressure of extractor in the entering gas, i. e., the 
degree of saturation of entering gas. Finally, it is assumed 
th a t thé systems obey H enry’s or Raoult’s law and th a t 
these coefficients are known a t the tem peratures ahd pressures 
involved.

The nomenclature which follows applies to the derivation of 
tower-absorption coefficients using mole-flow ratios and free 
volumes, and expressing concentrations or partial pressures in 
terms of mole fractions.

.4 =  area of cross section X free volume/unit gross volume,
sq. dm.

h =  height above gas inlet, dm.
Ah =  free volume of tower, liters

= gas rate up tower, dm./min.
p = density of carrier gas, grams/liter
m =  molecular weight of carrier, grams
M = molecular weight of extractor, grams
w = carrier rate, grams/min.
IT = extractor rate, grams/min.
/  = mole-flow ratio
P„ = partial pressure of solute in gas, atm.
Pms = total average pressure of gas in tower, atm.
Pi = vapor pressure of solute in extractor, atm.
Z =  Henry’s or Raoult’s coefficient, atm.
K = absorption coefficient
6 = unit of time, min.
y = moles solute/mole carrier a t time 6
x = moles solute/mole extractor a t time 6
Subscripts (0) refer to conditions at h = zero 
No subscripts refer to conditions at h = height of tower

A countercurrent absorption process m ay be represented 
by the equation of continuity:

dh

Equation 4 is supported by Avogadro’s and D alton’s gas 
laws.

Now Pi
Z 1 + z  

Pi 
Z -  Pi

(5)

Equation 5 is a statem ent of H enry’s or R aoult’s vapor- 
pressure law, with concentrations expressed in moles per 
mole.

(6)

Equation 6 is a solute-balance relationship between carrier 
and extractor.

Wjjj i
Let -TT- = /, the mole-flow ratio, and i =  y, — }xn a constant Mw

depending upon terminal conditions, or Equation 6 becomes 
y  = i  +  }x

Pi = { v ~ i]and (b +  y -  i)

Equations 3 and 2 are combined, and the necessary sub­
stitutions performed to eliminate Pg, Pi, and x, yielding

(J -  i +  y)dy
y (J — t +  y) -  z(y -  i)(i +  y) 

KAm

KAm
22.4 w PBdh (7)

Let 22.4 wP„ K '

and {f — i) — D

Equation 7 is integrated according to the form

f - — 2 = ln(a +  by +  vp) +J  a +  by +  cy3 2c
2 cD

2c A dy
+  by + cy-

where a, b, and c = coefficients in quadratic denominator of 
Equation 7.

Integrating and evaluating the constant,

]n a +  by +  cy1 2cD -  b
a +  byo +  cy'o y /b 1 -  4ac

w ^ ° -Î 4 ±- i  = 2cK'h C»(2cy +  b +  r) (2c i/o +  b -  v)
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v = -\/&! — 4ac and b1 >  4ac for real results, a fact that is borne 
out by substituting experimental values.
Also a — t'z

b = Pt„ D  +  Z(t -  1)
c =  P ^  -  Z

a , t , , (2cy +  b — a)(2cy +  6 +  r) , . . . ,and a +  by + cy2 = ---------------- —  which is sub-
4  Cl

stituted into (8), and the result rearranged giving 
(2c£> — b +  v) | n (2cy +  b — v) (2cD — 6 — v)

v (2cy0 +  b — v) v
ln p  + = 2ĉ  (9)

(2cy„ +  b +  v)
Now dividing through by 2c and multiplying through by v, 

b

T a b u e  I. A b s o r p t io n  o p  B e n z e n e

( "  -  t ) In

(ÿ0+L2r)
(  _ L _b + V \

/  , h +  a \
+  - 2 T )

V V  -  4ac A7i (10)

Let 2c
O m

22.4 ic/A,

or (D -  S ) In -  (D -  fi) In ÿ +  Ä
2/o +  <S

KAmhu 
~  22X1c P ^

or K _  22.4 X _
A /m i •v /b 2 — 4 a c  L  (i/o +  Ä )

(11)

(£> — <S) log ( y +  3 )  
(i/o +  5 ) .§] <’2>

A bso r p­
P res­ M ole- tio n

T em per atur es su re F low C oef­
B e n z e n e  G as R ates Gas Oil G as R atio f ic ien t

T est In le t O utlet Air Oil (in) (out) (in ) / K
% % L ./tn in . L ./m in . ° C. 0 C. M m . IIo

1 6 .0 0 1 .1 0 5 .3 8 0 .0 4 2 4 .0 2 9 .0 7 6 0 .7 0 .6 0 8 5 .6 7
2 6 .0 1 1 .2 0 5 .6 6 0 .0 6 2 4 .0 3 0 .5 7 5 7 .3 0 .8 7 5 5 .4 4
3 4 .0 1 0 .9 2 5 .6 6 0.11 2 7 .0 2 9 .5 7 5 7 .3 1 .6 1 8 4 .6 5
4 4 .3 8 0 .7 8 5 .9 5 0 .0 9 2 3 .5 2 8 .7 75 3 .1 1 .249 5 .7 8
5 3 .6 4 0 .6 7 5 .9 5 0 .1 2 2 6 .4 3 0 .0 7 5 8 .4 1 .669 5 .6 1
6 5 .0 1 0 .9 8 5 .6 6 0 .1 2 2 8 .0 3 3 .0 7 5 5 .4 1 .7 7 5 5 .2 3
7 3 .8 8 0 .5 2 5 .3 8 0 .1 4 2 8 .3 3 4 .2 7 5 7 .0 2 .1 7 1 5 .8 9
8 3 .5 0 0 .4 8 5 .6 6 0 .1 5 2 9 .2 3 4 .5 7 4 8 .0 2 .2 4 5 5 .9 9
9 3 .9 9 0 .4 2 5 .6 6 0 .2 1 2 5 .8 2 8 .5 7 5 4 .5 3 .0 8 6 6 .5 6

T a b l e  II. A b s o r p t io n  o f  C a r b o n  D io x id e

T est
CO* G as  

In le t O utlet

T e m p e r a tu r e s  
R a t e s  Gas 

G as W ater (inlet) W ater

P res­
su re
G as
Av.

M ole-
F low
R atio

/

A bso rp­
tion

C o ef­
fic ie n t

K

1
%

1 7 .8
% L 

1 2 .4
t./m in. L ./m in .  0 C. 
3 .3 8  2 .2 4  1 5 .6

0 c.
9 .2

Aim. H g  

7 5 8 .3 1060 0 .5 2 3
2 1 1 .8 7 .2 3 .4 6 2 .9 4 1 8 .2 8 .2 7 4 9 .0 1297 0 .5 5 2
3 2 5 .4 1 8 .0 4 .0 2 2 .7 2 1 1 .6 7 .0 7 5 6 .0 1179 0 .6 0 0
4 2 1 .6 1 2 .0 3 .8 8 5 .2 1 2 1 .2 7 .0 7 5 5 .6 2301 0 .6 5 8
5 2 5 .6 1 3 .4 4 .0 5 6 .0 6 1 2 .0 7 .2 7 6 3 .0 2600 0 .7 7 5

6 15 .2 8 .2 3 .4 0 4 .3 9 1 8 .8 6 .8 7 5 5 .3 2030 0 .6 1 5
7 1 8 .4 1 2 .3 3 .2 8 2 .5 7 15 .4 9 .0 7 5 8 .3 1265 0 .4 3 4
8 2 4 .6 1 8 .2 3 .5 4 2 .0 4 1 7 .4 9 .2 7 5 9 .0 1010 0 .3 5 9
9 1 3 .8 10 .6 3 .8 5 1 .72 1 7 .6 8 .4 7 4 8 .0 696 0 .3 4 5

10 2 6 .4 2 0 .6 3 .4 8 1 .5 6 1 6 .6 9 .2 7 5 9 .0 804 0 .2 9 7

11 1 3 .8 9 .8 3 .5 7 1 .7 3 1 8 .8 8 .6 7 4 9 .0 757 0 .4 4 3
12 2 5 .8 1 6 .0 3 .6 3 3 .2 6 17 .4 9 .2 7 5 9 .0 1604 0 .5 3 7
13 1 3 .8 8 .6 3 .5 7 3 .2 0 18 .4 8 .4 7 4 9 .6 1398 0 .5 3 5
14 1 3 .6 7 .8 3 .5 7 5 .0 5 1 4 .0 6 .4 7 5 5 .0 2152 0 .5 9 2
15 2 0 .8 1 0 .6 3 .9 1 6 .1 3 10 .4 7 .4 7 5 5 .2 2566 0 .7 9 0

Thus Equation 12 is the final form of the absorption equa­
tion which is applied to the following absorption processes.

A p p l i c a t i o n s

The above equation was used in calculating the tower- 
absorption coefficients for several systems, including volatile 
and nonvolatile extractors and systems controlled by R aoult’s 
and H enry’s laws. Simmons and Long (â) used a counter- 
current absorption tower, packed with Raschig ring filler for 
the absorption of benzene by mineral oil, and operated it in 
accord with the fundam ental assumptions of the absorption 
equation. This is the case in which the extractor is non­
volatile and in which the system conforms with Raoult's 
law. The absorption coefficient was calculated over a fivefold 
variation in mole-flow ratio, yielding a substantially con­
sta n t value as shown in Table I, and in Figure 1, curve A.  
Applying the earlier equation of Cantelo (1) to these results, 
an absorption coefficient is obtained which decreases ex­
ponentially as flow ratio  or extractor rate  increases.

The second case, in which the absorption process followed 
H enry’s law, is given in the data  by Cantelo (2) on the 
extraction of carbon dioxide from air by water in a  counter- 
current system. All the assumptions specified in the equation 
developed in this article were realized in this system, except 
th a t water (the extractor) exerted a vapor pressure. How­
ever, the error introduced in calculating the absorption co­
efficient was slight because the entering gas contained water 
vapor corresponding to  the hum idity of the air used. Al­
though no data are given, a  minimum hum idity of 50 per cent 
generally prevailed. Then, neglecting any changes in gas 
volume entailed by vaporization of extractor, the absorption 
coefficients were calculated with the above formula, using 
the data  in Table II. The resulting absorption coefficient 
was plotted against mole-flow ratio as shown in Figure 1, 
curve B.

Some increase of the absorption coefficient with increase 
in mole-flow ratio m ay be noted from the curves. The reason 
for this is the experimental difficulty in maintaining a con­
stan t free volume under operating conditions. From the 
equation derived, i t  m ay be seen th a t the coefficient is in­
versely proportional to  the free volume, Ah. An increase 
in the velocity of the absorbing liquid results in a decrease 
in the free volume of the tower, and hence an increase in the 
absorption coefficient.

This investigation is being continued, using semi-commer­
cial countercurrent scrubber units and bubble-cap towers. 
The resulting practical applications, of the equation to 
industrial operation and design will appear in subsequent 
articles.

Co n c lusions

1. The experimental results indicate the validity of the 
above-derived equations when the solute obeys H enry’s 
or R aoult’s law, and the extractor is nonvolatile.

2. For a given system, the absorption coefficient is sub­
stantially constant, and the m agnitude of the coefficient is a 
characteristic of the system.

3. A t elevated mole-flow ratios, an upward trend in  the 
absorption coefficient is observed, an effect explained by the 
dim inution in free tower volume associated with increasing 
extractor rate.
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Chrome Tanning
I. The Role Played by Sodium Chloride in Chrome Liquors upon 

Chrome Tanning

E d w in  R. T h e i s  a n d  A. W. G o e t z , Department of Chemical Engineering, Lehigh University, Bethlehem, Pa.

TH E role played by salt 
and salt concentration 
has in the past been 

attributed  to the action upon the 
chrome liquor itself, the altered 
ch ro m e  l iq u o r  affecting th e  
actual ta n n a g e .  Wilson and 
Gallun (4) suggest th a t the cause 
of a decreased chrome adsorption 
with increasing salt concentra­
tion m ay be due to the removal 
of water (from the role of solvent) 
thus increasing the concentration 
of the chrome-liquor constitu­
ents. Thomas and Foster (3) 
have attributed  the retarding 
effect of salt upon chrome adsorption to complex ion forma­
tion. Gustavson’s extensive and comprehensive experi­
mental work (1) tends to point out just how salt concen­
tration affects the hydrogen-ion concentration, precipita­
tion point, and other factors, which in tu rn  affect chrome 
tannage. T hat the factors outlined above play a very im­
portan t role in chrome tanning, no one can doubt, and these 
may be termed the chemical reactions occurring and result­
ing from the addition of salt.

However, there appears to be another phase of this salt 
effect—namely, th a t of varying concentration of salt in the 
chrome liquor itself upon the salt content of the skin and the 
subsequent effect upon chrome adsorption.

E x p e r i m e n t a l  P r o c e d u r e

For studying the effects of various concentrations of sodium 
chloride in tanning liquors (these in tu rn  varying in chrome 
content) upon the subsequent chrome tanning of pickled calf 
skin, a commercial tanning agent (Tanolin R) was employed. 
This tanning agent in the solid form showed a chrome content 
of 23.5 per cent chromic oxide and 10.2 per cent moisture;

when d is s o lv e d , this tanning 
agent gave a basic chromium 
s u l f a t e  s o lu t io n ,  which was 
shown by analysis to  be 37.5 per 
cent basic.

The bends of a pickled (sul­
furic acid-sodium chloride) calf 
skin were cut into small cubes of 
1-cm. edge and mixed thoroughly, 
a n d  25.0-gram s a m p le s  w ere  
weighed. T h e  s a m p le s  w ere  
then placed in 50 cc. of a tan ­
ning solution containing various 
am ounts of chrome and salt, and, 
with o c c a s io n a l  shaking, re­
mained in these solutions for 48 

hours. The tanned skin was then rinsed with distilled water. 
The residual chrome liquors were analyzed for sodium chloride 
and the leathers for chrome content.

The am ounts of both chrome and salt used in the tanning 
solutions are expressed as per cent, based on the initial 
weight of the pickled skin; the pickled skin contained 68.2 per 
cent moisture and 5.75 per cent sodium chloride. Table I 
shows the am ounts and concentration of the tanning agent 
employed.

T a b l e  I. R e l a t i o n  b e t w e e n  A m o u n t  o f  T a n n i n g  A g e n t  a n d  
C o n c e n t r a t i o n  o f  C h r o m e  i n  T a n n i n g  S o l u t i o n s  

T a n n in g  A g e n t “ CnOs
%  Grams/liter

3 3.825
6 7 .650
9 11.475

12 15.300
a G ram s per 100 gram s pickled stock.

D i s c u s s i o n  o f  R e s u l t s

If a protein, such as hide powder, is placed in a sodium 
chloride solution, diffusion of salt into the protein occurs until

Salt concentration in the wash before 
tanning and the salt concentration of the 
chrome liquors are shown to p lay an important 
role in the amount of chrome adsorbed by the 
skin. I t  is further shown that sodium chloride 
results in a lessened chrome take-up. The 
effect of added salt to the chrome liquors is 
noticeable, regardless of the concentration of 
chrome used. Added salt not only alters the 
chemical combinations during actual tannage but 
also has an effect upon the physical character­
istics of the finished leather.

F i g u r e  1. E f f e c t  o f  2 0 -M i n u t e  R u n  o f  P i c k l e d  S k i n  in  
V a r io u s  C o n c e n t r a t i o n s  o f  S a l t  S o l u t io n

GRJJiS I«Ci PER 100 GRAMS PICKLED SKIS

F i g u r e  2 . E f f e c t  o f  V a r io u s  A m o u n t s  o f  S a l t  u p o n  C h r o m e  
A d s o r b e d  f o r  V a r io u s  A m o u n t s  o f  C h r o m e  i n  T a n n in g  
L iq u o r

I K  tax  

H  TAX

n t tax

s i  TAX

o r ig in a l  s a l t  coktex t -  &.?•.* 

SALT COX TEXT or SKIN ATT ER ROK
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F ig u r e  3. E f f e c t  o f  V a r io u s  A m o u n t s  o f  C h r o m e  a n d  o f  
S a l t  in  T a n n in g  L iq u o r  u p o n  C h r o m e  A d s o r b e d  b y  S k in

the molal free energy or solution potential of the salt in the 
solid and liquid phase are in equilibrium. The reverse occurs 
if the protein contains diffusible salt ions and is placed in 
water. This phenomenon is not only appreciable with salts 
but also w ith acids. In  the customary process of chrome 
tanning, when pickled skin is placed in  a drum  containing 
salt solution, there is an immediate diffusion of salt and acid 
from within the skin outward into the external solution until 
the equilibrium is established between the external and 
internal phases.

PER CENT IAS USED HI XA5SA02

F ig u r e  5 . E f f e c t  o f  A m o u n t  o f  C h r o m e  
i n  T a n n in g  L iq u o r  u p o n  A m o u n t  o f  
S a i .t  F i x e d  b y  C h r o m e  S k i n  f o r  
V a r io u s  A m o u n t s  o f  S a l t

Figure 1 shows graphically the results obtained when 
samples of pickled skin are drummed for 20 minutes in varying 
concentrations of sa lt in solution. The curve showing the 
salt content of the skin, after 20 minutes, dem onstrates the 
conclusions previously made regarding the diffusion of the 
salt, either out of or into the skin. Since the original pickled 
skin contained 5.75 per cent salt, it is to  be noted th a t there 
was a diffusion of sa lt from the skin to  the external solution 
for those salt solutions of concentrations less than  11.75 per 
cent (calculated on weight of pickled skin), and above this 
sa lt concentration there was a diffusion of salt from the exterior 
solution into the skin. Figure 1, curve B, clearly demon­
strates th a t the am ount of acid removed by the sa lt solution 
is not only a  function of the acid contained in the skin, but 
also of th a t of the concentration of the salt solution. This 
effect is decidedly pronounced up to 6 per cent salt. In  the 
tanning process, this removal of acid causes an immediate

F i g u r e  4 . R e l a t i o n  b e t w e e n  S a l t  A d s o r b e d  a n d  F i x e d  b y  
S k i n  W h e n  T a n n e d  w i t h  V a r i o u s  A m o u n t s  o f  C h r o m e  a n d  
S a l t

decrease in the basicity of the chrome liquor and a change in 
the complexity of the chrome salt. The initial acid removed 
is in all probability th a t acid which existed as free acid in the 
pickled skin; therefore it might be suggested tha t, if skin is 
pickled in a high-acid pickle, thus resulting in high free-acid 
content, the effects upon the chrome liquor noted above will be 
decidedly pronounced.

A still further effect of the concentration of salt within the 
pickled skin and in the salt solution is th a t of shrinkage of 
the skin which, upon subsequent tannage, would result in a 
drawn grain in the finished leather. This effect of salt 
concentration is shown by the volume-ehange curve of Figure
1. The decrease in volume of the skin during the 20-minute 
run is explained by  the removal of the acid from the skin and 
the increase in salt concentration. Associated with shrinkage 
is the agglutination of the fibers themselves, diminishing their 
free surface affinities and thereby decreasing the rate of

F i g u r e  6. E f f e c t  o f  A m o u n t  o f  S a l t  i n  T a n n i n g  
L i q u o r  u p o n  A m o u n t  o f  S a l t  F i x e d  b y  C h r o m e  S k in  
f o r  V a r i o u s  A m o u n t s  o f  C h r o m e

adsorption of the chrome. This colloidal phenomenon has 
received little consideration, and in the opinion of the writers 
an investigation should bear fruitful results.

The effect of varying amounts of salt in chrome solutions 
of different chrome content upon the chrome adsorbed is 
shown in Figures 2 and 3. The low concentrations of T an  R  
were employed in order to determine whether the concentra­
tion effect stated  by Wilson and Gallun would result in an in­
crease in chrome adsorbed, a t  least for the lower concentra­
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tions of salt and of chrome. However, in the experiments 
made there did not appear to be a noticeable effect, and in all 
cases increasing salt caused a decrease in chrome adsorbed.

CRAUS »»Cl PE?. 100 GRASS LEATHER (DW)

F ig u r e  7 . R e l a t io n  b e t w e e n  S a l t  a n d  C h r o m e  
C o n t e n t  o f  L e a t h e r s  T a n n e d  w it h  V a r y in g  
A m o u n t s  o f  S a l t  a n d  C h r o m e

I t  is interesting to note from the various curves of Figure 2 
th a t the salt effect is not of the same order for the different 
am ounts of Tan R. For the 3 per cent T an  R  the sa lt effect is 
comparatively slight, whereas for G per cent Tan R  there is a 
marked decrease in chrome adsorbed up to 10 pier cent salt 
and then apparently no effect with increasing amounts of salt. 
The 9 and 12 per cent Tan R  curves are similar except for the 
tendency for the 9 per cent Tan R  curve to approach a 
constant for the higher salt concentrations. Figure 3 shows 
similar results w ith regard to  effect of increased salt content 
upon chrome adsorption.

In  order actually to  determine the relation between the 
chrome content of the tanned skin and the salt conte'nt, half of

F ig u r e  8 . E f f e c t  o f  A m o u n t  o f  S a l t  U s e d  in  
T a n n a g e  u p o n  V o l u m e  C h a n g e  o f  C h r o m e d  S k in

the weight of sample of the chromed stock was washed with 
successive portions of water until there was only a slight 
indication of chloride in the washings. The tanned skin and 
the washings were then analyzed for to tal chloride, and the 
results obtained are shown in Figure 4. Total chloride is 
expressed as NaCl. These curves show th a t w ith increasing 
concentration of sa lt there was an increasing salt content in 
the skins. Of j h e  to tal am ount of salt contained in  the skin 
after tannage, a  comparatively small am ount is difficult to 
remove, b u t this am ount present decreases with increasing 
chrome concentration, as shown in Figures 5 and 6.

F i g u r e  9 . E f f e c t  o f  A m o u n t  o f
C h r o m e  U s e d  i n  T a n n a g e  u p o n
V o l u m e  C h a n g e  o f  S k i n

The fact th a t sa lt is rapidly adsorbed by skin is indicative 
of an adsorption phenomenon, and, as in all adsorption 
phenomena, i t  is difficult to  remove all of the salt from the 
fiber surfaces of the skin. Furtherm ore, an adsórbate will 
always affect the adsorption of some other ion or molecule. 
Therefore, since in the chrome-tanning process there must 
first be an adsorption of the chrome upon the fiber before 
chrome combination, any substance, such as sodium chloride, 
which is already adsorbed owing to unsaturated chemical 
affinities, m ay cause a blocking effect upon chrome adsorption 
and consequently upon chrome combination; or, owing to
the adsorption of salt, there is an increase in the osmotic
pressure in the skin, decreasing the diffusion tendency of 
the chrome salt. This effect whether it  be large or small, 
beyond a doubt plays some role in the effect of neutral salts 
in chrome tanning; a more comprehensive investigation 
would be required to ascertain the effect as previously stated. 
However, a comparison was made in this work between the 
chrome content of the leather and the am ount of sa lt con­
tained in the leather after a thorough washing as stated  above. 
The relation can be observed from Figure 7, where each 
curve represents the ratio of chrome and salt in the leathers 
tanned with various amounts of the tanning agent. From 
the slope of the curves this ratio  was very much the same.

The effect of sa lt not only alters the chemical combinations 
during the process of tannage bu t has a decided effect upon 
the appearance of the stock. Thus it  was found th a t, with
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increasing concentrations of salt, the color changed markedly 
from a dark to  a light blue color, and th a t high concentrations 
of salt resulted in increasing am ount of drawn grain. This 
may be attributed  to  the shrinkage of the stock as shown in 
Figure 8. N ot only does the salt content affect the shrinkage, 
bu t i t  also affects the concentration of chrome as shown in 
Figure 9. The maximum and minimum of swelling are due to 
the hydrogen-ion content of the liquors, as dem onstrated by 
the authors (2) in a previous paper on pickling, and to the 
acid removed from the stock by diffusion, as mentioned in the 
earlier p art of this paper.

Strips of the leather treated with 12 per cent Tan R  and 
varying am ounts of salt were fat-liquored and analyzed for fa t 
content, and i t  was found th a t there was no appreciable 
difference in the fa t content of the leathers. These same strips 
were given a tear test, and it  was found th a t the strength of 
the leather increased from 42 to 63 pounds up to  10 per cent 
salt, and then decreased to  52 pounds for 20 per cent salt.

A c k n o w l e d g m e n t

The writers wish to acknowledge the generous financial 
support given this investigation by the H unt-Rankin Leather 
Com pany of Peabody, Mass.

L i t e r a t u r e  C i t e d

(1) Gustavson, K. H., Ind. Eng. Chem., 17, 945 (L925).
(2) Theis, E. R., and Goetz, A. W., J. A in. Leather Chem. .-lssocn., 26,

507 (1931).
(3) Thomas, A. W., and Foster, S. B„ J. Ind . Eng. Chem ., 13, 31

(1921).
(4) Wilson, J. A., and Gailun, E . A., J . Am. Leather Chem. Aetocn., 15,

273 (1920).

R e c e iv e d  Septem ber 14, 1931. Presented before the  Division of L eather 
and G elatin C hem istry a t the  82nd M eeting of th e  American Chem ioal 
Sooiety, Buffalo, N. Y., A ugust 31 to  Septem ber 4, 1931. A. W. G oeta is 
the H unt-R ank in  fellow in leather technology a t Lehigh U niversity.

The Drying of Solids—IV
Application of Diffusion Equations

T. K. S h e r w o o d , Department of Chemical Engineering, Massachusetts Institute of Technology, Cambridge, M ass.

IN T H R E E  previous arti­
cles (3, 4j 5) the general 
mechanism of the air-dry­

ing of solids has been outlined, 
w ith particular reference to the 
factors governing the diffusion 
of moisture to  the solid surface 
and thence out into the air. 
The drying process was shown 
in general to  be divisible into 
a  constant-rate and a falling- 
rate period, the ju n c t io n  of 
these two periods being termed 
th e  “ c r i t i c a l  p o i n t . ”  The 
falling-rate period was in turn

In the drying of a solid slab, the moisture 
distribution approached during the constant rate- 
of-drying period is represented by a parabolic 
function of the distance from the surface. The 
equation is given expressing the relation between 
moisture content and lime in the drying of a 
solid slab with internal liquid diffusion control­
ling, for the case of an initial parabolic moisture 
distribution. Data are presented supporting the 
applicability of this relation to the drying with 
internal liquid diffusion controlling, subsequent 
to a prelim inary conslant-rale period.

solid a t  the sta rt, i t  cannot be 
expected to apply to the falling- 
r a t e  p e r io d  in such a case, 
e v e n  th o u g h  internal liquid 
diffusion is controlling. T h e  
moisture gradients in the con- 
s t a n t - r a t e  period are deter­
mined by the nature of the 
solid, its dimensions, and the 
rate of drying. They are of 
great interest in the drying of 
m aterials which tend to  warp or 
crack, since the difference be­
tw e e n  s u r fa c e  a n d  internal 
m o is tu re  contents determines

shown to be frequently in two 
parts: in the period immediately following the critical point 
the rate  of drying decreases because of a decrease in wetted 
surface; and in the last stage of the drying process the rate  of 
diffusion of water through the solid controls the rate  of 
drying. In  the drying of certain slow-drying m aterials, 
however, no constant-rate period occurs, and internal liquid 
diffusion is controlling from the first. An equation (S) was 
presented for this case, giving the relation between the mois­
ture content and the time of drying for an infinite slab:

E 4[* +  S e "

f r y  Ke 
\ 2 j  R >

+

2 5
25 ( § ) ' £  +

- ]

the differential shrinkage, and 
consequently the tendency to  warp or crack. In  most cases 
the shrinkage of clay on drying is completed before the critical 
point is reached, and drying with air of high hum idity is 
resorted to in order th a t the ra te  of drying, and consequently 
the differential shrinkage between surface and interior, m ay 
not be excessive.

The equation is derived below for the moisture gradient 
approached in a slab drying a t  a constant rate. Assuming 
the moisture gradient so derived to  apply a t  the critical 
point, the relation between water content and tim e is given 
for the subsequent falling-rate period in which internal 
liquid diffusion controls throughout.

(1) M o i s t u r e  G r a d i e n t s i n  S l a b  d u r i n g  
P e r i o d

C o n s t a n t - I I a t e

Recently Newman (2) has derived the corresponding rela­
tions for other solid shapes.

In  the drying of m any common materials, a short constant- 
ra te  period is followed by a falling-rate period in which 
internal liquid diffusion controls throughout. D uring the 
constant-rate period there m ay be set up an appreciable 
difference between the m oisture contents a t the surface and in 
the interior of the  solid. Since Equation 1 was derived on 
the assumption of a uniform distribution of moisture in the

The general equation for diffusion of a liquid in a solid is

s * t A  *1
K '  50 (2)

which may, presumably, be employed in an analysis of the 
conditions in the solid during the constant rate period. As 
long as the rate of drying is constant, the moisture gradient 
a t the solid surface will remain constant, as given by
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fdT \ _ _  J_ dW
\dx J. K' AdQ w

and for the case of an infinite slab or sheet, the gradient a t 
each surface will be the same.

S l a b

Figure 1 represents the cross section of a slab, w ith ordinates 
representing the moisture concentrations a t different times 
during the constant-rate period. ABC  represents the 
gradient a t any instant, and ED F  the new gradient after a 
finite length of time. Since no moisture crosses the center 
line, the slope of the concentration curve is zero a t  th a t 
point. Furtherm ore, since the rate  of drying is constant, then 
from Equation 3 the slopes a t  A, E, C, and F  are equal. Now 
the area ABCFDE  represents the moisture lost; and, 
since the rate  of drying is constant, the areas between succes­
sive concentration curves, corresponding to  equal time 
intervals, will be the same. Humps or high points in the

i

F io u r e  2 . C o n c e n t r a t io n ’ C u r v e s  
O b t a in e d  b y  T r o o p  a n d  W h e e l e r  
i n  D y in g  C la y

gradient curves will tend to disappear rapidly because — t
will be numerically large, and from Equation 2 it follows th a t 
the rate of decrease of moisture concentrations a t such points 
will be correspondingly large. The gradient curves will 
clearly approach a definite shape, after which successive

curves will be parallel, and ^  will be a constant. From 
Equation 2, therefore 

52T = constant (4)

bTIntegrating and substituting the conditions th a t — = 0
when x  = R; T  =  Tm when x = R;  and T = T, when x =
0 :

T = Tm -  -  ^ , R)2 <?m ~ T.) (5)

On differentiating and substituting x = 0, the gradient a t 
the surface is found:

f d T \  = 2(Tm -  T .) _  1_ fd W _ \
\ d x j .  R K '  \A d e J  w

From Equation 5 it follows that, after drying an infinite slab 
for an appreciable length of time a t  a constant rate, the 
moisture-gradient curve approaches a parabolic form, no 
m atter w hat the initial moisture gradient m ay have been.

F ig u r e  3 . P l o t  o f  E' v s .  KB' /R1

As a test of the correctness of the above derivation there 
are available the data  of Troop and Wheeler (6), who ob­
tained moisture gradients in clay samples dried a t various 
temperatures and humidities. Small clay cylinders, 12.7 cm. 
long and 2.54 cm. in diameter, were held in copper tubes and 
placed in a therm ostat m aintained a t  a constant tem perature. 
One end face was exposed to  air a t a  controlled tem perature 
and humidity, and, as the drying took place wholly from the 
single exposed end face, the conditions were similar to  the 
drying of a 25.4-cm. infinite slab and clay. After various 
time intervals, identical samples were taken a t  several points 
along the length of the cylinder, and the moisture concentra­
tions obtained. Figure 2 shows concentration curves obtained 
with air a t 70° C. and 90 per cent relative humidity, these data 
being typical of the results obtained. The parabolic moisture 
gradients are clearly indicated, and it is of special interest to 
note how quickly the initial flat m oisture-distribution curve 
disappears and the parabolic distribution is approximated.

In  the test described, the ra te  of drying of each sample 
during the constant-rate period was 2.86 grams in 24 hours. 
From Figure 2 the average value of (Tm — T.) m ay be found 
to be 0.053. Substituting these values together w ith a value
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of R  of 12.7 in Equation G, the value of K '  is found to be 
7.8 X 10 “4 grams per second per square centimeter per centi­
m eter thickness per un it dT. I t  may be noted th a t K '  = KD.

Repeating the calculation of K ',  using the data of Troop 
and Wheeler for other tests, values of K '  were obtained vary­
ing roughly with the fluidity of water a t the tem perature of 
the therm ostat. For example, a t 30° C. the value of K ',  
calculated from the value of T m — T, after drying for 24 hours, 
is 1.3 X 10~4.

D r y in g  a t  C o n sta n t  R a t e  F o llo w ed  b y  L iq u id  D if f u s io n  
C o n t r o l lin g

The theoretical relation for the drying of an infinite slab, 
when internal liquid diffusion is controlling, is given above 
(Equation 1). The equation is applicable, however, only 
when the moisture distribution is uniform throughout the 
slab a t  the beginning of the period when internal liquid diffu­
sion controls. Frequently, as in the drying of certain shapes 
of wood and clay, the period of internal liquid diffusion con­
trolling follows immediately after the constant-rate period, 
and the moisture distribution a t the s ta rt of this period is 
consequently more nearly parabolic than uniform. I t  is 
evident then th a t Equation 1 does not hold for this case. I t  
would appear th a t an equation similar to  (1), bu t based on the 
assumption of an initial parabolic moisture distribution, 
would be useful in the study  of the drying of such materials.

Carslaw (I) gives the solution of the basic diffusion equation 
for an infinite slab where the initial concentration gradient is 
/  (*') as

, r 2 R  <r=-, /1 ,, ,, \  [ . nirx . nxx
" =  f l j o  / ( I ) 2 ^  \ S m - 2 R Sm 2R

•KnVeX 
4Ä* j dx' (7)

r - T-'E; “If 
1

Knhr*Qr 
4 Ä*

Knhr*Q'
4 (8)

r2R

r - L
T dx

r2R  
j  /(* ') dx'

(9

Substituting the two series of Equation 8 for T, and the 
parabola (Equation 5) for /  (x '), and integrating,

E' = 24 T,
t \ T .  +  2 T„)

- p  i  —9p 1 - 2 5 p
e + H e +  KH e +

+ 192 (!Tm -  T.) f . - P  J_ 
x4 (T, +  2Tm)\_ ^ 8 1

25
— 9 p  1 —25 p

e +  625 e +

For the case of 9 '  =  0, Equation 10 m ay be shown to reduce to 
E '  = 1. Furtherm ore, when T m = T,, the second series disap­

pears and the result checks exactly with (1), the correspond­
ing equation for the case where the initial moisture distribu­
tion is uniform. Equation 10 represents the theoretical rela­
tion between water content and time, for the drying of an 
infinite slab with liquid diffusion controlling, for the case of an 
initial parabolic moisture distribution, as a t  the end of a con- 
stan t-ra te  period.

Where shrinkage is negligible, TD  can replace v. Substituting 
the parabola (5) for /  (x'),  and integrating,

I t  may be noted th a t when 0 '  =  0, and x  =  R, this reduces 
to T  = Tm.

More im portant than the concentration a t  any point, 
however, is the to ta l water content, obtained by integrating 
the concentration across the slab thickness. Defining E '  
as the ratio  of the free-water content to  the free-water content 
a t the end of the constant-rate period (the critical point), 
then

F ig u r e  4 .  R e s u l t s  o f  D r y in g  
C l a y  S l a b s  i n  H ig h -V e l o c it y  A ir  
S t r e a m

The coefficients of the two series in Equation 10 are both 
functions of the ratio, T , / T m. E '  is consequently a function 
of the two dimensionless ratios, p  and T , / T m. This fact 
suggests a method of plotting Equation 10, as shown in Figure 
3, where E '  is plotted vs. K Q /R z, for values of T ,/T „  of 1.0 
(Equation 1) to 0 (Equation 11).

E x p e r im e n t a l  D ata  on  D r y in g  o f  B r ic k  C lay

In an experimental study of liquid diffusion in solids, i t  is 
found advantageous to exaggerate the importance of the 
period where liquid diffusion controls, by drying in a high-
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F ig u r e  5 . C o m p a r is o n  o f  D a t a  o n  
D r y in g  C l a y  S l a b s  w i t h  E q u a ­
t io n  1

velocity air stream, thus vaporizing the water as fast as it 
diffuses to  the surface. The drying of a clay slab 2.54 cm. 
thick under such conditions was described in a previous
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article (S.). The results of two such tests are shown plotted 
in Figure 4. The rates of drying obtained by measuring the 
slopes of the curves of weight vs. tim e are shown plotted 
against the free-moisture content. Each sample dried a t a 
constant rate down to about 16.5 per cent water, after which

1.00
O.S

o-e NX.

\
v J

\

E' = 96 - P  1 — 9p  1 - 2 5 p

+  8Ï +  625 C +  ‘ ‘ - (11)

Table I  shows values of E '  calculated from this series, as well 
as from Equation 1. In  order to compare the data  with 
Equation 11, Figure 6 is shown with the ordinate scale modified 
to  m ake this relation linear. In  this case the data fall on lines

reasonably straight a t high values of E ',  but slightly concave 
upwards a t  the lower ends. Going from a comparison with 
(1) to a comparison with (11), the lines representing 
the data  have changed from convex to concave upwards, 
whereas in each case the lines representing the theoretical 
equations are straight. I t  m ay be concluded: th a t either the 
data  would compare better with the more rigorous solution 
(10), using suitable values of T m and T,  than the extreme 
cases (1) and (11); or the series (10), using T, — 0, is ap­
proximated closely, and th a t the curvature of the lines of 
Figure 6 is due to a decrease of the diffusion constant, K,  with 
decrease in moisture content.

T a b l e  I. V a l u e s  o p  E  a n d  E '  C a l c u l a t e d  p r o m  
E q u a t i o n s  1 a n d  11

O 20 A O  SO SO 100 120 140 ISO ISO
T I M E  A F T E R  S T A R T  O r  F A L L I  NO R A T E  P E R IO D  ~  M IN U T E S .

F i g u r e  6 .  C o m p a r i s o n  o p  D a t a  o n  D r y i n g  C l a y  S l a b s  
w i t h  E q u a t i o n  11

the rate  curves are concave upwards and are typical of drying 
with internal liquid diffusion controlling. The edges of the 
slabs were covered with tin  foil, and consequently diffusion 
was possible only in a direction normal to the faces, as in an 
infinite slab.

The data are first compared with the theoretical relation (1) 
by means of Figure 5. A special coordinate plot is con­
structed, the ordinate or E '  scale being modified to  force the

Kq'
theoretical relation (1) to be linear in E '  and . Thus, the

data  of any single experiment following Equation 1 should fall 
on a straight line, when plotted as E', the fraction of the 

K Q '
critical free moisture vs. , or vs. 0 ',  the time after the end of
the constant-rate period. Figure 5 shows lines having a 
marked curvature a t high values of E',  which is to be expected 
since the derivation of Equation 1 assumes a uniform moisture 
distribution a t the start, i. e., a t the critical point.

In  order to  compare the data with Equation 10 which 
allows for an initial parabolic moisture distribution in the 
slab, it is necessary to determine T m and T, a t the critical 
point. These quantities can ordinarily be found using the 
fact th a t the average moisture T ,  a t  the critical is T, plus 
two-thirds of T m — T., and by calculating T m — T, from 
Equation 0. In  order to do the latter, K '  m ay be estimated 
by comparing the data with Equation 1 . In  the case of the 
present data  on clay, T m — T, so calculated is considerably 
greater than the initial free-moisture content, which was ap­
proximately 27 per cent for both samples. This means th a t 
the clay was dried a t  such a high ra te  th a t the parabolic 
moisture distribution could not be reached in the short 
constant-rate period, even w ith the surface concentration, 
T,, a t  zero. In  the extreme case, T, may be assumed to  have 
reached zero a t the critical point, Substituting T, = 0 in 
Equation 10, the result is

KQ' KQ E E '
Ä T  o ' R » E quation  1 E quation  11

0 1 .0 1.0
0 .02 0.840 0.951
0.05 0.749 0.880
0.10 0.643 0.775
0.15 0.563 0.684
0 .20 0.496 0.605
0 .30 0.387 0.473
0 .50 0.236 0.290
1.00 0.069 0.086

An approximate value of K '  for this clay m ay be obtained 
by noting from Figure 6 th a t E '  = 0.605 a t about 75 minutes. 
Since this E '  corresponds to a value of K Q ’/ R 2 of 0.20, it follows 
th a t

and
K  = 0.20 X 1.27775 X 60 =  0.72 X 10"‘
K ' = KD  = 1.6 X 0.72 X lO“4 = 1.15 X 10"‘

This value, for clay-drying a t  room tem perature, agrees 
reasonably well w ith the values of 7.8 X 10-4 a t  70° and 1.3 X 
10“4 a t 30° C., calculated from the data  of Troop and Wheeler 
for a different clay.

A  = 
D = 
E  =

E' =

K  =

K ’ =

R
T

Tm
T.
v
W
x
e
e'

N OMENCLATURE

face area
density of dry solid
ratio of total free-water content to initial free-water 

content
ratio of total free-water content to free-water content at 

end of the constant-rate period, i. e., a t critical point 
diffusion constant of moisture through solid, with con­

centrations as weight per unit volume 
same with concentrations as weight of water per unit 

weight of dry solid = KD 
Kir2©'

half slab thickness
free-moisture concentration, weight of water per unit 

weight of dry solid 
same a t center line of slab a t critical point 
same a t faces of slab at critical point 
free-water concentration a t any point 
weight of water 
distance from slab face 
time
time after critical point
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Chloropicrin for Nematode Control
M . 0 . J o h n so n  a n d  G. H. G o d fr ey  

Experiment Station, Association of Hawaiian Pineapple Canners, University of Hawaii, Honolulu, Hawaii

IN 1927 the senior author 
treated soil from bad failure 
areas in p in e a p p le  fields 

with chloropicrin and obtained 
remarkably increased vigor of re­
sulting pineapple-plant growth, 
as compared with untreated con­
trols. The soils were in root ob­
servation boxes, and it was evi­
dent th a t the increased vigor 
was due to  a direct effect on the 
roots. Among the results was a 
notable decrease in the am ount 
of nematode root knot, in the 
treated boxes. This was verified 
r e p e a te d ly  by similar experi­
ments without, h o w e v e r , any 
actual measurements being taken 
of the a m o u n t  of d e c r e a s e .  
These preliminary tests led to

Chloropicrin treatment of root-knot (Iielerodera 
radicicola) infested soils in pineapple fields of 
Hawaii have brought about striking reductions 
in infestation and equally striking increases in 
vigor of plant growth and in yield of pineapples. 
Whereas no claim is made that nematode control 
is the only factor involved in the improved plant 
growth, this paper deals with that factor alone, 
and includes actual measurements, by means of 
cowpea indicator crops, of extent of nematode 
reduction. The most effective treatments were 
those which consisted of the introduction of 
chloropicrin in liquid form into holes 5 to 6 inches 
deep, spaced 18 inches apart and covered im­
mediately with mulching paper, the rates of ap­
plication being 163 pounds or more per acre.

carefully c o n d u c te d  field ex­
periments the same year (1927) and subsequent years by 
the senior author, which showed striking increases in growth 
and yield of fruit. This paper discusses in detail certain 
of the field tests which were studied by the junior author, 
primarily from the point of view of nematode control. Re­
sults are reported in term s of actual nematode reduction, 
measurements being by means of indicator crops.1

While chloropicrin has been used more or less extensively 
for fumigation, its use for soil treatm ent has been very limited, 
as indicated by the chloropicrin bibliographies prepared by 
Roark (S) and Gersdorff (1). The present authors have not 
been able to review the original papers cited by these men, 
bu t refer to their annotations on the work of P iu tti and 
Bernardini, Spencer, M atthews, Russel, Hasson, Dingier, 
Fryer, Parker, Feytaud, and Annie M atthews, particularly to 
M atthews (8) who appears to  have included nematodes in 
her studies. None of this work seems to have been followed 
by practical field applications.

P r e l i m i n a r y  E x p e r i m e n t s  o n  P i n e a p p l e

M ost of the preliminary 
field tests referred to  above, 
in  w h ich  chloropicrin was 
introduced into nematode-in­
fested soil in measured doses 
by means of a  Vermorel in­
jector, dem onstrated rem ark­
able increase of p lant growth 
over the untreated controls 
within 2 or 3 months after 
p la n t in g .  This increased 
vigor p e r s is te d  throughout 
the g ro w th  of th e  p la n t ,  
a n d  a t p la n t - c r o p  stage,

about 20 months after p lant­
ing, manifested itself by strik­
ing in c re a s e s  in y ie ld s .  In  
fact, the increase in vigor was 
still manifest in some plots a t 
first ratoon-crop stage, 1 year 
later.

C o m p le te ly  s a t i s f a c to r y  
quantitative data  on effects on 
plants are lacking, but observa- 
t io n s  on  on e  o r  tw o  of th e  
experiments are r e c o rd e d  for 
w hat they m ay be worth. In  
one test th a t showed, by striking 
differences in p la n t  g ro w th , 
o u t s t a n d in g  value from the 
treatm ent, chloropicrin had been 
applied a t the rate of 180 pounds 
per acre. Three adjacent pine­
apple plants selected as repre-

1 T he  ju n io r au th o r is preparing a 
paper on th e  indicator-crop m ethod 
of determ ining effects of various soil 
trea tm en ts  on nem atode infestation 
of th e  soil, poin ting  ou t its usefulness 
and its lim itations.

F i g u r e  1. Row o f  P i n e a p p l e  P l a n t s  T r e a t e d  w i t h  180 
P o u n d s  C h l o r o p i c r i n  p e r  A c r e ,  a n d  U n t r e a t e d  R o w  
a t  F m s T  R a t o o n - C r o p  S t a g e ,  A p p r o x i m a t e l y  3 Y e a r s  
a f t e r  P l a n t i n g

T he yield difference betw een the  tw o was over 20 tons per acre in  the  
two crops

sentative were removed intact, 
roots and all, from this plot, and three from a compa­
rable control plot, just following harvesting the fruit when the 
plants were approximately 20 months old. Greater extent 
of root growth, including abundance of fine feeding-branch 
rootlets in the treated plots, was strikingly evident. The 
three control plants showed Ileterodera radicicola infestation 
in 90 per cent of all roots, while treated plants showed only 
30 per cent infestation. These differences in root systems 
were paralleled by very obvious differences in the aerial parts 
of the plants. The untreated plants had an average lateral 
spread or to ta l w idth of 45 inches and a height of 35 inches; 
the treated plants showed 55 inches spread, and 45 inches 
height, a difference of well over 20 per cent in both measure­
ments. Pineapple-yield differences were striking. The 180- 
pound chloropicrin bed yielded in p lant crop 11.8 tons more 
than the control, a difference of 57.0 per cent. Figure 1 
illustrates the condition of these two rows a t  first ratoon-crop 
stage, the th ird  summer after planting.

In  another experiment chloropicrin applications were made 
by means of the Vermorel applicator,- a t  rates varying between

45 and 185 pounds per acre, 
ju st p r io r  to  p la n t in g  on 
August 23, 1929. On Octo­
ber 18, 1930, approximately 
14 m onths after p la n t in g ,  
two p la n t s  c h o s e n  by the 
authors as r e p r e s e n ta t i v e  
were removed with roots in­
ta c t from each of several of 
t h e  t r e a t m e n t s  w h ich  
showed above-ground differ­
ences in v ig o r  of g ro w th . 
Since the size of samples was 
so inadequate (tw o  p la n t s  
only, out of several hundred 
in  e a c h  l o t ) ,  a d e ta i l e d  
classification of results could 
not be c o n s id e r e d  as hav­
in g  m u c h  significance. I t  
will be recorded only th a t:

311



312 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 21, No. 3

(1) of the twelve plants examined, the two from the bed 
receiving the heaviest application of ehloropicrin (bed 17, 
180 pounds per acre) ranked first in vigor of top and root 
growth, and ranked lowest in am ount of nematode root knot 
and of root-lesion nematode infestation (Tylenchus brachyurus 
Godfrey); (2) plants from beds 2 and 16 (controls) ranked last 
in vigor of growth and among the highest in am ount of root 
knot and Tylenchus; other treatm ents examined, ranging from 
120 to 145 pounds per acre, variously applied as regards 
spacing, etc., gave intermediate results; and (3) yield records

Pounds p e r  ocre
ne 20* /os /se

*53 406  4 0 6  6 2 2  .
Toto/ num bers o f

no o / as

se 4M , 
p/onts

t

Pounds 
204 /es

p e r 
SC /25

acre//o t 
&

F ig u r e  2 . I I e l e m a n o  T e s t  N o . 1
C h art shows percentages of p lants w ith different 

degrees of nem atode infestation  for each of the 
several different ehloropicrin trea tm en ts.

4/2 465 562 524 465 560
Total numbers o f p/ants

showed a difference in plant crop of 7.1 tons per acre over the 
average of controls, a difference of 21.8 per cent in favor of 
the best treatm ent.

E x p e r i m e n t s  w i t h  C o w p e a  I n d i c a t o r

Pursuant to  these continuously favorable results, further 
experiments were initiated and an effort wras made to  measure 
more exactly the effects of treatm ents on nematodes. T reat­
ments were applied in two different localities in the leading 
pineapple section in the vincinity of Wahiawa, on Oahu. 
Applications were made by means of the usual Vermorel 
injector in various dosages in a series of standard plant beds 
through wide (54-inch) mulching paper. Two weeks after 
treatm ent, pineapples wore planted according to the four-line 
system. In  this planting system, four lines of plants were set 
through the one line of 54-inch paper, the lines of plants being 
16 inches apart and the plants 16 inches apart in the row, 
plants and spaces alternating in adjacent lines.

Actual applications wore made according to  the plan 
indicated in Table I, the term “bed” applying to  the plant 
bed of four rows of plants under paper.

In  cases in which more than one bed received the same 
application, samples were taken only from the middle one 
of three or from the one of two which lay adjacent to  a 
bed writh  a higher rate of application, in order to eliminate 
in so far as possible contaminations from controls or in­
adequate lower treatm ents. Of such cases in Table I, beds 
1, 4, 6, S, 10, 13, 16, 18, 20, 22, 35, and 37 were selected for 
sampling.

In  February, 1931, 4 months after planting, differences in 
pineapple growth in different plots were already strikingly 
evident. A t this time, in an effort to  get an early determina­
tion on effects of the treatm ents on nematode infestation, an 
indicator crop, rather than pineapple plants which would have 
to  be destroyed, was employed for root examination. For 
this purpose, Whippoorwill cow peas were seeded a t  the edges

of the paper and in the three spaces between pineapple rows 
through the paper. On M arch 26 to 31, 1931, the indicator 
plants, being approximately 30 days old from seeding, were 
removed from the soil by means of trowrels with the root 
systems as complete as possible. These plants were tied in 
bundles and labeled as to source. There were in all some 
thirteen thousand of them  from the two locations. The 
plants were taken to the laboratory, and height to the growing 
point was measured; tops were removed, and plants, still in 
labeled bundles, were immersed in 2 per cent (commercial) 

formaldehyde. The roots wTere then 
available for examination a t leisure 
as to degree of nematode infestation. 
H e ig h t  of p l a n t s  in each bed and 
average degree of infestation of the 
cowpea roots were recorded. Read­
ings on infestation were obtained in 
the form of numbers of plants in each 
of several different classes as to degree 
of infestation, ranging from 0, through 
trace (1 to 10 galls per plant), slight 
(10 to 50 galls), medium (50 to 100 
galls), and heavy (100 galls up per 
plant). This was an arbitrary classi­
fication which appeared to meet the 
needs of this particular experiment 
satisfactorily. The figures from these 
tabulations were used in the prepara­
tion of the charts shown in Figures 2 to 
5, which show much more clearly than 
do tabulations the results of the ex­
periment.

The charts are self-explanatory. They show' clearly the 
benefits, in the way of enhanced plant growth and decreased 
nematode infestation derived from the applications of 
ehloropicrin, particularly the applications of 163 pounds or

Pounds p e r acre 
o ne 204 /os /se 12s //o 0/ es o

415 007 4/e
concerned

H  voçc/a up

F i g u r e  3 . I I e l e m a n o  T e s t  N o .  2
Same order of trea tm en ts  as Figure 2, b u t 

additional application of ehloropicrin a t 
ra te  of 110 pounds per acre between beds.

:

O S  /OS f2 3  S /S  2 U  267 204 260
Tote/ numbers c f  p/cnts concerned 

f~]o ça/e ça/e çe/b |  co ça/à up

F i g u r e  4 .  K u n ia  T e s t  N o . 1

more per acre. W ithout attem pting a detailed statistical 
analysis of results, certain conclusions th a t would appear to 
be obvious because of numbers concerned are specified.

C o n c l u s i o n s

1. The control plots (untreated) consistently show the 
lowest percentages of roots free from nematode root knot, and 
correspondingly the highest percentages with heavy infesta­
tion.

2. The curves for freedom from infestation correlate 
directly to a fair degree with quantities of ehloropicrin ap­
plied. Certain seeming inconsistencies in  this respect are to 
be explained in part by differences in method of application,



March, 1932 I N D U S T R I A L  A N D  E N G I N E E R I N G  C II E M 1 S T 11 Y 313

tests of which were an im portant p art of the experiment. In  
bed 6 throughout, for example, chloropicrin a t the rate of 204 
pounds per acre in the plant bed was applied in holes 24 inches 
apart; in bed 4, receiving only 178 pounds per acre, points of 
application were 18 inches apart. Figures 3 and 4 show better 
control w ith the lighter of the two applications. I t  would 
appear th a t in these two soils the better distribution of the 
chemical through the soil w ith the closer points of application 
more than  balanced the benefit derived from the larger 
quantity. The same relationship existed between the 125- and 
the 110-pound applications, and Figures 2 and 5 show a distinct 
advantage for the lighter and closer application. Both 
applications, however, were irregular in effectiveness, and it 
was evident th a t many spots were not reached effectively by 
the chemical.

3. Curves for higher degrees of infestation are roughly 
parallel throughout with the curve for freedom from infesta­
tion. I t  should be noted th a t the differences between lightly 
and heavily infested plots would be much more accentuated if 
each figure for percentage were appropriately “weighted’' 
by m ultiplying by a factor representing average number of 
galls per p lant in its class. For example, the horizontal-lined 
shading, if assigned the value 5 for each per cent of total 
number of plants examined, would call for a factor of 30 
(average of 10 and 50) for the diagonal shading; of 75 for the 
cross hatching; and of 150 for the solid black. These figures 
are arbitrary  of course, since they represent not actual but 
theoretical means. The picture of comparisons would be 
very much the same, however, if minimum instead of theoreti­
cal mean figures were used in each class. On the selected 
basis the to ta l infection portion of column 1, Figure 2, would 
be approximately 3600, as compared with 534 for column 2 
and 768 for column 3. These figures obviously present a 
truer picture of relative am ounts of infestation left alive than 
do the total lengths of all shaded portions in the charts. The 
benefit derived from the heavier applications of chloropicrin 
in the way of reduced nematode infestation is therefore 
considerably greater than is a t first apparent.

T a b l e  I. P l a n  o f  C h l o r o p i c i u n  A p p l i c a t i o n  
E x p e r i m e n t s  I a n d  II

B e d s

C h l o r o ­
p ic r in
UNDER

P a p e r

1, 2

Lb. per 
acre 

0
3, 4 178
5, 6, 7 204

8, 9 163
10, 11 136
12, 13, 14 0
15, 16, 17 125
18, 19 110
20, 21 91
22, 23 83
24, 25 0
26 0

27, 28 178
29 204
30 163
31 136
32 125
33 110
34 94
35, 36 83
37, 38 0

S p a c in g  o f  P o in t s  o f  
A p p l ic a t io n

Inches
Controls
18 (12 from edge)
24 (in 3 lines, center 

and either edge)
18 (in 3 lines)
24 (in 2 lines)
Controls 
24 (in 3 lines)
18 (in 2 lines)
36 (in 2 lines)
24 (in 2 lines)
Controls
Control

H e m a r k s

18 (in 2 
24 (in 3 
18 (in 3 
24 (in 2 
24 (in 2 
18 (in 2 
36 (in 2 
24 (in 2 
Control

lines)
lines)
lines)
lines)
lines)
lines)
lines)
lines)

Figure 5 shows no such advantage whatever over 4 in the 
heavier applications, but a seeming advantage in the lighter, 
in which the bed-application was inadequate of itself.

5. M easurements of growth of indicator crops were made 
on all the experimental areas, and results are recorded in the 
form of graphs a t the bottom s of Figures 2 to 5. I t  is to  be 
noted th a t a line drawn through the points for height of check 
plants will almost without exception orient the higher ap­
plications with consequent increased growth well above it.

Cost considerations are of course im portant in connection 
with any chemical treatm ent of the soil. A Pacific Coast firm 
has quoted a tentative price of 65 cents per pound for chloro­
picrin in large quantities laid down in Honolulu. The agent 
of an eastern firm is selling locally for 84 cents per pound. A t 
the lower figure an application of 140 pounds per acre, which 
appeared to  give highly satisfactory results in recent field 
tests, would make the cost something like S90.00 per acre. 
Improved methods of application which are being developed 
may lower the quantity  required per acre. likewise increased 
consumption will probably lower the costs. Cost of applica-

Pou nd s p en  ocre  
rts 304 /es /se u s  t/o or

r

U s e d  i n

Subsequent beds given 
additional application 
of 110 lb. per acre in 
“ m iddles,” between 
p lan t beds

T otal per acre, 288 lb.
T o tal per acre, 314 lb.
T o tal per acre, 273 lb.
T o tal per acre, 246 lb.
T o tal per acre, 235 lb.
T o tal per acre, 220 lb.
T o tal per acre, 204 lb.
T o tal per acre, 193 lb.

4. An expected advantage in favor of those areas receiving 
an extra application of chloropicrin in the “middles” between 
beds did not materialize, a t least not to  an extent commensu­
rate  with the quantities involved. Figure 3, as compared with 
Figure 2, appears to  show such advantage, but the control 
plots show equivalent or greater differences; therefore the 
better control in Figure 3 cannot be considered as significant.

2 0 0  AS6 276 !&/ 109 95  6 9  96  .
Totvh num bers cT  ptanrs concerned

ço//s up| [o QQ-'ts ho g

F i g u r e  5 . K u n i a  T e s t  No. 2
Same order of trea tm en ts  as Figure 4, 

b u t additional application of chloropicrin 
a t  ra te  of 110 pounds per acre between beds.

tion, even with hand applicators, will probably be less than 
$5.00 per acre, and can be lowered by machine methods. The 
cost figures given, when compared with yield increases, would 
appear to justify extensive use of the material on badly 
infested land.

Experimental work on chloropicrin for nematode control is 
continuing a t the Pineapple Experiment S tation and a t  
various pineapple plantations.
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Reactions of Acetaldehyde over Various 
Oxide Catalysts

M a u r ic e  E. K in s e y  a n d  H om er  A d k in s  

Laboratory of Organic Chemistry, University of Wisconsin, Madison, Wis.

TH E  reactions of acetaldehyde in ethyl alcohol over a 
zinc-chromium oxide catalyst a t  360° C. under a 
pressure of approximately 200 atmospheres resulted 

in the formation of a mixture of alcohols, aldehydes, and esters. 
The fractionation of these products after hydrogenation and 
hydrolysis resulted in the isolation, as the principal products 
boiling below 200° C., of ethyl, n-butyl, and hexyl alcohols, 
and of acetic, butyric, and caproic acids (2).

This study has been continued by determining the effect of 
certain variations in the catalyst upon the ratio of the products.

VARIABLE S P £ £ 0  
RED U CCR

The essential parts of the apparatus used in carrying out the 
reactions under pressure were a pump, a vaporizer, a  catalyst 
chamber, a condenser, a  receiver, a hydraulic gage, and the 
necessary valves, tubing, and connections. The pump had 
two cylinders, each having an internal volume of 150 ml., one 
of which a t  any given time was delivering and the other 
receiving liquid. I t  was made by the W atson-Stillman Com­
pany. The liquid could be delivered a t rates from 60 to 
600 ml. per hour against pressures up  to 1000 atmospheres. 
The vaporizer was a chrome-vanadium steel bomb, similar in 
construction to the catalyst chamber bu t having an internal 
volume of only 50 ml. I t  was filled with Vi-inch (6.4-mm.) 
steel balls. The catalyst chamber was essentially the same as 
th a t supplied by the American Instrum ent Company, 
W ashington, D . C., as their standard catalyst chamber for 
ammonia synthesis on a laboratory scale, b u t modified, in th a t 
external heating was used and the catalyst holder had a 
capacity for about 75 ml. of catalyst. The condenser was a 
‘A X Vis inch (6.4 X 1.6 mm.) steel tubing, 3 feet (91.4 cm.) 
long, inclosed in a jacket through which water was circulated. 
The receiver was similar in design to  the catalyst chamber 
except th a t it had an internal volume of 200 ml. and was of 
somewhat lighter construction. I t  was provided with an out­

let a t both top and bottom  so th a t either gas or liquid could 
bef withdrawn from the system. Figures 1 and 2 illustrate 
diagrammatically the arrangem ent of the apparatus described 
above; Figures 3 and 4 are photographs of the apparatus. 
The motor shown in the diagram is a 0.5 h. p. induction motor 
made by the General Electric Company. The variable speed 
reducer is a  Reeves No. 000 variable speed transmission. 
S tandard reduction units are indicated, giving the ratio of 
reduction. The lead screw which drives the pistons had a 
pitch of four threads per inch.

Approximately 270 ml. per hour of a mixture of two parts of 
acetaldehyde and one p art of ethyl alcohol were pumped over 
30 ml. of pellets of catalysts held a t  360 =*= 5° C. under a 
pressure of approximately 200 atmospheres of hydrogen. 
The method of working up the liquid products from these 
reactions was simplified as follows:

Samples were analyzed for aldehydes by the sodium sulfite 
method; then 300 ml. of the condensate were subjected to 
hydrogenation a t 100-200 atmospheres a t 175° C. over a nickel 
catalyst. The absorption of hydrogen was noted, and the acid 
and ester content of the hydrogenated product were determined. 
Two hundred and ten grams of the hydrogenated product were 
saponified with alkali. The mixture was then distilled until 
the distillate, as it came over, separated into two layers. The 
neutral compounds were then salted out of the distillate with

F ig u r e  2 . V a p o r i z e r , C a t a ­
l y s t  C h a m b e r , a n d  R e ­
c e i v e r  A s s e m b l y

potassium carbonate. The residue in the distillation flask was 
cooled and extracted with ether. After drying with potassium 
carbonate, the ether was distilled and the residue combined 
with the neutral compounds salted out from the original distillate. 
The combined neutral compounds were again dried over potas­
sium carbonate and fractionated through a Widmer column, 
having a glass spiral 50 cm. in length. The column was heated 
externally with a coil of nichrome wire carrying a suitable current. 
The alkaline residue, after the removal of the alcohols, was 
evaporated almost to dryness and acidified with sulfuric acid. 
Any insoluble acid was separated and the residue extracted with 
ether. The insoluble acids and the ether extract were then
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combined and dried over anhydrous magnesium sulfate. After 
removal of the ether, the acids were fractionated through a 
Widmer column, externally heated and having a glass spiral 
15 cm. in length.

D i s c u s s i o n  o f  E x p e r i m e n t a l  R e s u l t s

The results of the fractionation of typical mixtures are shown 
in Figures 5 and 6 for several catalysts, and the data  from 
rep resen ta tiv e  runs 
on all of the catalysts 
are s u m m a r iz e d  in 
Table I.

The catalysts may 
be compared on sev­
eral different b a s e s , 
for example:

1. Their a c t iv i ty  
for bringing about the 
r e a c tio n  of aeetalde- 
hyde.

2. The h y d ro g en  
number or unsatura­
tion of the products 
of the condensation.

3. Their a c t iv i ty  
for ester formation.

4. Their a c t iv i ty  
in p ro d u c in g  butyl 
alcohol (including its 
precursors, c ro to n ic  
and butyric aldehydes 
and crotonyl alcohol).

5. Their activity in 
producing hexyl alco­
hol (and its precur­
sors).

6. Their effect upon 
the ratio of acids pro­
duced.

7. Their effect upon 
boiling above 200° C.

The values in the first column of figures in the table show 
th a t the copper-chromium catalyst is the most active in 
bringing about the reaction of acetaldehyde. There were 
15.1 millimoles of acetaldehyde per gram of m aterial passed 
over the catalyst, and over 94 per cent of i t  underwent 
reaction. The cadmium-chromium, the copper-barium-chro- 
mium, and the manganese-chromium oxides were all quite 
active.

The degree of unsaturation of the products is indicated by 
the differences between the figures in columns 1 and 2 of the 
table, for a  mole of aldehyde would require 1 mole of hydrogen 
for its hydrogenation. These differences show th a t copper- 
chromium and silver-chromium oxides are either least active 
for the reactions which form alkene linkages, or are most active 
for catalysis of their hydrogenation.

The copper-chromium oxide catalyst is by far the most 
active for ester formation, i. e., for bringing about the autoxida- 
tion reduction of an aldehyde according to the equation:

RCHO +  RCHO = RCChCILR (1)
Cadmium-chromium and silver-chromium oxides are also 
quite active for this reaction.

The catalysts differ
__________________  less w ith r e s p e c t  to

butyl alcohol forma­
tion than when meas- 
u re d  by a n y  o th e r  
standard. This fact, 
taken in conjunction 
with the observation 
th a t large am ounts of 
butyl alcohol arc pro­
duced over glass beads 
and steel balls, indi­
cates th a t the aldol 
reaction (Equation 2) 
on which the forma­
tion of butyl alcohol 
is supposed to depend 
takes place over al­
most any surface a t 
360° C.

2CILC1IO = 
CHjCHOHCHiCHO 

(2)
C o n t r o l  P a n e l  f o r  H i g h - P r e s s u r e  L a b o r a t o r y

The fo rm a t io n  of 
hexyl alcohol appears 
to  be m u c h  m o r e  

dependent upon the nature of the contact mass than are any 
of the other reactions except the formation of esters. Four­
teen grams of hexyl alcohol were recently obtained from an 
experiment involving the passage of tw enty times as much 
acetaldehyde over a zinc-chromium catalyst as was used in the 
catalyst-testing experiments now reported. Such a yield of 
hexyl alcohol would not be detected on the scale of operations 
which is now under consideration so th a t the yield of hexyl 
alcohol for comparative purposes is recorded in this paper as 
zero for the zinc-chromium oxide catalyst. I t  will thus be 
obvious th a t relatively ra the r large yields of hexyl alcohol 
were produced on copper-chromium, silver-chromium, and 
copper-barium-chromium oxides.

There appeared to be little variation in the weights of 
caproic acid produced over various catalysts, whereas the 
weights of butyric acid obtained varied from zero to  11.7 
grams. The parallelism between the production of butyric

F i g u r e  3.
Valves and Rage of Figures 1 and 2 are a t left-hand end of panel. T he layout, pic tured  here 

and  in  Figure 4, was designed and  assembled by  H ow ard I. C ram er and  the  authors.

the production of resinous products

T a b l e  I. P r o d u c t s  f r o m  R e a c t i o n  o f  A c e t a l d e h y d e  o v e r  V a r i o u s  C a t a l y s t s

Ht B utyl H exyl Acetic B utyric Caproic
C atalysts A ld e h y d e  A b so rb ed  E ster®  

Millimoles per gram
Alcohol A lc o h o l  A cid A cid A cid 

Grams per 210 grams o f hydrogenated product
R esidue

C u-C r oxides 0 .88 3 .17 4 .64 23.0 6 .0 27.0 11.7 6 .2 10.0
C d-C r oxides 1.50 3 .93 3 .19 14.0 0 .0 16.6 4 .2 6 .0 2 0 .0
Ag-Cr oxides 3 .12 5 .13 3 .16 20.0 7 .0 15.0 5 .2 5 .0 16.0
C u-C r-B a oxides 1.31 4 .45 2.26 23 .0 7 .0 7 .0 8 .2 7 .5 2 7 .0
Co-Cr oxides 2 .22 5.46 2 .10 15.0 4 .0 9 .0 3 .0 5 .2 27 .5
Cr oxide 2.67 6.16 1.98 16.0 0 .0 7 .2 0 .0 6 .0 27 .5
Cu-M o oxides 3 .75 6.51 1.91 17.0 3 .0 5 .7 2 .5 6 .2 2 9 .0
Zn-Cr oxides 3.51 6.75 1.80 16.0 0 .0 7 .4 1.0 6 .5 29 .0
Zn-Cr oxides (NatSOO 1.86 5.01 1.76 16.0 2 .0 5 .1 1.5 8 .0 37 .0
Cu-V oxides 3.67 6.44 1.60 16.0 3 .0 5 .0 1 .0 6 .0 29 .0
M g-C r oxides 2 .85 5 .40 1.47 16.0 2 .0 2 .2 0 .0 6 .5 40 .0
F e-C r oxides 3.81 7.13 1.40 17.0 0 .0 4 .3 0 .0 5 .5 32 .0
M n-C r oxides 1.67 5.09 1.36 11.0 2 .0 3 .0 0 .0 6 .2 50 .5
(N i-C r oxides) i> (2.74) (3.84) (1.35) (18.0) (10.0) (2 .6) (4 .2) (2 .2) (16.0)
Glass beads 3 .24 6.53 1.14 14.0 2 .0 0 .8 0 .0 11.0 36 .0
Steel balls 7 .24 9 .86 0 .63 20.0 0 .0 0 .8 0 .0 0 .0 19.0

° The ester determ ination was m ade on the  hydrogenated p roduct: 28 ¿  4 per cent of the ester had been hydrolyzed during  th e  various operations.
b T he d a ta  on th e  nickel cata ly st should not be compared 

in to’gaseous products.
with th a t on the  o ther catalysts because 35 to 45 per cent of the  aldehyde was decomposed
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and acetic acids, the rather constant yield of caproic acid, and 
the large yield of caproic acid almost free of acetic and butyric 
acids over glass beads indicate th a t the acetic and butyric 
acids are produced by a similar mechanism (i. e., as in Equa­
tions 1  and 2) while caproic acid is formed by an entirely 
different chain of reactions. I t  may be recalled th a t a 
similar conclusion was drawn in the previous paper (2) on the 
basis of the relative yields of hexyl alcohol and caproic acid.

P r e f e r e n t i a l  R e d u c t i o n  o f  C r o t o n a l d e h y d e

Through an oversight, there was not presented in the 
previous paper any evidence in support of the occurrence of

F ig u h k  4 . I I i g h - P h e s s u r e  L a b o r a t o r y

Feed pum p, vaporizer, cata ly st cham ber, condenser, and receiver repre­
sented in  Figures 1 and 2 are in  righ t background. H ydraulic pum p for 
compressing gas in  ta ll cylinders and tw o outfits for hydrogenation in batch 
lots shown in foreground.

the reaction there listed as V III. This reaction involved the 
reduction of an aldehyde group by alcohol as indicated for 
crotonic aldehyde and ethyl alcohol:

CH3CH=CHCHO + CsH-OH =
CHsCH=CHCH,OH + CHjCHO (3)

T hat this reaction does occur over a zinc-chromium oxide 
catalyst was shown in the following experiment: A solution 
containing one part of crotonaldehyde to 2 parts of ethyl 
alcohol was passed a t the rate  of 270 ml. per hour over 30 ml. 
of zinc-chromium oxide ¡xhets a t 300° C. under a pressure of 
200 atmospheres of hydrogen. The product was fractionated, 
and in one experiment 27 grains (boiling point 115-120° C.) of 
a product were obtained. This material had a refractive 
index, n s° of 1.4235. The value given in the In ter­
national Critical Tables (a) for crotonyl alcohol is 1.4240. 
This value would indicate th a t the product (boiling point 
115-120° C.) was rather pure crotonyl alcohol. However, 
when it was subjected to hydrogenation over nickel, the 
hydrogen absorption was 83.5 per cent as great as it should 
have been for pure crotonyl alcohol. This determination 
may well have been several per cent in error, bu t the value 
shows conclusively th a t the product was not pure crotonyl

alcohol. The calculated refractive index for crotonyl alcoho 
is 1.4263 n 2S. The value given in the International Critical 
Tables (5) for n-butyl alcohol is 1.3993 n a| .  If the im purity 
in the sample of crotonyl alcohol is butyl alcohol, and the 
variation in refractive indices of mixtures of the two alcohols 
is a linear function of the percentage composition, then the 
sample of crotonyl alcohol under consideration was approxi­
mately 90 per cent pure. The first premise noted above is 
justified by the fact th a t the reduction product of the mixture 
had the correct boiling point for n-butyl alcohol and gave a 
dinitrobenzoate having the correct melting point—63° C. 
The 3, 5-dinitrobenzoate prepared from the sample of un­
saturated alcohol had a melting point of 58-59° C. A deter­
mination of the melting point of a  mixture of this compound 
with the dinitrobenzoate of butyl alcohol showed a melting 
point of 51-53° C. The above data  indicate th a t the sample 
of crotonyl alcohol obtained was from 80-90 per cent pure, 
containing 10  to  20 per cent of n-butyl alcohol which boils 
only 2-3° C. lower than does the unsaturated alcohol. I t  ap­
pears th a t the true refractive index of pure crotonyl alcohol 
is somewhat higher than the value recorded in the In ter­
national Critical Tables. The yield of crotonyl alcohol was 
18 per cent, based upon the am ount of crotonaldehyde passed 
over the catalyst.

P r e p a r a t i o n  o f  C a t a l y s t s

The catalysts containing chromium and either copper, 
zinc, manganese, magnesium nickel, silver, cobalt, or cadmium 
were prepared by the decomposition of the ammonium 
chromates as patented by Lazier and described elsewhere (1). 
The ammonium chromates of magnesium, silver, and cadmium 
did not decompose spontaneously but required continual 
heating in order to complete the decomposition. Sodium 
sulfate was incorporated into the zinc-chromium oxide by

F ig u r e  5 . D is t il l a t io n  C u r v e s  f o r  A c id s  O b t a i n e d  f r o m  
A c e t a l d e h y d e  o v e r  C e r t a in  C a t a l y s t s

D otted  portions indicate weights of residue not volatile a t highest tem pera­
tu re  indicated on curve.

adding an aqueous solution containing 5 grams of it to 100 
grams of the zinc-chromium oxide. The catalyst containing 
iron-chromium oxide was made according to  the general 
method, except th a t the solution was heated to  90° C. in order 
to  secure a more completely precipitated chromate. The 
copper ammonium vanadate was prepared by adding a solu­
tion containing 1 mole of copper n itra te  to  a hot solution 
of 1 mole of ammonium m etavanadate. The dried pre­
cipitate was decomposed by heating. The copper am­
monium m olybdate was precipitated by mixing solutions 
containing equimolecular quantities of copper n itra te  and
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ammonium molybdate. The dried, green precipitate was 
readily decomposed. I t  was washed with a 10 per cent 
solution of acetic acid. The catalyst containing barium was 
prepared as described elsewhere (5). Chromium oxide was 
prepared by the decomposition of ammonium dichromate.

ICM»S>

F i g u r e  6 . D i s t il l a t io n  C u r v e s  f o r  N e u t r a l  C o m p o u n d s  
O b t a in e d  f r o m  A c e t a i .d e h y d e  o v e r  C e r t a in  C a t a l y s t s

D otted  portions indicate weights of residue not volatile a t  highest tem pera­
tu re  indicated  on curve.

All of the above catalysts were compressed into pellets and so 
placed in the catalyst chamber. The glass beads used were
6.4 mm. in diameter, while the steel balls were of a similar 
size and were such as are used for ball bearings. They had 
been etched with hydrochloric acid and thoroughly washed.

■ C o m p o s i t i o n  o f  C o p p e r - C h r o m i u m  O x i d e  C a t a l y s t s . 
The copper in the catalysts as placed in the chamber was in the 
divalent state. However, under the conditions of the reaction 
i t  was ahnost immediately reduced to  the metallic sta te (4). 
I t  is probable th a t in some other cases one or more components 
of the catalyst were reduced during their use.

S u m m a r y

A study has been made of the condensation of acetaldehyde 
a t 360° C. and 200 atmospheres pressure, over oxide catalysts

containing (1 ) chromium; (2) chromium and either copper, or
(3) cadmium, or (4) silver, or (5) cobalt, or (6) zinc, or 
(7) magnesium, or (8) iron, or (9) manganese, or (10) nickel;
(1 1 ) copper and either vanadium, or (12 ) molybdenum; 
(13) copper, barium, and chromium; and (14) zinc, chromium, 
and sodium sulfate. Steel balls and glass beads were also used 
as contact reagents.

All of these contact reagents bring about the formation of 
similar am ounts of n-butyl alcohol so th a t it appears th a t 
almost any surface a t 360° C. will cause the aldol reaction on 
which depends the formation of the precursors of butyl 
alcohol. All the contact reagents, except the glass beads and 
steel balls and the catalyst containing nickel, gave similar 
am ounts of caproic acid. The glass beads gave almost twice 
as much caproic acid as any other contact mass, while steel 
balls showed no activity  in this respect. The amounts of 
esters produced over the catalyst varied more than seven fold. 
Disregarding the esters in the nonvolatile portion, the yields of 
acetic and butyric acid varied from a to tal of 0.8 to 38.7 grams. 
The catalyst containing copper and chromium was by far the 
most active for the production of esters, while those containing 
cadmium or silver with chromium were rather active in this 
respect.

The yield of high-boiling resins was particularly large over 
catalysts containing magnesium or manganese. The intro­
duction of barium or sodium sulfate into a catalyst increased 
the yield of these high-boiling tars.

I t  has been dem onstrated th a t an aldehyde group in an un­
saturated aldehyde (crotonic) can be reduced to a carbinol 
group through the use of an alcohol (ethyl) w ithout 
hydrogenating the alkene linkage to  any considerable extent.
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Effect of Gold-Rolling and Annealing on 
Solubility of Cartridge Brass in Chromic Acid

J o seph  D . P a r e n t , Rensselaer Polytechnic Institute, Troy, N . Y .

I T  WAS not until recently th a t any work had been done on 
the corrosion of brass with regard to its relation to grain 
size, or mechanical and thermal treatm ent. Although a 

limited am ount of information is available, i t  presents a  wide 
variation both in actual results and in theoretical discussions 
and conclusions. Probably the most notable work has been 
carried out by Bassett (1, 3), Lasehe (6'), Haas (5), and 
Davidenkov and Bugakov (3). The last-named authors have 
just published what appears to be the first attem pt to corre­
late physical properties with corrosion losses.

I t  has been the experience of various investigators on 
plotting the physical properties of a-brass against the degree 
of cold work, th a t there is a critical region in which the curves 
suddenly change in slope, and then continue again as before. 
Davidenkov and Bugakov (S) have shown th a t the curve 
expressing the solubility in nitric acid plotted against the
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F iG U n E  1. E s s e n t ia l  P a r t s  o f  A p p a r a t u s  f o r  
C o r r o s io n  T e s t s

degree of cold-rolling exhibits the same characteristic. Sub­
sequent annealing a t 200° C. removed the break in the 
solubility and hardness curves. These authors also measured 
the inner stresses and showed th a t the peculiarity exhibited by 
the above-mentioned curves is due to  this factor.

The effect of grain size on the corrosion rate  has been 
investigated by Desch and W hyte (J) and several, others, but 
in practically all cases the m aterial investigated lay in the 
(a  +  ¡3) region. Their results are not concordant. As far as 
can be ascertained, no investigation has been carried out on 
the effect of variation of grain orientations. Moreover, the 
effect of annealing is quite indeterminate, as results from 
different sources do not agree.

The m aterial used in this investigation was cartridge brass 
in sheet form, having the following chemical composition: 
66.75 per cent copper; 33.09 per cent zinc; 0.12 per cent lead;
0.04 per cent iron. I t  consisted therefore of a single phase, 
the a-solid solution. The m aterial had been annealed at 
600° C. in order to  free it from the effects of working, and was 
afterwards cold-rolled until the following reductions in thick­
ness were effected in different samples: 0, 6, 10, 19, 27, 37, 
49, 60, and 67 per cent. These samples were numbered from 
1 to  9, and divided into three series. The first series was not 
subjected to any further treatm ent; the second was annealed 
for 30 minutes a t 450° C., and the third for 30 minutes a t 
800° C.

P r o c e d u r e

S o l u b i l i t y  D e t e r m i n a t i o n s . Specimens used here were 
approximately 5.0 cm. long and 2.5 cm. wide. They were 
polished with No. 1 and No. 0 emery paper, and cleaned first 
with soap and water and then w ith alcohol. The corroding 
medium employed was an aqueous solution containing 50 
grams N a2Cr207'2H20  and 35 cc. concentrated sulfuric acid 
(sp. gr. 1.84) per liter. Two liters of this were used for each 
run, each sample being run separately. The decrease in 
active constituents during the complete test period amounted 
to 1.5 to 2 per cent.

A weighed sample of known dimensions was set in a glass 
stirrer below the surface of the solution, and the stirrer set in 
motion by a motor. The sample was cleaned, dried, and 
weighed after exposures of 20, 40, 60, and 80 minutes. The 
tem perature was kept a t 20.0° =*= 0.1 ° C.

The essential parts of the apparatus used are shown in 
Figures 1 and 2. The regulator reservoir was filled with 
toluene and the U-tube w ith mercury. The heating element 
was a 100-watt lamp. The stirrer in the corroding solution 
was made of glass, and th a t in the outer bath, of copper tub­
ing. The glass stirrer, in which the sample was set, had small 
glass prongs to keep the sample from slipping out.

The Rockwell hardness, grain size, and grain orientations 
were then determined for each sample. The first two were 
ascertained by the usual methods. The 
grain orientations were determined by 
one of Tam m ann’s methods {8-11) as 
subsequently described.

G r a i n - O r i e n t a t i o n  D e t e r m i n a ­
t i o n s . Lattice planes of different in­
dices lie in the polished surface of a 
m etal conglomerate if the grains are 
oriented a t random. On etching this 
surface there arise very minute etching 
pits or hills whose boundaries are squares 
on cube planes, triangles on octahedral 
planes, and furrows on dodecahedral 
planes. If one illuminates this surface 
under the microscope with oblique in­
cident diffuse light, some grains appear 
dark and others light. On rotating  the F i g u r e  2. S t ir r e r  
specimen about the axis of the micro­
scope tube, the positions of these bright and dark areas inter­
change. All grains are found to reflect either two, three, or 
four times on one complete revolution, depending on whether 
there are dodecahedral, octahedral, or cube planes lying in 
the surface.

On etching, the planes of higher indices are quickly cleared 
off, leaving lattice planes which are more densely packed. 
On these, almost the same etch figures result so th a t the 
reflection produced on rotation is the same as for cube, octa­
hedral, or dodecahedral planes. Thus, etch figures of cube 
planes would arise on all tetrahexahedral planes with the 
indices varying from (100) to (210 ), whereas on those between 
(210 ) and (1 10 ) the etch figures of the dodecahedral plane 
would be formed. All the planes would be distributed among 
the three chief classes as follows:

318
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One cannot therefore find out the exact crystallographic 
planes lying in the surface, b u t one may determine to which 
of the three classes they belong. To determine the orienta­
tion numerically, one need only count how m any of a given 
number of grains reflect two, three, or four times on rotating 
360° as described above.

Table I  indicates the results of these tests.

T a b l e  I. R e s u l t s  o p  O r i e n t a t i o n  T e s t s

S a m p l e

IB  (0)“

SC (0)
6B (0)
7B (0)
8C (0)
9C (0)
1C (450)
2B (450)
3C (450)
4C (450)
5B (450)
6C (450)
7C (450)
8B (450)
9B (450)
1C (800)
2B (800)
3C (800)
4C (800)
5B (800)
6C (800)
7B (800)
8C (800)
9C (800)

°  T he num bers in  parentheses ind icate  tem pera tu re  of annealing in  ° C.; 
0 indicates no annealing.

The results of the corrosion tests are embodied in Figure 3, 
while Figure 4 shows the hardness and grain-size measure­
m ents as well as those of the corrosion. From the graphs it is 
evident th a t the series annealed a t  S00° C. is more resistant to 
corrosion than the two other series. Also, the critical range 
in the unannealed series, as mentioned by Davidenkov and 
Bugakov (3), is noted here in the solubility and hardness 
curves. Likewise it  m ay be seen th a t below the critical range 
of 20 to  30 per cent reduction, the series annealed a t 450° C. 
is more soluble than  th a t which was not annealed; beyond 
this range the order is reversed, so th a t in this region the 
higher the tem perature of annealing, the greater is the resist­
ance to  corrosion.

There is no break in the grain-size curve in the critical 
region, so th a t there m ust be a change of some sort in the 
physical nature of the grains. Moreover, there is no break 
in the curves of the annealed series in this range.

The solubility and hardness curves of the series annealed a t 
450° C. show a change in direction in the range of 5 to  10  per 
cent reduction. From  the grain-size curve and from micro­
scopic observation i t  is seen th a t recrystallization has barely 
started  in this region, b u t th a t beyond this it is complete. 
The increase in solubility here m ay be attribu ted  to an 
electrochemical acceleration due to  the voltaic effects arising 
from the difference in solution pressures of the large and small 
grains, the la tte r being the equiaxed grains formed on re­
crystallization. This is not due intrinsically to the shape or 
size of the grains, b u t rather to  the fact th a t the small grains 
are unstressed and the large ones are stressed.

The proof th a t the large ones are stressed lies in the fact 
th a t annealing a t  a higher tem perature causes further grain 
refinement. I t  is quite logical to  assume th a t the stressed 
material, having a higher energy content, would be more
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es in d icate  tem perature of annealing

soluble. This is why the solubility decreases beyond the 
critical range with the increase in annealing temperature.

There are no breaks in the curves for the series annealed a t 
S00° C. The values on the solubility curve are inclined to be 
somewhat erratic. This is possibly due to overheating, the 
sample not being chemically homogeneous because of the 
appearance of the /3-phase a t th a t elevated temperature. 
The mode of corrosion noted here is different from th a t noted 
elsewhere; there is considerable surface pitting and a small 
am ount of dezincification. I t  is the experience of von 
Schwarz {12) th a t coarse grains in a-brass are favorable to 
this type of corrosion. Likewise, several other investigators
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have found th a t this overheated m aterial gives erratic results 
in corrosion tests.

The only peculiarity of the corrosion curves remaining 
unexplained is the region up to 10 to 15 per cent reduction in 
the unannealed series. W hat changes here is the grain 
orientation. I t  is seen th a t a curve representing the percent­
age of dodecahedral planes in the plane of rolling, which is 
also the surface exposed to the corroding medium, would be 
parallel to the solubility curve. T hat this would suffice to 
cause differences in solubility is recognized by mineralogists. 
Some crystal faces offer a much more marked resistance to 
etching than others.

I t  is true th a t the same type of orientation change is noted 
in the other series w ithout much effect, bu t i t  m ust be re­
membered th a t the conditions of stress, etc., which probably 
are more influential factors, are quite different.

Several of the results obtained differ from those previously 
published for a-brass, bu t it should be borne in mind not only 
th a t materials of different chemical composition, bu t also, 
different corroding media, and varying sizes of samples, etc., 
have been used. Until all factors of importance are standard­
ized, no hope of completely checking results and conclusions 
can be entertained (7).

In conclusion, it m ay be stated, regarding corrosion work 
of this sort, th a t the grain size in itself gives no indication of 
the corrosion loss to be expected. The factors of importance 
are: inner stresses; chemical homogeneity; physical homo­
geneity; and orientation of the grains.
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Impure Iron Oxide as a Rubber Pigment
I. Effect of Ferric Sulfate 011 Cure and Aging of Rubber

J o s e p h  W. A y e r s , C. K. Williams and Company, Easton, Pa.

C o m m e r c i a l  ferric ox­
ide, commonly used as 
a coloring agent of red, 

tan , and brown rubber stock, 
invariably contains a small per­
centage of soluble ferric sulfate. 
The am ount present varies from
0.005 to 4 per cent, depending 
upon the method used in the 
m a n u f a c tu r e  of the f e r r i c  
oxide.

M a n u f a c t u r e  o f  I r o n  O x i d e

Oxidation reactions which

Crystal ferrous s u l f a t e ,  re­
claimed from waste-steel pickling 
liquors, is oxidized in  rotary  kilns, 
take place in  the kiln are not completely understood, b u t i t  is 
supposed th a t part of the ferrous sulfate is first converted to 
the basic sulfate and then to ferric oxide with the formation 
of sulfur trioxide and sulfur dioxide. Some of the unde­
composed ferrous sulfate is then oxidized by the sulfur tr i­
oxide and oxygen to  ferric sulfate, which is then converted to 
ferric oxide and sulfur trioxide.

Complete conversion of the ferric sulfate to the ferric oxide 
is not commercially possible w ithout harmfully affecting the 
color and brilliance of the pigment. After calcination, the 
remaining soluble salts are removed by décantation with water. 
P a rt of the ferric sulfate is adsorbed by the ferric oxide, and 
great difficulties are encountered in  washing out the last 
traces of this salt.

The detrim ental effects of ferric sulfate are overcome by 
treating  the oxide with sodium carbonate as shown in the 
following experiments.

The traces of free ferric sulfate present in 
oxide of iron are shown by experiment to cause 
accelerated aging of rubber. This impurity 
markedly retards the rate of cure. Oxide of iron, 
treated with sodium carbonate in solution to 
change the soluble ferric sulfate to insoluble 
ferric carbonate, shows good aging properties and 
a high rate of cure. Aggregates of oxide of iron 
caused by ferric sulfate during its manufacture 
increase in frequency and size, and the color 
value of the pigment decreases as the percentage 
of retained ferric salt increases.

M e t h o d s  o f  T e s t  

All compounds were milled on
a Farrell-Birmingham l a b o r a ­
tory  experimental mill. Care 
was taken th a t each batch was 
milled for e x a c t ly  th e  sa m e  
length of time and also cut back 
the same num ber of tim es on 
the rolls.

M aster b a tc h e s  of all com­
pounds were first milled, to  which 
the color and accelerator were 
added just previous to  cure.

A standard 6 X G inch four- 
cavity mold w'as used in curing 

the test slabs. An insulated press with cast-iron platens with 
automatic recording tem perature and pressure gages was 
used, the surface of the platens having previously been tested 
for uniform heat transfer wdth a  thermocouple.

All cured slabs -were kept a t an even tem perature and 
hum idity for 24 hours before breaking on a Scott testing 
machine. The elongation was taken visually from a measur­
ing tape, the rate of elongation being 20 inches (50.8 cm.) per 
minute.

A g i n g  T e s t s . Uniform oxygen pressure 300 pounds per 
square inch (2 1 .1  kg. per sq. cm.) was supplied from an oxy­
gen cylinder to  a standard Bierer-Davis bomb, completely 
submerged in a therm ostatically controlled circulating water 
bath  a t  60° C.

Circulating air was supplied to  a standard Geer oven by an 
electric fan, the oven being electrically heated to  70° C. and 
therm ostatically controlled.

C o n t r o l  T e s t s . Cure curves were run on all compounds
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T a b l e  I .  E f f e c t  o f  F e r r i c  S u l f a t e  i n  B o m b  A g in g  T e s t s  (S e r i e s  I )
F erric E longa­ A fter  A gino E longa­ A fter  A gino E longa­ A fter  A ging E longa­

S ulfate B efore  A oing tio n 24 H ours tio n 48 H ours tio n 72 H o urs tio n

% K o./cm .1 ( L b ./in .*) % K g./cm .1 (L b ./in .*) % K g./cm . * (L b ./in A) % K g./cm .1 (L b ./in .1) %
Norm al 206 (3075) 770 224 (3282) 730 231 (3278) 667 206 (2930) 650

0 .5 0 201 (2885) 765 249 (3535) 706 220 (3120) 636 250 (3550) 653
1.00 209 (2970) 718 250 (3547) 686 249 (3540) 636 243 (3460) 580
2 .5 0 197 (2800) 751 199 (2820) 686 236 (3355) 673 240 (3410) 646
6 .0 0 158 (2250) 686 203 (2885) 630 215 (3055) 640 208 (2950) 636

T a b l e  II. E f f e c t  o f  S o d iu m  C a r b o n a t e  i n  B om b  A g in g  T e s t s  ( S e r i e s  I)
S o d iu m E l o n g a ­ A f t e r  A g in o E l o n g a ­ A f t e r  A g in g E l o n g a ­ A f t e r  A gin g E l o n g a ­

C a r b o n a t e B e f o r e  A g in g t io n 24 H o u r s t io n 48 H o u r s t io n 72 H o u r s t io n

% K g./cm .1 (L b ./in .1) % K g ./cm .1 (L b ./in .1) % K g./cm .1 (L b ./in .1) % K g ./cm .1 (L b ./in .1) %
0 .0 3 205 (2910) 770 254 (3730) 740 254 (3610) 683 278 (3955) 683
0 .1 0 205 (2910) 750 257 (3650) 736 268 (3810) 693 270 (3835) 683
0 .6 0 221 (3143) 755 244 (3475) 743 265 (3760) 686 275 (3900) 683
2 .0 0 210 (2980) 778 252 (3580) 713 262 (3715) 680 267 (3790) 653

used in tliis work to determine the optimum point of each. 
The hand-tenr test was not applied. Curing times sufficient 
to bring the stock to the point ju st below the optimum were 
chosen.

The aging tests were grouped into two series—namely, the 
sulfate series and the carbonate series.

i „  2 4 0

- ° uCOZ 2 0 0
zu i x
U JK  (3

w 160

i.0% _________ __

iX C jj o %
^ - < óntrol

Xa...... ....

F i g u r e  1.

24 48 72
HOURS IN BOMB

E f f e c t  o f  I n c r e a s in g  P e r c e n t a g e s  o f  
F e r r i c  S u l f a t e  ( S e r i e s  I )

F i g u r e  2 .

24 48 72
HOURS IN BOMB

E f f e c t  o f  I n c r e a s in g  P e r c e n t a g e s  o f  
S o d iu m  C a r b o n a t e  ( S e r i e s  I )

Oxide of iron 
Silicon dioxide 
A lum ina
T o tal soluble sulfates“ 
Copper

%
9 9 .1 5

0 .2 9
0 .10
0 .1 3
0 .0 0 4 2

M anganese 
Calcium  oxide 
M agnesium  oxide 
"Water

%
0 .0 2 2 7
0 .1 4 6
0 .0 2
0 .2 8

“ Includes salts of magnesium and  calcium  from  wash w ater.

S e r i e s  I

The following standard blanc-fixé red oxide of iron tube 
compound was chosen for the first series of experiments:

Grams 
66.00  

3 .5 0  
3 .0 0  

2 4 .0 0
C ure, 8 m inutes: 4.2 kg. per sq. cm. (60 lb. per sq. in.).

Pale crepe 
Zinc oxide 
Lithopone 
Blanc fixé

Stearic acid 
Sulfur 
C aptax 
Oxide of iron

Grams
0 .5 0
1 .6 2 5
0 .7 5
2.00

The use of Captax as an accelerator might be criticised be­
cause of its good aging characteristics which might offset any 
slight deteriorating effect of the ferric sulfate present in the 
oxide of iron. This compound represents p lant practices 
and was chosen for this reason.

Bomb aging tests were run on the above compound a t 60° C. 
and 21.1 kg. per square centimeter (300 pounds per square 
inch). The results are shown in Table I and Figure 1.

Four samples of oxide of iron were treated with solutions of 
increasing concentrations of ferric sulfate, after which they 
were dried, repulverized, and compounded into the above tube 
stock. The am ount of ferric sulfate present in each oxide, as 
indicated in Table I, was calculated on the weight of the 
oxide of iron present in the compound, and includes the 
am ount of ferric sulfate present in the oxide of iron as shown in 
the analysis above.

The control samples were run through the laboratory a t 
the same time as the prepared samples so th a t all associated 
test batches were subjected to the same conditions.

A standard red oxide of iron of the following analysis was 
chosen for the experiments:

F ig u r e  3 . E f f e c t  o f  I n c r e a s in g  
P e r c e n t a g e s  o f  F e r r i c  S u l f a t e  
(S e r i e s  I I )

Sample 4 containing 6 per cent ferric sulfate, calculated on 
the weight of the oxide of iron, equal to 0.1 per cent of the 
to ta l weight of the compound or 0.18 per cent of the weight of 
the rubber present, caused a marked retardation of cure and 
also a decrease in tensile properties after 72 hours of bomb 
aging.

The same oxide of iron was treated with solutions of sodium 
carbonate of varying concentrations, after which they were 
washed, dried, repulverized, and incorporated in the tube 
compound. In  this m anner the soluble ferric s u l f a te r a s
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24 48HOURS IN BOMB
F ig u r e  4 .  E f f e c t  o f  I n c r e a s in g  

P e r c e n t a g e s  o f  S o d iu m  C a r b o n ­
a t e  (S e r i e s  I I )

T a b l e  III. E f f e c t  o f  F e r r i c  S u l f a t e s  i n  B o  j ib  
A g in g  T e s t s  ( S e r i e s  II)

E l o x - E lox-
F e r r ic

S u l f a t e Be f o r e  A g in g
CA­

TION
A f t e r  A g in g  

24 H o u r s
OA-

TION
A f t e r  A g in g  

48 H o u r s

%
K g ./
cm .2

(L b ./
in .2) %

K g ./
cm .2

(L b ./
in .2) %

K g ./
cm .2

(L b ./
in .2)

No ferric 
oxide 322 (3154) 755 235 (3340) 765 33 (430)

Ferric
oxide
com­
pound 278 (3995) 720 185 (2635) 700
0.02 179 (2535) 665 156 (2213) 660
0.10 148 (2100) 675 122 (1735)

(950)
665 ,.

1.50 112 (1590) 700 67 615 « • •
4.00 73 (1035) 715 36 (510) 670

E lon-
QA-

TION

%
450

T a b l e  IV. E f f e c t  o f  S o d iu m  C a r b o n a t e  i n  B o m b  
A g in g  T e s t s  ( S e r i e s  II)

S o d iu m  
Ca r-

BONATE

%
0.03
0.10
0 .60
2 .0 0

E l o n -
GA-

B e f o r e  A g in g  t io n
A f t e r  A g in g  

24 H o u r s

K g ./
cm .2
285
27S
290
271

{Lb ./
in .2)

(4055)
(3950)
(4255)
(3S50)

%
712
705
697
615

K g ./
cm .2
256
250
262
200

(L b ./
in .2)

(3630)
(3555)
(3720)
(2850)

E l o n ­
ga ­
t io n

%
705
695
675
585

E l o n - 
A f t e r  A g in g  g a - 

48 H o u r s  t io n  
K g ./  (L b ./ 
cm.2 in .2) %

32 (430) 295
50 (720) 395
36 (510) 280

121 (1720) 490

S e r i e s  II

A second series of tests was run, using a standard D . P. G. 
test compound having poor aging characteristics to  exaggerate 
the deteriorating properties of ferric sulfate:

Grams
R ubber 100.00
Zinc oxide 5 .00
Sulfur 4 .00
D. P . G. 0 .75
Oxide of iron 25 .00

Cure, 60 m inutes: 2.7 kg. per sq. cm. (38 lb. per eq. in.).

This compound was first bomb aged, leaving out all oxide of 
iron. No attem pt was made to  substitute another filler for 
the oxide.

Four samples of oxide were treated with ferric sulfate and 
four with sodium carbonate as in series I. The am ount of 
ferric sulfate present in each oxide sample as indicated in 
Table I I I  was calculated on the weight of the oxide of iron 
present in the compound and includes the am ount of ferric 
sulfate present in the oxide of iron as shown in the analysis 
above.

converted to insoluble ferric carbonate. The percentage of 
sodium carbonate in the prepared samples is the analyzed 
alkalinity of each. Excess sodium carbonate is unquestion­
ably responsible for some of the accelerated cure shown in the 
data. High percentages of sodium carbonate were used in 
samples 3 and 4 to determine the effect of a large excess of this 
material.

These four samples were bomb aged, the results of which 
are shown in Table I I  and Figure 2.

The results show an acceleration of cure and an average 
tensile strength of 19 kg. per square centimeter (270 pounds 
per square inch) higher than the same oxide containing only 
traces of ferric sulfate.

</) 
z
I -  ' D U  IU U  IDU

HOURS IN OVEN
F ig u r e  6 . E f f e c t  o f  I n c r e a s in g  P e r c e n t a g e s  o f  

S o d iu m  C a r b o n a t e  (O v e n  A g i n g )

The percentage of sodium carbonate in the prepared samples 
is the analyzed alkalinity of each.

Each sample wras incorporated in the test compound and 
bomb aged. The results are shown in Tables I I I  and IV and 
Figures 3 and 4.

ce 
I- 
14

150
HOURS IN OVEN

F ig u r e  5 . E f f e c t  o f  I n c r e a s in g  P e r c e n t a g e s  o f  
F e r r i c  S u l f a t e  (O v e n  A g in g )

uj

to
z
UJ
H

4 0

The oxide treated with sodium carbonate moved towards 
the  stress axis of the stress-strain curve as indicated by the The results show marked retardation of cure and accelerated
comparative elongation figures in Tables I  and I I . aging with increasing percentages of ferric sulfate. The oxide
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of iron treated  with sodium carbonate is similar in age resist­
ance to the stock containing no oxide of iron, and the accelera­
tion of cure was very  apparent after 72 hours in the bomb.

The same tests were repeated in the Geer oven a t  70° C. for 
50, 100, and 150 hours. The results are shown in Tables V 
and YI, and closely parallel the bomb tests.

T a b l e  Y. E f f e c t  o f  F e m u c  S u l f a t e  i n  O v e n  A g in g  T e s t s

F erric E longa­ A fter  A qino E longa­ A ft e r  A ging E longa­ A fter  A ging E longa­
S ulfate B efo r e  A ging tio n 50 H ours tio n 100 H ours tio n 150 H ours tio n

% K g ./cm * (Lb./in.*) % Kg./cm.*! (L b ./in .*) % Kg./cm .* (Lb./in.*) % Kg./cm .* (.L b . / in *) %
No ferric oxide 221 (3145) 755 254 (3615) 715 240 (3540) 675 210 (2980) 625
Ferric  oxide

compound 280 (3995)
(2535)

720 256 (3640) 730 238 (3770) 740 198 (2810) 710
0 .0 2 178 665 214 (3045) 685 229 (3230) 670 121 (1715) 620
0 .1 0 148 (2100) 675 151 (2145) 665 150 (2140) 640 69 (9S0) 565
1 .5 0 112 (1590) 700 113 (1600) 685 112 (1590) 660 27 (386) 520
4 .0 0 73 (1035) 715 45 (640) 540 105 (1500) 570 2 .6 (37) 385

T a b l e  VI. E f f e c t  o f  S o d iu m  C a r b o n a t e  i n  O v e n  A g in g  T e s t s

S o d iu m E l o n g a ­ A f t e r  A g in g E l o n g a ­ A f t e r  A g in g E l o n g a ­ A f t e r  A g in g E l o n g a ­
C a r b o n a t e B e f o r e  A g in g t io n 50 H o u r s t io n 100 H o u r s t io n 150 H o u r s t io n

% Kg./cm .* (Lb./xn.*) % Kg./cm .* (Lb./in.*) % Kg./cm .* (Lb./in.*) % K g./cm *  (Lb./in.*) %
0 .0 3 286 (4055) 712 294 (4040) 735 278 (3950) 630 198 (2810) 660
0 .1 0 378 (3950) 705 291 (4125) 697 286 (4050) 675 166 (2360) 610
0 .6 0 300  (4255) 697 301 (4280) 680 276 (3925) 640 165 (2350) 575
2 .0 0 271 (3850) 615 242 (3440) 620 273 (3880) 680 183 (2600) 530

II. Cause of Aggregation and Poor D ispersion of Oxide of Iron in Rubber
F IN E L Y  divided oxide of iron suspended in w ater is 

very sensitive to the pH  value of the water. Slight 
acidity will cause cohesive tension between the 

particles, aggregation, and rapid settling. Conversely, slight 
alkalinity will cause the fine particles to stay  in suspension.

High percentages of ferric sulfate, which ionizes with a 
strong acid value, are present in iron oxide in the process of 
m anufacture until after washing (having previously gone 
through the processes of grinding and élutriation).

E x p e r i m e n t a l  P k o c e d u b e

Oxide of iron not thoroughly washed will aggregate in the 
washing and settling tanks. These aggregates reduce the 
color value of the pigment and, when incorporated in rubber, 
will cause poor dispersion and act as nuclei for the formation 
of larger aggregates.

Five samples of oxide of iron were taken from process. 
Each sample contained soluble ferric sulfate. Four of the 
five samples were washed to  remove p art of the soluble salt. 
In  this manner, samples containing 0.01, 0.05, 1.0, 2.5, and
6.0 per cent ferric sulfate were retained. They were dried 
and pulverized, and incorporated into the blanc-fixé tube 
compounds given in P a rt I . Microsections were taken from 
each stock by the Allen m ethod (1 ) and examined micro­
scopically. The results of the investigation are shown by the 
photomicrographs in Figure 1 .

A shows oxide of iron containing 0.01 per cent ferric sulfate. 
The frequency of aggregates is high, but their relative size is 
small. B is the same as A a t 500 diameters. This gives a clear 
picture of the character of the aggregates present. C, D, E, 
and F show the effect of increasing percentages of ferric sulfate. 
The number of aggregates in F is more than twice as great as 
in A; the aggregates in F are much larger than those in A. 
This is clearly shown by comparing B and G. The sharp 
definition of the edges of the aggregates, particularly those in 
G, indicate tha t they act as individual particles ana tha t the 
cohesive tension between the small particles making up the 
aggregate is very high. They are not broken down during the 
milling of the rubber.

D i s c u s s i o n  o f  R e s u l t s

I t  is possible th a t the softening effect of oxide of iron when 
milling i t  in rubber m ay be due to  the presence of a large 
percentage of aggregates as shown in the photomicrographs. 
These aggregates have sharp and irregular edges which tear 
apart the globular structure of the rubber.

The color-saturation point of the above oxide is reached a t 
2 per cent oxide of iron w ith the standard commercial grade of 
oxide chosen for this work. Any reduction in the coloring or 
tin ting  value of the pigment due to  aggregation would be 
shown by apparent fading of the stock.

If slightly increasing percentages of color are added to  a 
given compound, from 0 to 10  per cent for example, i t  will be 
found th a t a point will be reached a t which addition of more

->5%: . IS vr y
T - '•V -
> .**• $ 2  .. V .*  -
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A. 0.01 per cent ferric sulfate (X  100) B. 0.01 per cent ferno  sulfate (X  500) C. 0.05 per cent ferric su lfa te  (X  100)

F ig u r e  1 . E f f e c t  o f  F e r r i c  S u l f a t e  o n  F o r m a t io n  o f  A g g r e g a t e s
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D. Î.0  per cent ferric sulfate (X  100) E . 2.5 per cent ferrio sulfate (X  100)

♦ *  ■

F. 6.0 per cent ferric su lfa te  (X  100)

F i g u r e  1. E f f e c t  o f  F e r r i c  S u l f a t e  o n  F o r m a t io n  
o f  A g g r e g a t e s  ( Concluded)

' ;

Tr  v '
- v* W

G. 6.0 per cent ferric sulfate (X  500)

color will not improve the overtone and brilliance of the rubber 
stock. This point is conveniently called the saturation point. 
I t  m ay be a t 2, 3, or 8 per cent oxide of iron, depending on the 
hiding power of the other compounding pigments, on the color 
of the rubber, or reclaim, or the tinting value of the oxide 
of iron itself.

S  a m  p / a

S c r 7i p / e - ï

>3 a n yp/éi -3

z s t ü z l * • £

Co/or Value in  Percent 
F ig u r e  2 . E f f e c t  o f  F e r r i c  S u l f a t e  o n  C o l o r  V a l u e

The tinting value of a  pigment having a particle size greater 
than  the wave length of the corresponding color in the spectrum 
is proportional to the fineness of the color. Stated in another 
way, tinting value is proportional to  the specific surface of a 
unit weight of a pigment. The specific surface of an impal­
pable pigment is reduced by aggregation of the finer particles— 
the more aggregates present, the less the specific surface and 
the lower the tinting value.

Exam ination of the five stocks, containing increasing

amounts of ferric sulfate, for color showed the color to fade in 
proportion to the am ount of ferric sulfate present in the oxide. 
Sample 5 faded to such an entent th a t the stock was only a 
faint pink. The results are shown graphically in Figure 2.

S u m m a r y

1. Traces of ferric sulfate in oxide of iron will accelerate 
aging of rubber.

2 . Traces of ferric sulfate in oxide of iron will cut down the 
rate  of cure of rubber.

3. The Bierer-Davis bomb aging tests and the Geer oven 
tests lead to the same conclusions, although the stocks per­
form differently in each case.

4. By changing the ferric sulfate to ferrous carbonate with 
sodium carbonate in solution and washing out the residual 
sodium sulfate, the ferric sulfate is neutralized to an inactive 
salt.

5. Iron oxide aggregated by ferric sulfate will not break 
down on milling in rubber.

6. Increased aggregation reduces the specific surface and 
the coloring or tinting value of the pigment.

L i t e r a t u r e  C i te d  

(1) Allen, R . P., I n d . E n g . C h e m ., Anal. Ed., 2, 3X1 (1930).

R e c e iv e d  Septem ber 10, 1931. P resented  before the  Division of R ubber 
C hem istry a t  the  82nd M eeting of the  A m erican Chem ical Society, Buffalo, 
N . Y., A ugust 31 to  Septem ber 4, 1931. This paper gives results of work 
done a t  V. L. Sm ithers, Inc., Akron, Ohio.

N e w  W r a p p in g  M a t e r ia l  P r o d u c e d

A new wrapping material, known as Kodapak and manufac­
tured from cellulose acetate, is being produced by the Eastman 
Kodak Co. Kodapak differs from most transparent wrapping 
materials in that, instead of being derived from wood fiber, it is 
a cotton product made by the transformation of original cotton 
into cellulose acetate and finally into transparent, pliable sheeting. 
I t  has a brilliant glass-like clarity and a silvery appearance when 
crumpled. Its  limpness permits folding easily and neatly around 
corners of packages. I t  is readily cemented. Kodapak success­
fully withstands the action of liquid without softening or distor­
tion of shape, is highly transparent and colorless, has no tendency 
to become brittle m extreme cold, and will withstand high tem­
peratures without coloring.



Carbureting Values of Gas Oils and a New 
Method for Their Evaluation

A. H o lm e s ,  Standard Oil C o. o f  New Jersey, Elizabeth, N . J.

P R IO R  to the introduction 
of cracking processes into 
the petroleum industry, 

little difficulty was experienced 
by the gas companies in secur­
ing gas oils satisfactory for the 
carburetion of water gas. Sub­
sequently, however, a definite 
competition developed between 
g as  c o m p a n ie s  a n d  refiners 
operating cracking equipment 
for the paraffinic g as  o ils ,  the 
stocks best suited for gas-mak­
ing purposes being in greatest 
demand fo r  c r a c k in g .  This 
demand for oils of the same 
general quality by the two in­
terests resulted in the formula­
tion of specifications by the gas 
companies covering the quality 
of gas oil to  be delivered for gas- 
making purposes. Several such 
specifications are illustrated in 
Table I.

I t  w ill be n o te d  t h a t  th e  
quality of gas oil is in m ost cases

The attempts by the gas manufacturers to 
define the qualities which a gas oil should have 
in order to be suitable for carbureting water 
gas have not proved entirely satisfactory so fa r  
and, moreover, have resulted in the placing of 
restrictions which tend to prevent the use of en­
tirely satisfactory oils for this purpose. In  lieu 
of a satisfactory chemical method of analysis, 
the carbureting values of the oils are, in some 
instances, determined in a small carbureting 
apparatus in the laboratory, which is somewhat 
time-consuming. A  simpler method has been 
proposed for evaluating the carbureting value of a 
gas oil based upon specific gravity d, average 
boiling point T, and light dispersion II, of the 
oil. These factors combined in the form, 

T  (1 — d) d

the results to the use of a 300 
B .t .u .  blue gas when the heat­
ing v a lu e  of th i s  g as  v a r ie s  
from this figure, and e x p re s s ­
ing the gasification v a lu e  of 
the oil as the number of gallons 
r e q u ir e d  per 1000 cubic feet 
of finished gas having a heat­
ing value of 530 B. t. u. per cubic 
foot.

G r a v it y  a n d  B o il in g  R a n g e

H
give values which form a straight line on logarith­
mic paper when plotted against the gallons of oil 
required per 1000 cubic feel of finished gas.

described by gravity  and boil­
ing-point range. This does not give the control desired, and 
in m any cases works a hardship on both the gas manufac­
turers and the petroleum refiner.

The present work was undertaken in order to develop a 
method which would more definitely reflect the quality  in a 
gas oil desired by gas m anufacturers, thus perm itting the 
selection of satisfactory stocks which are barred by  present 
specifications, and would be of m utual benefit to all concerned. 
As a basis for this work, there existed a  laboratory carbureting 
method developed by the Brooklyn Union Gas Company and 
recently described in detail by M urphy (2) for evaluating gas 
oils by  using them in actual carburetion under laboratory 
conditions closely paralleling those existing in the plant.

Since the experience obtained w ith this apparatus in the 
present work has revealed no additional infonnation in regard 
to its operation, its  description will not be repeated here. 
However, the petroleum refiner is more interested in compara­
tive values, and from a series of tests i t  appears th a t the 
requisite inform ation for this purpose can be obtained by 
carrying out all the carbureting tests a t 1500° F., correcting

Of the various qualities which 
h a v e  b ee n  c i te d  in  specifica­
tions of gas oil, the gravity and 
the boiling range are the most 
indicative of its chemical com­
p o s i t io n ,  and therefore of its 
c a r b u r e t in g  value. G ravity  
alone has but little v a lu e  in 
c la s s i fy in g  gas oils, an d  the 
reason for attem pting to lim it to 
above 28° A. P. I. is not clear, 
since there are m any good oils 
having a much lower gravity. 
This is seen from the data  given 
in Table II.

The boiling range, on the other hand, has much greater 
significance. This m ust become apparent when it  is con­
sidered th a t, in carbureting, i t  is sought to break the oil 
down into the maximum to ta l heating value of gaseous 
products consistent with the gain in the heating value of 
the finished gas. This implies th a t the cracking is not 
extended so far as to  produce appreciable am ounts of hydrogen 
bu t stops with the production of the gaseous hydrocarbons. 
Obviously, in any one group of hydrocarbons, the larger the 
molecule, the greater should be the volume of the gaseous 
products capable of being produced from a given am ount of 
material. Since for any one series of homologous compounds 
the boiling point increases w ith the size of the molecule, then 
the higher the boiling point of an oil, the more desirable it 
should be for carbureting purposes; th a t is, of course, provided 
its chemical characteristics do not change otherwise with the 
change in boiling point. Practically, however, the chemical 
natures of petroleum distillates from any one stock generally 
do change with the boiling point, becoming progressively 
unsaturated with the heavier fractions. This is even more

T a b l e  I. G a s -O i l  S p e c if ic a t io n s

G rav ity , 0 A. P . I. (m in.) 
Sulfur, %  (max.)
Color
Viscosity, sec.
Flash
B. S. and  w ater 
C arbon, %  (max.)
P our, ° F . (max.)

D istilla tion , ° F .

A dded restric tion  

® S aybolt universal.

A
32
1
D ark
40®
150 PM  closed 
1%  (max.)
0.1

400-700

B
28

1

0 .3

C
28

0 .75

0 .2 5

95%  (m in.) a t 
400-700

0 .5

None
0 .5

95%  (m in.) a t  
700

0.1

None
0 (w inter)
40 (summer)

70%  (min.) a t  400-700. I. b. p. above 400° F . Sp. gr. 
fraction  above 600° F . less th a n  0.91 (=* 24.0° A. P . 
I .). Sp. gr. fraotion above 700° F . less th a n  0.92 
f -  22.3° A. P . I.)

M ust be s tra ig h t M u st be 100% petroleum  or p etro leum  p roduct 
run  uncracked

85%  (m in.) a t  
400-700

325
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noticeable with cracked distillates and is exemplified by  data 
in Table I I I  under the heading of 98 per cent acid residue.

The la tte r fact would naturally lead to the conclusion th a t a 
boiling restriction, such as has been prepared, would insure 
the gas companies of receiving the most satisfactory oils 
from any given source, irrespective of the considerations 
mentioned above—namely, th a t they should boil as high as 
possible. A series of experiments was carried out to deter­
mine the value of a boiling-range lim itation as an index of 
gas-oil quality for carbureting purposes. A few representa­
tive data  are illustrated in Table I I I  in which a cycle gas oil, 
obtained from cracking W est Texas gas oil, was distilled into 
four equal fractions, and their several carbureting values 
determined.

T a b l e  II. D a t a  a t  C a r b u r e t in g  T e m p e r a t u r e  1500° F.
S p . G r . G a l . / M  f o r

60° 530 B. t . u .
R u n S a m p l e D e s c r ip t io n G r a v it y 60 ° G a s

0 A . P . I .
29 PG  OB-30 Paraffin gas oil 25 .7 0.9001 2 .85
30 PGOB-50 Paraffin gas oil 27 .5 0.8899 2 .84
35 P U B -0 0 24 H- gas oil 24 .2 0.9088 2 .94
43 OZL M edicinal oil 26 .6 0.8950 2 .75
51 W T-CS-FB Cracked gas oil 28.1 0.8866 3 .27
44 PA-OO-SE SOj ex tract 2 7 .8 0.8883 3 .15

T a b l e  I I I . C a r b u r e t i n g  V a l u e  v s . F r a c t i o n  o f  C r a c k e d  
S t o c k

R u n  S a m p l e

20
60
51
62
53

W T-CS
W T-CS-FA
W T-C S-FB
W T-CS-FC
W T-C S-FD

G rav ity  
° A . P . I .  

2 5 .3  350
32 .7  
28.1 
23 .9  
16.0

— D is t il l a t io n - 
Tem p. At 

I. a t  650 
b. p. 50%  ° F.
° F. ° F. Vol. % 

661 80 
470 
517 
588 
697

324
473
542
600

100
100

93
8

F. Av. 
b. p. b. p. 
° F. ° F. 

760 571 
598 470 
578 520
690 592
750 693

98%
A c id

R e s i ­
d u e

V o l.%
61
74
68
62
52

G a l . /M  
f o r  530  
B. T. u. 

G a s

3.33
3.46
3.27
5 .1 0
3.90

C o n s t a n t  G r a v it y

G a l./M  
f o r  530T em p. A t

I. a t 650° F. Av. B. t . u .
R u n S a m p l e G rav ity  b. p. 60% F. b. p. b. p. G as

° A . P . I,. ° F. ° F. Vol. % ° F. o p %
54 S 0 - 0 0 4 3 .0 562 6S4 0 .5 685 2 .09
34 PA -O O -XFA T 43.2 450 564 91 725 566 2 .21
33 P A -0 0 41 .9 345 543 95 702 542 2 .38
40 C O L-CS2-XFA T 41 .5 370 450 100 565 453 2 .4 5
41 M R L 35 .6 575 683 10 757 688 2 .24
39 CO L-CS1-XFA T 35 .8 440 531 92 708 541 2 .45
56 BLTO-OO 33.6 390 466 100 596 471 3 .2 7
57 BLTO-CS 33 .5 400 460 100 575 462 3 .62
32 PGOE-52 32 .7 165 655 47.5 746 652 2.45
50 W T-CS-FA 32 .7 324 470 100 598 470 3 .46
31 PG O E-30 30 .8 454 689 10 738 684 2 .45
27 COL-CS-2 30 .9 380 457 100 541 458 3 .69
44 PA-OO-SE 2 7 .8 355 548 91 718 545 3.15
51 W T-C S-FB 28 .1 473 517 100 578 520 3 .27
29 PGOB-30 25 .7 296 720 1 .5 777 716 2 .85
45 W T-OO-SE 25.7 385 575 69 740 578 3 .34
55 V -0 0 19.2 592 706 6 738 706 3.16
46 COL-OO-SE 19.0 234 540 76 703 543 4 .60

These figures clearly indicate that, for a given gravity, oils

tion of the above data  shows th a t oils w ith a low gravity and 
a high boiling range are often better than  those having a 
higher gravity  and lower boiling range. In  fact, if the average 
boiling point of an oil is above 700° F., i t  appears th a t the 
gravity of the oil can be around 22° A. P. I. and still show a 
consumption of not more than 3 gallons for a 530 B. t. u. gas.

Nevertheless, the gravity  and average boiling point are of 
great use to  those who are attem pting to grade gas oils by 
means of a few physical tests. For those who have avoided 
the difficulties involved by the use of physical properties in 
the evaluation of these oils through actual carbureting tests in 
the laboratory, the discussion so far may be of only passing 
interest, bu t carbureting tests in the laboratory consume con­
siderable time and are otherwise more or less expensive, so th a t 
efforts are constantly being made to devise more economical 
methods for gas-oil evaluation. In  attem pting to work out a 
different analytical procedure for determining the carbureting 
value of a petroleum distillate, i t  is realized th a t one is enter­
ing an assiduously investigated field. Since the writer has 
not endeavored to  make a survey of the literature on this 
subject, w hat follows will undoubtedly be considered in­
complete; bu t from contacts w ith various workers in the 
field it  appears th a t the present chemical methods of gas-oil 
analysis are not entirely satisfactory. The realization of 
this situation led to an investigation on the p art of the authors, 
which had for its object the development of either a more 
accurate m ethod of analysis or one having the same accuracy 
as those now current, yet which would be more rapid and 
therefore more economical.

I t  will be noted from these results th a t none of the fractions 
would be considered as acceptable if i t  were required th a t a 
satisfactory oil should not exceed 3 gallons per 1000 cubic feet 
for a  530 B. t. u. gas, although the oils used in runs 50 and 51 
are well within the generally accepted limits of gravity and 
boiling range.

From w hat has been said, i t  appears tha t, instead of relying 
upon a gravity and boiling-range restriction, a  more satis­
factory gas oil is ap t to  be obtained if the range of gravity is 
restricted, and if only a minimum boiling point is required. 
This results from the fact th a t for a given gravity the best oil 
is the one which has the highest boiling point. This will be 
seen in Table IV  in which oils are compared which have 
approximately the same gravity bu t different boiling ranges.

T a b l e  IV .  C a r b u r e t i n g  V a l u e s  v s . B o i l i n g  R a n g e  w i t h

v> * • •
o
£ s

£ >
k S

'

1000 y  r  T(»-d)cg2 6 7 8  tGCOO

having the highest average boiling point are almost invariably 
the m ost efficient for water-gas enrichment. A closer inspec-

F i g u h e  1. G a l l o n s  o f  O i l  R e q u ir e d  p e r  1000 C u b ic  F e e t  
o f  G a s  vs. y

Any chemical method of analysis of petroleum oils generally 
endeavors to estim ate the relative am ounts of the four main 
groups of hydrocarbons which are normally present—namely, 
paraffins, naphthenes, unsaturates or olefins, and aromatics. 
For carbureting purposes the sulfur, nitrogen, and oxygen 
compounds are of negligible importance. In  order to  deter­
mine the relative am ounts of the four groups of hydrocarbons, 
the following qualities have been considered a t  various times: 
gravity or specific gravity, viscosity, heating value, aniline 
point, refractive index, extraction w ith acids, extraction 
w ith solvents, boiling point, and molecular weight.

No one of these factors, w ith the possible exception of the 
treatm ent with acids, is sufficient by itself for the separation 
of the four groups of hydrocarbons; therefore recourse m ust 
be had to various combinations of these qualities. The 
establishment of w hat m ay be deemed the most suitable 
combination generally resolves itself into a more or less tedious 
task  of “ cut and try ,” assisted to a  certain extent by the 
worker’s conception of the behavior of the various groups of 
hydrocarbons under the conditions of carbureting. The 
present investigation followed the usual procedure to a certain 
degree.
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D i s p e r s i o n  t o w a r d s  L i g h t

In  reviewing the u tility  of the various qualities possessed 
by hydrocarbons, such as those listed above, for determining 
their carbureting value, it appears th a t the dispersion to­
wards light is the most useful. The dispersion as used in  this 
work is the difference in the refractive indices of the oil for the 
C and F  lines of the solar spectrum (the red and blue lines of 
hydrogen) a t 100° F., which the standard refractometers are 
equipped to  determine. This property is not only very 
easily determined, bu t, by properly combining it  w ith specific 
gravity, factors can be obtained which are characteristic for 
the four main groups of hydrocarbons. Table V, based upon 
values given in the International Critical Tables, will serve to 
illustrate the nature of these factors.

T a b l e  V. D i s p e r s i o n  F a c t o r s  f o r  V a r io u s  H y d r o c a r b o n s

V
T  (1 -  d) d 

H

H ydrocarbon

Paraffina
2 .2 .3-T riraethylbutane 
4-M cthylheptane 
n-O ctane 
4 -E thy lhep tane  
n-D ecane
D ipropylethylm ethane 

M ean of available 
d a ta  

N aphthencs 
Cyclohexane 
H exahydrotoluene 
o-D im ethylcyclohexane 

M ean of available 
d a ta

Olefins and acetylenes
2.4-Hexadiene 
D ipropargyl 
n-Am ylacetyleno 
n-H exylacetylene 
a-D ecylene 
a-Hexadecylene

U nsa tu rated  naphthencs
1.3-Cyolohexadienc
1.2 .3.4-Tetrahydroben- 

zene
1.3.3-Dihydro-p-xylene
1.2.3.4-Tetrahydro- 

naphthalene
Arom atics

Benzene
7n-Xylene
Pscudocum ene
H ydrindene
Hem im ellitene
1.2.3.4-Tetram ethyl- 

benzene
a-M ethy lan th racene
N aphthalene
Dibenzyl
A cenaphthene

(d) (//)
(T ) D e n - D is p e r - 

BoiL- 8ITY 8ION 
INO 20_° C. N f —N c  

P o int  4 at  20° C.

(C o l . A) 
d

(C o l . B) 
(1 -  d)d

° C.

81
118
125
139
174
221

0.691
0.722
0.712
0.741
0.747
0.761

0.0068
0.0070
0.0069
0.0071
0.0075
0.0075

81 0 .779  0.0072 
103 0 .764  0 .0076 
129 0 .779  0.0076

82
85

111
125
172
274

0.718
0.805
0.738
0.756
0.749
0.789

0.0167 
0 .0 1 2 2  
0.00S7 
0.0089 
0 .0090 
0.0084

81 0 .842  0.0131

83
136

0.810
0.830

0.0095
0.0116

207 0 .971  0.0169

80
139
170
177
177

204
200
218
284
278

0.878
0.865
0.870
0.965
0.895

0.901
1.101
1.145
0.984
1.024

0.0167
0.0158
0.0158
0.0168
0.0157

0.0157
0.0541
0.0287
0.0187
0.0293

101.7 
103.1 
103.0 
104.3 
99 .7

101.5

101.6

108.0
100.3
102.3

103.3

43 .0
66.0
84 .8
85 .0
83.1
93.9

64.3

85 .3
7 1 .5

57 .5

52 .5  
54 .7
55 .0
57 .5
57 .0

57 .4
20 .4  
39 .9
52 .6
35 .0

31 .4
28.7
29 .6
27 .0
25 .2
24 .2

23 .8
23 .7
22.6

12.1
12.9 
22.2
20.7
20 .9
19.8

10.2
16.2
12.2

1.7

6 .4
7 .4  
7 .2  
2.0 
6.0
5 .7  

-2.1 
- 5 . 8

0.8
-0 .8

where y

d
H
T

= a number which is a function of the number of gal- 
Ions of oil required per 1000 cu. ft.'of finished gas, 
having a desired B. t. u. (530 in this investigation) 
per cu. ft. when using a 300 B. t. u. blue gas 

=  specific gravity (at 100'’ F.)
=  light dispersion of oil (at 100° F.)
=  av. boiling point of oil, usually in ° F.

D ispe r sio n  D ispe r sio n

A detailed discussion of the various deductions which have 
been made by the use of the above-mentioned data is beyond 
the scope of this paper, bu t i t  is felt th a t an inspection of these 
figures will justify  the conclusion th a t they are sufficiently 
significant to  form the basis for evaluating gas oils. Since the 
carbureting efficiency of an oil should increase with its boiling 
point, the average boiling point has been combined with the 
expression under heading column B to give the relation which 
is a function of the carbureting value. This takes the form,

By plotting?/ vs. gallons of oil required per 1000 cubic feet of 
finished gas, having 530 B. t. u. per cubic foot, on logarithmic 
paper, a  straight line is obtained, as can be seen in Figure 1. 
The straight line in this plot can be expressed with sufficient 
accuracy by

G =  238 tT u '

where G = gallons of oil required per 1000 cubic feet of 530 
B. t. u. gas.

I t  will not be attem pted to give the large am ount of experi­
m ental data collected in order to produce the results repre­
sented by this curve. A similar curve will be obtained when 
producing a finished gas having any other desired B. t. u. than 
th a t used in these experiments.

C h e m i c a l  M e t h o d

Of the various chemical methods which have been used for 
the analysis of gas oils for carbureting purposes, th a t by 
Mighill (1) apparently has attained the most extensive appli­
cation so far in this country. In  order to compare this method 
with the one which has been proposed in this paper, the analy­
ses of a series of oil by the Mighill m ethod w'ere obtained. 
The results from the two methods can be seen in Table VI.

From these figures it  appears th a t the proposed method is 
not only as accurate as the chemical method, bu t th a t from 
the data  on oil COL-CS.2 it  is more applicable to  the poorer 
stocks. Since the proposed method comprises only three 
short determinations—namely, the specific gravity, dispersion, 
and average boiling point, it has an  advantage over the 
chemical method from the standpoint of ease and time re­
quired.

C o n c l u s i o n

1 . The introduction of the boiling range of 400° to 700° F. 
into gas-oil specifications imposes unnecessary limitations, 
since a gas oil having a given gravity  improves as the boiling 
point increases, and there are suitable gas oils available which 
boil outside of the stated  limits.

2 . Gas oils cannot be selected universally upon the basis of 
a gravity and boiling-range requirement.

3. The carbureting value is best determined by  means of a 
laboratory carbureting equipment.

4. In  lieu of the actual evaluation of gas oils in a laboratory 
apparatus, their values can be ascertained either by  the 
Mighill method of chemical analysis or by the new dispersion 
m ethod which has been developed.

T a b l e  VI. C o m p a r is o n  o f  C h e m ic a l  a n d  D i s p e r s i o n  M e t h o d s  o f  G a s- O i l  A n a l y s is

R un Sample

---------------- P roposed  M ethod-
S p ./g r. a t  D ispersion Av. 

100°F. =  d a t  100°F. b. p. =  
=  / /  T

T (  1 - d ) d  
H

C hemical Analysis (M aghill M ethod)
Un- Available 

sa tu - Aro- N aph- Paraf- for en- 
ra tes  m atics thenes fins richm ent Found

Caled., 
G -  

238 y -i/*
Differ­

ence

Caled.
from
cheml

analysis
Dif­

ference

28 BYY 0.838 0.0084
° F.
476 7690 12.0 22.9 19.7 45 .4

%
73 .0 2.94 2.71 - 0 .2 3 2.86 - 0 . 0 8

23 COL-OO 0.862 0.0105 585 6630 14.0 18.1 46.2 21.7 65.1 2 .85 2.92 + 0 .0 7 3.07 + 0 .2 2
27 COL-CS.2 0.857 0.0114 458 4930 12.0 33.4 18.6 36 .0 68.1 3 .69 3.39 - 0 .3 0 2.94 - 0 . 7 5
45 W T-O O -SE 0.886 0.0125 578 4670 23 .3 24 .5 22 .9 29 .3 62 .6 3.34 3.48 + 0 .1 4 3.20 - 0 .1 4
16 W T -0 0 0.861 0.0080 571 8540 17.3 19.0 30.6 33.1 67 .3 2.80 2.57 - 0 .2 3 2 .9 8 + 0 .1 8
33 P A -0 0 0.801 0.0089 542 9710 2 .0 7 .8 12.6 77 .6 90 .4 2 .38 2.42 + 0 .0 4 2 .2 5 - 0 .1 3
38 COL-OO-

X FA T 0.826 0.0078 590 10870 3 .3 0 .0 34 .8 61 .8 85 .8 2 .28 2 .2 8 0.00 2 .3 7 + 0 .0 9



328 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y Vol. 24, No. 3

5. The dispersion method evaluates an oil from three 
quantities—specific gravity d, dispersion II, and average 
boiling point T. The gasification value of the oil apparently 
takes the form, of

G = 238 II - J

G being the gallons of oil required per 1000 cubic feet of a 530
B. t. u. finished gas, d and I I  being determined a t  the same 
tem perature (100° F.), and T  expressed in ° F.

6. The dispersion method is equally as accurate as the 
chemical method and has the advantage of being more easily 
carried out and of requiring considerably less time.

L i t e r a t u r e  C i t e d

(1) Mighill, T. A., Proc. Am. Gas Assocn., 1927, 1454.
(2) M urphy, E. J., Gas Age-Record, 65, 389 (1930).

R e c e iv e d  M arch 17, 1931. P resented  before the  D ivision of Petro leum  
Chem istry a t  the  81st M eeting of th e  American Chemioal Society, I n ­
dianapolis, Ind ., M arch 30 to  April 3, 1931.

Fluorination of Hexachloroethane under 
Pressure

H. S. B o o t h , W. L. M o n g , a n d  P. E. B u r c h f ie l d  

Morley Chemical Laboratory, Western Reserve Universily, Cleveland, Ohio

T H E substitution of fluor­
ine for the other halo­
gens in o rg a n ic  co m ­

pounds has b e e n  th o r o u g h ly  
studied by Frederic Swarts over 
a long period of years. He has 
developed several methods (9) 
for replacement of chlorine by 
fluorine, of which the method 
using antimony trifluoride is per­
haps the best. In  this method an 
organic halide is heated with sub­
limed antimony trifluoride in the 
presence of bromine or antim ony 
pentachloride as a catalyst. He 
has found it  impossible to  intro- 
d u c e  m o re  th a n  two fluorine 
atoms by this method on a single 
carbon atom of an aliphatic chain, 
except in the case of trichloromethyl benzene (CiLLCCL). 
As far as can be judged from his writings, he has never tried 
the antim ony trifluoride reaction a t  pressures greater than 
atmospheric. I t  seemed probable th a t this reaction a t higher 
pressures and higher tem peratures would yield compounds 
containing three fluorine atoms on a single carbon atom  of an 
aliphatic chain.

The simplest and stablest aliphatic-chain compound con­
taining the CCI3 grouping which m ight be amenable to 
fluorination under pressure is hexachloroethane (CCI3CCI3). 
A careful survey of the literature failed to reveal any study  of 
the fluorination of hexachloroethane. Furtherm ore, hexa­
chloroethane is a by-product of little use, and it was thought 
th a t fluorination might convert i t  into lower-boiling liquids of 
use as solvents and into inert and noncombustible gases which 
might have value as anesthetics or refrigerants.

Swarts (7) fluorinated tetrachloroethane and obtained 
CHCI2C H F2 among other products. This compound was 
then chlorinated in the presence of AICI3, yielding CCI3CF2CI. 
This is the only compound of this series found in the literature, 
and it has been prepared indirectly and only in very small 
amounts.

Another potent reason for studying this reaction was the 
possibility of obtaining C2F6, which, up to  the tim e of begin­
ning this study, had not been prepared in a sta te  of purity. 
This should be a  gas of high stability, reasoning from the

Hexachloroethane has been fluorinated under 
elevated pressures and temperatures by the Swarts 
reaction, using sublimed SbF3 with SbCk as 
catalyst; this yields a solid CFClrCCk boiling 
at 136.8° C.; a liquid GFCk-CFCU, boiling at 
91.0° C.; a liquid C3CU, boiling at 119° C.; a 
liquid CFiCl-CFCU, boiling at 1/6.5° C.; and 
relatively smaller amounts of three gases, prob­
ably C2F6, C2FbCl, and a F .C k .

The physical and chemical properties and 
the solubilities of a number of substances in 
these new liquid and solid derivatives have been 
determined.

Moisture in traces seems to catalyze the 
fluorination, at least at atmospheric pressure.

analogy of CF4 to CCh. Lebeau 
and Damiens {6) and Ruff and 
Keim (6) each fo u n d , in th e  
higher-boiling fractions from the 
preparation of CF, by  d i r e c t  
fluorination of charcoal, some 
evidence for b e l ie v in g  in the 
presence of C2F 6, C3F 8, etc., bu t 
n e i th e r  has yet satisfactorily 
isolated and established th e s e  
compounds. On the other hand, 
Hum iston (4) claims to have ob­
tained C2F4 by  the direct action 
of fluorine on filtchar a t —80°
C. Since the e x p e r im e n ta l  
work r e p o r te d  in this article 
was completed, Swarts (8) has 
prepared C2F 6 by electrolyzing 
trifluoroacetic acid, the gas be­

ing evolved a t  the anode.

P r e l i m i n a r y  E x p e r i m e n t s  a t  A t m o s p h e r i c  P r e s s u r e

For the sake of comparison th is reaction was first studied 
a t  atmospheric pressure. In  the first experiment moisture 
was avoided scrupulously, and accordingly 40 grams of 
hexachloroethane were well mixed w ith the equivalent of 
sublimed antim ony trifluoride and placed in a  flask fitted with 
an air-reflux condenser which had been thoroughly dried by 
the passage through it  for some tim e of air dried over P2O5. 
The apparatus was again flamed while dry  air was passing 
through it for half an hour before the antim ony pentachloride 
catalyst was added. After refluxing a t  160° C. for several 
hours with only slight evolution of gas, the tem perature 
suddenly rose accompanied by vigorous evolution of a 
considerable quantity  of silicon tetrafluoride. Feathery 
crystals of sublimed antim ony fluoride were found in the 
generator, b u t no evidence of reaction w ith the hexachloro­
ethane.

The experiment was then repeated w ithout any a ttem p t to 
dry  the apparatus. F orty  grams of hexachloroethane were 
heated alone in the flask until they began to  sublime. A nti­
mony trifluoride (68 grams) was then added, and the tem pera­
ture of the oil bath  raised to  210° C. w ith no evidence of 
reaction. Antimony pentachloride (2 cc.) was added, and the 
bath  heated to  170-5° C. Reaction took place, and a thin
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liquid began condensing and refluxing. A small am ount of 
SiFi was evolved, probably derived from the glass by action of 
the hydrofluoric acid formed by hydrolysis of the antimony 
trifluoride.

Gradually the boiling point of the liquid refluxing dropped 
from 175° to  117° C. during 15 hours of refluxing. An addi­
tional 4 hours of refluxing lowered the boiling point no farther. 
Addition of more antimony trifluoride and pentachloride 
generated more product b u t produced no further lowering of 
the boiling point.

F r a c t i o n a t i o n  o f  t h e  P r o d u c t . The product began 
distilling rapidly a t  91° C., and the distillation was finished at 
110° C. The distillate consisted of a slush of coarse white 
crystals in a colorless liquid, which on fractionation gave as the 
chief product a liquid boiling a t approximately 91° C. which 
later study showed to be C 2F 2CL i, w ith a smaller am ount of a 
crystalline product (CjFCL and unchanged C2C16) boiling a t a 
higher temperature.

F l u o r i n a t i o n  u n d e r  P r e s s u r e

In  the hope th a t more complete fluorination could be 
obtained, the reaction was next carried out in a 200-cc. steel 
bomb a t  much higher tem peratures and pressures. The bomb 
was heated in a bath  of low-melting alloy to a tem perature of 
from 300° to 325° C. On cooling and opening the bomb it 
was found to be still under pressure, and the gaseous products 
were lost in this first experiment. The bomb contained a thin 
limpid liquid of vile odor, and a white solid.

The liquid was first distilled to separate the nonvolatile 
components, and the distillate fractionated through a Vigreux 
column and distilling head. Several refractionations finally 
gave four fractions boiling a t 46.5°, 91.0°, 119°, and 136.8° C. 
a t 740.3 mm. pressure, with to ta l immersion of the thermometer 
stem. The thermometer was checked a t these tem pera­
tures against a standard therm ometer calibrated by the Bureau 
of Standards. Later experiments showed the need of cooling 
the receiver w ith carbon dioxide snow when collecting the first 
fraction. Fractionation eliminated the bad odor, b u t the 
quantities of each compound were too small for further 
study.

T a b l e  I. T y p ic a l  R u n  i n  L a r g e  B o m b

T im e T em per atur e P ressur e

0 C. Lb./aq. in . (K g . / s q . cm .)

9 :2 0 245 0
9 :5 0 270 130 9 .1 4

10:10 290 360 2 5 .3 1
10:30 290 510 3 5 .8 5
11:00 300 650 4 5 .7 0
11:30 300 700 4 9 .2 1
12:30 315 700 4 9 .2 1

1 :30 300 730 5 1 .3 2
2 :3 0 305 770 5 4 .1 3
3 :3 0 320 840 5 9 .0 5
4 :3 0 300 800 5 6 .2 4

P r e p a r a t i o n  o n  L a r g e r  S c a l e . A D  cylinder (I) was 
filled with a m ixture of 2.6 kg. of SbFi, 1.7 kg. of hexachloro- 
ethane, and 80 cc. of antim ony pentachloride. A 4-foot steel 
pressure pipe was screwed into the neck of the cylinder and 
fitted w ith a pressure gage and a valve. The bomb was then 
placed in a large m etal bath, m aintained a t  approximately 
300° C. The observed time, temperatures, and pressures of 
a typical run  are given in Table I. Upon removal of the 
bomb from the m etal bath  immediately a t the end of the run, 
it  was connected to  a smaller cylinder and equalized into it. 
This cylinder was then  replaced by  a second, and finally by a 
third chilled with carbon dioxide snow in order to  collect the 
gases from the reaction.

The gases were then bled off from these cylinders and col­
lected in a gas-fractionating apparatus (7) by condensation 
with liquid air. The liquid contents of the cylinders were 
then collected, washed by thorough shaking with an equal

volume of partly saturated sodium bicarbonate solution 
several times, and finally w ith pure water. I t  was found th a t 
weak alkali solution had no effect on the organic fluorides bu t 
removed some antimony compounds which had distilled out of 
the bomb with the fluorides. L ittle or no water was retained 
dissolved in the chlorofluorides. The washed product had 
only a faint camphor-like odor. This process was repeated 
until about 5 liters of the product were obtained.

F r a c t i o n a t io n  o n  L a r g e r  S c a l e . After some experi­
m entation a very successful fractionating tower was devised. 
A 5-liter round-bottom Pyrex flask was surmounted by a 
glass tube, 100 cm. tall and 2 cm. in diameter, packed with 
iron jack chain. Above this was placed a 60-cm. Vigreux 
column. The side tube of the la tte r led down into a water- 
jacketed condenser which emptied into receiving bottles 
packed in carbon dioxide snow.

The distillation was carried on very slowly in order th a t a 
sharp cut could be made between fractions. The yield of the 
various fractions from fractionating about 2.5 kg. in one run 
is shown in Table II.

T a b l e  II. Y ie l d  f r o m  O n e  F r a c t io n a t io n  o f  L iq u id s

M a in  C o m po nent  B oiling  P o ints P roduct

0 C. Grama %
CjChFa 4 6 .5 -4 7 411 17 .1

47 -9 0 46 1 .9
90 - 9 0 .5 40 1 .7

C2 CUF2 9 0 .5 -9 1 1373 5 7 .2
91 -1 1 8 .5 10 0 .4

CtCU 1 1 8 .5 -1 2 0 .4 202 8 .4
120 -1 3 5 55 2 .3
135 -1 3 6 .8 36 1 .5

CiCUF 1 3 6 .8 -1 4 0 157 6 .5
140 -1 4 9 7 0 .3

02016 Residue 65 2 .7
T otal 2402 1 0 0 .0

The various fractions were identified by determination of 
their molecular weights by the Victor M eyer apparatus 
with a closed system and an accurate gas buret, and by 
determination of their chlorine content.

Before determ ination the various fractions were purified by 
distillation to constant boiling point (0.005° C.), using a 
Beckman thermometer. I t  was found th a t for the fractions 
boiling a t 46.5 + °, 119 + °, and 136 + °C., three such fractiona­
tions sufficed, but the fraction boiling a t  91 ° C. proved more 
difficult to purify. I t  was finally purified by  numerous 
distillations alternated by crystallizations.

A n a l y s is

In  the procedure for the determination of chlorine in 
organic chlorides described by Chablay (£), sodium is added to 
a solution of the organic halide in liquid ammonia, the system 
being cooled in a mixture of acetone and carbon dioxide snow. 
The ammonia is allowed to  evaporate, the excess free sodium 
destroyed with ethyl alcohol, and the am ount of chloride 
determined by one of several standard methods. In  certain 
cases, however, the decomposition of the organic compound 
gives rise to the formation of cyanides, as was pointed out by 
Dains and Brewster (S). The compounds which were of 
interest for the purposes of the present experiment were found 
to  be members of the la tter class.

Accordingly it  was thought possible to  oxidize the cyanide 
to cyanate by destroying the excess of free sodium with an 
excess of ammonium nitrate, driving off the ammonia, and 
fusing the mixture of compounds a t a  comparatively low 
.temperature. The cyanate m ay react w ith silver n itrate, but 
silver cyanate is decomposed by the action of dilute nitric acid 
with the evolution of carbon dioxide and the formation of 
silver n itra te  and ammonium nitrate.

In  all instances in which the above fusion w ith ammonium 
n itrate was carried out, low results were obtained as shown
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in the following values for the determination of the percentage 
of chlorine in C2C13F3:

T h e o r e t ic a l  C h l o r in e  

%
56.77
56.77
56.77

F o u n d  C h l o r in e  
%

46.29
47.50
46.20

F r a c t io n

1. Liquid

2. Solid (low
melting)

3. L iquid

4. Solid

9 1 .0  207 .3 ; 206.0 

119.0 173.5; 172.2

203.8 69.76  69 .58  CjFaCli 
6 9 .7S

165.84 85 .36  85 .53  CtCL 
85.48

136.8 219 .2 ; 226 .0  220 .3  80.41 80 .48  CtFCl*
80 .58

The unsaturated nature of the liquid product boiling a t 
119° C. was evidenced by its slow reaction w ith bromine 
yielding a crystalline solid having the physical properties of 
C2ChBr2. The C2CL( was obviously a  therm al decomposition 
product of C2Clc.

P r o p e r t i e s

These fluorochloroethanes are characterized by faint odors, 
decreasing in intensity from the monofluoropentachloroethane 
which somewhat resembled camphor, to  the almost im­
perceptible odor of the trifluorotrichloroethane.

S u r f a c e  T e n s i o n . This was determined approximately 
by the rise in a  capillary tube held in its container in a thermo­
sta tic  bath. The surface tension of C:C13P3 is approximately 
0.2 of th a t of water, and th a t of C2CLtF2 is about 0.3 th a t of 
water. Accurate data on these constants will be reported 
later.

S p e c i f i c  G r a v it y . A pycnometer was filled with the 
liquid below the tem perature of the bath, then placed in the 
therm ostat, and allowed to rise to the tem perature of the bath, 
and the excess liquid due to expansion was removed. I t  was 
then dried and weighed, and calibrated with distilled water in 
the same bath. Results are as follows:

Evidently sodium chloride and ammonium nitra te  form an 
equilibrium,

NaCl +  NHiNOj %± N aN 03 +  NILC1

and the ammonium chloride volatilizes a t  the low tem perature 
to which the m ixture is heated. If the oxidation was omitted 
from the procedure, a very high figure was obtained for the 
percentage of chlorine in C2C13F3, the theoretical value being 
56.77 per cent, and the found value 90.00 per cent.

After m any modifications were tried, the following pro­
cedure yielded satisfactory results. The sample to  be 
analyzed was introduced into a  thin-walled, weighed bulblet, 
drawn out a t each end into a small capillary tube, the tubes 
being sealed before the final weighing. A sample weighing 
0.25 to 0.30 gram was taken. The bulblet was crushed under 
the surface of 25 cc. of ethyl ether contained in a Kjeldahl 
flask while the flask and contents were cooled in a bath  of 
acetone and carbon dioxide snow (10).

Enough liquid ammonia was added to  half fill the flask. 
When the system had reached the tem perature of the bath, 
an excess of bright metallic sodium was introduced. The 
system was allowed to stand overnight, during which tim e the 
ether and ammonia completely evaporated. The excess 
sodium was carefully neutralized with absolute alcohol, and 
the contents of the flask then washed into a 300-cc. nickel 
crucible. After evaporation to dryness, the solid residue was 
covered with a th in  layer of sodium peroxide and the m ixture 
slowly heated to  quiet fusion. The fused mass was taken up 
in water and acidified w ith nitric acid, and the am ount of 
chloride ion was volumetrically determined by the m ethod of 
Volhard.

The results for the analysis and molecular-weight deter­
minations are shown in Table I II .

T a b l e  III. A n a l y s e s  a n d  M o l e c u l a r  W e ig h t  
D e t e r m in a t io n s

C h l o r in e
B. p. a t  M o l e c u l a r  W e ig h t  Theo-

740.3 m m . Observed Form ula  Found  re tical F o r m u l a

% %
46 .5  190.6; 191.6 1S7.4 56 .57  56 .77  CaFjCb

56.44

F o r m u la

CaFaCli
CjFjCU
CjFCU

B o il in g  P o in t  
° C.
46 .5
91.0

136.8

S p e c if ic  G r a v it y

1.42
1.64
1.74

T e m p e r a t u r e  
° C.
25 .0
30 .0
25 .0

V i s c o s i t y . This was determined in a glass U-tube type of 
viscometer held in a therm ostatic bath. The viscosity was 
determined by comparison with pure water; the viscosity of 
the C2C15F  was not taken on account of its high melting point. 
The results are as follows:

F o r m u l a  V is c o s it y  C o e f f ic ie n t

CjCIsF j
CjCLFj

0.00502
0.01154

T e m p e r a t u r e  
° C.
21.2
30.0

R e f r a c t i v e  I n d e x . This was obtained by means of an 
Abb6 refractometer. The results are as follows:

F o r m u l a

CjClaFa
C2CI1F 4

R e f r a c t iv e  I n d e x

1.3530
1.4264

T e m p e r a t u r e  
0 C.
23 .0
23 .0

M e l t i n g  P o i n t s . The melting points were kindly 
determined by M .  J. Bahnsen of this laboratory by time- 
tem perature cooling (or warming) curves, using a multiple 
thermoelectric copper-constantan couple, accurately cali­
brated. Results are as follows:

F o r m u l a M e l t in g  P o in t
B . P. AT 

740.3 mm . L iq u id  Ra
0 C. 0 C. 0 C.

C1CI3F 1 - 3 7 .0 0 46 .5 83 .5
CjCLFj 26 .5 91 .0 64.5
CtCUF 100.00 136.8 36 .8

S o l v e n t  A c t i o n .  The solubilities of a  wide range of 
compounds and elements were tried  in each of the three 
liquids. The solubility of solids was determined with small 
quantities of solute and solvent under the microscope a t room 
tem peratures only. The ra te  of solution and the am ount 
of residue left after evaporation of the solution on the slide 
gave an excellent qualitative idea of the solubility. The 
solubility of liquids was determined in test tubes as usual.

T a b l e  IV.
S o l u t e

S o l v e n t  A c t io n  
CsCbFi CtCLFj

in o r g a n ic  c o m p o u n d s

Ammonium n itra te  Insol.
Ammonium fluosilicate Insol.
A m m onium  th iocyanate  Insol.
Asbestos Insol.
B arium  dioxide Insol.
Boric acid # # Insol.
C adm ium  iodide Insol.
Chrom ium  oxalate < Insol.
Chrom ium  chloride (violet) Insol.
Iodine Insol.
Potassium  antim onyl ta r tr a te  Slightly sol.
Potassium  chrom ate Insol.
Potassium  perm anganate  Insol.
Silver n itra te  Insol.
Sodium  carbonate Insol.
W ater Insol.

Insol.
Insol.
Insol.
Insol.
Insol.
Insol.
Insol.
Insol.
Insol.
Slightly sol. 
Insol.

' Insol.
Insol.
Insol.
Insol.
Insol.

ORGANIC ACIDS AND ACID ANHYDRIDES

A nthranilic  aoid 
Benzoic acid 
M alic acid 
M alonic acid 
M andelie acid 
M onochloroacetio acid 
Ph tha lic  anhydride 
Salicylic acid 
Stearic acid 
Succinic acid 
T arta ric  acid

Very slightly  sol. 
M oderate ly  sol. 
V ery 'slightly  sol. 
Insol."
Insol.
Insol.
M oderately  sol. 
Very slightly  sol. 
M oderately  sol. 
Very slightly  sol. 
Very slightly  sol.

Insol.
Very sol.
Insol.
Insol.
InsoL
Insol.
M oderately  sol. 
M oderately  sol. 

.Slightly sol.
* Very slightly  sol. 

Very slightly  sol.
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T a u l e  IV. S o l v e n t  A c t io n  (concluded)
SOLDTE

Amberol F7 light 
Bakelito XR821 
D am ar 
E ste r gum 
G lyptol 1102 
Shellac
Agar 
G elatin 
Gum  arabio 
G um  m astic 
Casein
Egg album en
Cocoa b u tte r 
C asto r oil 
Cottonseed 
Anisol 
C itra l 
Clove oil

n-Hexane
n-H eptane
Kerosene
C arbon te trachloride
Chloroform
Dichlorom ethane
H exachloroethane
Bromoform
Iodoform  
E thy l bromide 
M ethylene iodide 
E th er
E th y l alcohol 
M ethanol
E thy lene glycol m onobutyl e ther
Glycerol
Acetone
Cane sugar 
Cellulose ace ta te  
N itrocellulose ( l/ j  seo.)
Urea
T hiourea
A cetam ide
Theobrom ine
Sulfonal
T rional
D im ethylglyoxim e

Benzene
Diphenyl
N aphthalene
A nthracene
Xylene
Chlorobenzene
Iodobenzene
o-C hloronaphthalene
a-B rom onaphthalene
Tribrom ophenol
Nitrobenzene
Azobenzene
Aniline
A cetanilide
Antipyrin e
D iphenylam ine
Quinaldine
M ethylene blue
Indigo
Phenol
Benzyl alcohol
Resorcinol
Benzil
D iphenyl carbinol
Thym ol
C am phor
Benzophenone
A nthraquinone
Phenolphthalein
p-N itrobenzoylacetoacetio ester

CjCIjF s CîCUFj

r s ,  AND OILS, ETC

Slightly sol. Slightly sol.
Insol. Insol.
M oderately sol. Very sol.
M oderately sol. Insol.
Insol. Insol.
Insol. Insol.
Insol. Insol.
Very slightly  sol. Very slightly  sol.
Insol. Insol.
Slightly sol. Insol.
Insol. Insol.
Insol. Insol.
Very sol. Soluble
Very sol. M iscible
Very sol. M iscible
Misoible M iscible
M iscible Miscible
M iscible M iscible

:c SOLUTES

M iscible M jscible
M iscible M iscible
Miscible M iscible
Miscible M iscible
M iscible M iscible
M iscible M iscible
Sol. Sol.
M iscible M iscible
Slightly sol. Slightly sol.
M oderately  sol. Very sol.
Insol. Insol.
M iscible M iscible
M iscible M iscible
M iscible M iscible
Misoible M iscible
Insol. Insol.
Misoible M iscible
Insol. Very slightly  sol.
Insol. Insol.
Insol. Insol.
Slightly sol. Slightly sol.
Insol. Insol.
Very slightly  sol. Very slightly  sol.
Very sol. 
Slightly sol.

Slightly sol.
M oderate ly  sol.

Slightly sol. Very sol.
Insol. Insol.

RING COMPOUNDS

M iscible Miscible
M oderately  sol. Very sol.
Very sol. Very sol.
Very slightly  sol. Very slightly  sol.
M iscible M iscible
M iscible M iscible
Miscible Miscible
M iscible Miscible
M iscible M iscible
Very sol. Slightly sol.
M iscible M iscible
Very sol. Very aol.
Insol. M iscible
M oderately sol. Very slightly  sol.
Very slightly  sol. Slightly sol.
Insol. Very sol.
M iscible M iscible
Insol. IllBOl.
Very slightly  sol. Insol.
Very slightly  sol. Very slightly  sol.
M iscible Miscible
Insol. Insol.
M oderately sol. M oderately  sol.
M oderately  sol. Very sol.
Very sol Very sol.
Very sol. Very sol.
Very sol. Very sol. 

Slightly sol.Insol.
Insol. Insol.
M oderately  sol. Very sol.

C h e m ic a l  P r o p e r t ie s . N o chemical action was observed 
between any of the compounds made and any of the solutes 
upon which they were tested. Apparently none of these com­
pounds are appreciably hydrolyzed by water a t  room tempera­
ture. They are stable over a period of time, but, when 
sprayed into a Bunsen flame, they decompose, reacting with 
the burning hydrocarbon to  give hydrogen chloride and 
hydrogen fluoride. T h ey 'm ay  be readily decomposed by 
dropping into a  liquid ammonia solution of metallic sodium. 
The stability of these compounds apparently increases with 
increase in fluorine content as would be expected.

C o n s t i t u t i o n . The structure of these compounds may be 
deduced from the work of Swarts and from other investiga­
tions completed in this laboratory. Swarts (7) has found 
that the introduction of one fluorine atom facilitates the 
replacement of another chlorine atom by fluorine on the 
same carbon atom. However, he states that he has never 
been able to introduce more than two fluorine atoms on a 
single carbon atom of a chain. It  has been shown by other 
investigators1 in this laboratory that the reduction of C2CI3F3 
by zinc dust in alcohol yields C FC 1:CF2; that the reduction 
of C2CI4F2 in the same way yields C2F2CI2; and that the 
reduction of C2CI5F similarly yields CC12:CFC1. This 
suggests that the structure of the compounds found in this 
investigation are CC12F  CC1F 2, CCI2F CCI2F, and CCI3CCI2F. 
Swarts (7) has shown that the isomer CF2CI CCI3 melts at 
52° C., while the compound found in this investigation melts 
at 26.5° and apparently is not Swarts’ isomer. On the 
assumption that Swarts’ compound has the formula C F2C1-  
CCI3, the one found here is probably the isomer CC1?F-CC1>F.

G a s e o u s  P r o d u c t s . The gaseous products were con­
taminated with hydrofluoric acid, hydrochloric acid, volatile 
antimony compounds, carbon dioxide, water vapor, etc., and 
were therefore scrubbed with weak caustic solution, dried over 
barium oxide and condensed and fractionated (i), yielding a 
fraction boiling at approximately the subliming point of 
carbon dioxide snow, one boiling between —35° to —40° C., 
and another fraction boiling at slightly above 0 ° C. These 
gases were odorless, noncombustible, and nonsupporters of 
combustion. Their properties suggest that they should be 
useful as refrigerants. They were somewhat soluble in 
water, and considerable gas was lost before this was realized. 
The yield of gas in the fluorination of hexachloroethane even 
under pressure is low, and coupled with the loss in fractiona­
tion yielded finally only relatively small amounts. Pre­
liminary density determinations indicate that these gases are 
probably the rest of the series of fluorinated products, C2F6, 
C2FiCl, and C2F4CI2. The gas accumulated from a number 
of charges in the large-scale preparation are now being purified 
and studied, and will be reported in detail later.

The physiological studies of these products will be reported 
in another paper. The physical constants of the compounds 
described in this paper are being redetermined in this labora­
tory with great accuracy and will also be reported later.
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before the close of the experiment, showed no detectable 
antiscorbutic potency in the dosage fed. The pigs in this 
group were all dead of scurvy by the thirty-ninth day of the 
experimental diet. Whereas this is a few days beyond the life 
period of the control scurvy animals, the tooth histology 
showed no evidence of prevention.

These results demonstrated first th a t the fruit itself stored 
a t refrigerator tem perature retains its vitam in C content a t 
least for 3 months; second, th a t the orange juice, unstrained, 
expressed from these oranges, loses its antiscorbutic potency 
so rapidly th a t a test which extends over 4 weeks demonstrates 
tha t loss, and th a t a t  the end of 3 months the destruction 
appears to be practically complete; third, th a t a heavy 
Crush sirup made from this orange juice, unstrained, by 
adding sugar and preservative and acidifying with lemon 
citric acid retains the original vitam in C as satisfactorily as 
does the fruit itself during refrigerator storage for 3 months; 
and fourth, th a t this Crush sirup, when diluted to twelve 
volumes with carbonated water again loses its antiscorbutic 
action so rapidly th a t storage in th a t condition for 4 to  5 weeks 
is not feasible.

Since it  is in this final diluted form th a t Orange Crush is 
dispensed to the public, it is highly im portant to know the 
rate of destruction of vitam in C under these conditions. 
The retailer is required to dilute and bottle Orange Crush 
weekly. Ten to  fourteen days should, therefore, be the 
maximum lapse of time between dilution and consumption of 
this product. A final set of experiments was run in which one 
group of pigs was given 1  cc. of orange juice, equivalent per 
pig of a new supply of freshly prepared Crush sirup diluted 
daily. Another group of animals was given the same amount 
of Crush sim p which had been diluted, bottled, and allowed 
to stand in the refrigerator 10 days before feeding. A control 
scurvy group was run parallel to these. By the thirty-fifth 
day one of the scurvy pigs was dead. The other had lost 135 
grams in weight and had swollen tender joints, red gums, and 
loose yellow teeth. The autopsy findings were those of 
advanced scurvy. The pigs in the other two groups were 
either holding their maximum weight or gaining slowly. They 
were fairly strong and active, and their fur was smooth and 
well-kept. The autopsy findings were those of mild scurvy. 
The antiscorbutic potency of this sample of Crush sirup was 
undoubtedly higher than th a t of the original lot supplied for 
the earlier experiments reported above. The im portant 
consideration in this experiment, however, was th a t the 10-day 
storage period a t  refrigerator tem perature did not produce 
sufficient deterioration of the antiscorbutic potency to be 
detected by such biological tests. I t  m ust be borne in mind, 
nevertheless, th a t in making this dilution there was a mini­
mum of exposure to air and room temperature.

These observations tend to the conclusion th a t the preserva­
tion of antiscorbutic activity in the Crash sirup is due to  the 
high acidity and possibly to  the sugar content, and th a t the 
loss of potency following dilution is the result of decreased 
protective action and takes place gradually. I t  m ay be th a t 
traces of chlorine or other constituents of tap  water have slight 
destructive action. These factors appear to be insignificant, 
however, for it apparently makes no difference whether the 
dilution is made with ordinary tap  water, carbonated water, or 
carbonated distilled water. Removel of carbon dioxide from 
the diluted sirup by suction was of no significance.

Since the orange juice, unstrained, from which the Crush 
sirup is prepared contains appreciable amounts of pulp and 
skin as compared with the hand-expressed orange juice, it 
seemed logical to expect somewhat less vitam in C potency in 
the Crush sirup than in the freshly expressed juice. This was 
not the case however; in fact, the difference, if any, was in 
favor of the Crash sirup. This result raised the question of 
whether the added citric acid, which is prepared from lemons,

does not carry some vitam in C. Samples of citric acid 
prepared from lemons and also by fermentation were secured 
and added to a sugar solution so th a t 20 cc., the daily intake, 
contained 0.2 gram of acid. This am ount was four times the 
intake of citric acid when 1.7 cc. of Crush sirup were ad­
ministered. However, in neither case did the citric acid 
solution have the slightest effect in delaying the onset of 
acute scurvy. Obviously then, the vitam in C of the Crush 
sirup is derived entirely from the orange juice, unstrained, and 
probably is preserved by the addition of citric acid, or in part, 
perhaps, by the high sugar content. In  3 months there was 
no apparent loss of this potency unless the Crush sirup was 
diluted again to a low acidity.

C o n c l u s i o n s

Experiments conducted to determine whether the com­
mercial orange-juice drink called Orange Crash retains the 
vitamin C originally present in the fruit have resulted in the 
following conclusions:

1. The orange juice, unstrained, commercially expressed 
from freshly gathered oranges was as potent in  vitam in C as 
ordinary hand-expressed juice.

2 . When stored either frozen or a t  refrigerator tem perature 
in this form, it  lost th a t potency so rapidly th a t the loss was 
marked during a 4-week test period, and practically complete 
a t the end of 3 months.

3. When this orange juice, unstrained, was diluted to 1.7 
times its volume of Crush sirup by the addition of sugar, 
lemon citric acid, and a small am ount of preservative and 
coloring, it retained the original vitam in C practically un­
diminished for a period of 3 months.

4. The antiscorbutic potency of the Crush Sirup was not a 
result of any vitam in having been added with the citric acid. 
The vitamin of the original juice appeared to be preserved by 
the high acidity and possibly high sugar content of the sirup. 
The preservative action of the acid sirup is of academic and 
commercial interest.

5. When the final beverage, Orange Crush, was prepared 
commercially from the crush sirup by diluting 12.3 times with 
carbonated water, the resulting product gradually lost its 
vitamin C potency.

6. When the same dilution was made in the laboratory 
with a minimum opportunity for exposure to air and room 
temperature, and the diluted bottled product was stored in 
the refrigerator 10 days before feeding, there was no detect­
able loss of antiscorbutic potency.

7. The results show th a t if  the final dilution of Crush 
sirup is done in accordance with the precautions stipulated by 
the company and dispensed within 10  days, the final bottled 
Orange Crush retains essentially the original vitam in C 
activity; th a t is, i t  contains the vitam in C from 1 cc. of orange 
juice per 21 cc. of Orange Crush. I t  appears, therefore, 
th a t a maximum interval of 10 to 14 days between dilution and 
consumption of the finished product assures the presence of 
antiscorbutic potency in Orange Crush as i t  is dispensed to 
the public.

A c k n o w l e d g m e n t
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Bloom, and I. Shouer, of the departm ent of anatom y, Uni­
versity of Chicago, appreciation for their generous assistance 
in preparing and interpreting the various tooth sections.

R e c e i v e d  October 19, 1931. The expense of th is investigation vras in p a rt 
borne b y  the Orange C rush Com pany through  the  courtesy of W . D. Boat.



Comparative Study of Juices from Frozen 
Fruits

T. A. P ic k e t t , Georgia Experiment Station, Experiment, Ga.

D U R IN G  the last few years there has been a great deal of 
controversy concerning the optimum tem peratures a t 
which to freeze and store foodstuffs. Some data  have 

already been obtained on fruits, using organoleptic tests. 
These tests, however, are subject to great individual differ­
ences, and it is desirable to have data not influenced by these 
variations.

The fruits used in this work were blackberries, cherries, 
dewberries, peaches, pears, plums, raspberries, and straw­
berries. One principal variety of each fru it was used, except 
for peaches where several varieties were used. Altogether, 
eight different fruits and twelve varieties of these fruits were 
used.

After the fru it was picked, i t  was sorted very carefully and 
as quickly as possible p u t into quart paper-board containers. 
The peaches were stored both whole and cut into slices. The 
other fruits were stored whole. Nothing else ivas added to 
any of the containers.

M e t h o d  o p  F r e e z i n g  a n d  T e s t i n g

One sample of each fru it was tested immediately, and the 
other samples were divided into two groups. Some samples 
were pu t into a room a t  + 1 0 °  F. ( — 12 .2 ° C.) and thus were 
slow-frozen; the others were subjected to contact with either 
carbon dioxide snow or small fragments of carbon dioxide ice. 
These last samples were considered to be quick-frozen a t 
approximately —100° F. (—73.3° C.). After they had been 
in contact with the solid carbon dioxide for 24 hours, one 
sample was tested and the others were placed a t + 1 0 °  F.
( — 12 .2 ° C.) until they were examined.

3  4 5  6 pH 7 8  9

F i g u r e  1 . T it r a t io n  C u r v e s  f o r  R a s p b e r r y  J u ic e

The fruits were taken out of the refrigerator room a t 
intervals, and the juices expressed by the use of a hydraulic 
press. A pressure of 10,000 pounds per square inch (703 kg. 
per sq. cm.) was used. The juices were centrifuged to remove 
any solid materials th a t might come through the pressing 
cloths. The freezing-point depression, conductivity, and 
total solids were determined on some of the juices, and the 
hydrogen-ion concentration and titratable acidity were run 
on all of them. Total solids were determined by the Abb6 
refractometer, using the sugar scale. The hydrogen-ion 
concentrations and titratable acidities were obtained by using 
a hydrogen electrode against a saturated potassium chloride- 
calomel cell. The titratable acidities are tabulated in terms 
of cubic centimeters of 0.1 A  sodium hydroxide per 100 cc. of

juice. The end point is pH  8.3, approximately the turning 
point of phenolphthalein.

E f f e c t  o f  F r e e z i n g  a n d  S t o r i n g  P e r i o d

The to tal solids and conductivities of the juices do not show 
very im portant differences among the samples. Some results 
(typical of many others) for the freezing-point depressions, 
hydrogen-ion concentrations, and titratable acidities are 
shown in Table I.

T a b l e  I .  R e s u l t s  o f  T e s t s  o n  F r u i t  J u ic e s

F r u i t

Straw berries

Red raspberries

Dewberries

L e n g t h  o f  
S t o r a g e  I n -  

a t  10° F. IT IA L  
( - 1 2 .2 °  C.) pH

+ 10 ( - 12.2) 
+ 10 ( - 12.2) 
-1 0 0  ( - 7 3 .3 )  
-1 0 0  ( - 7 3 .3 )

10 (- 12.2) 
10 (- 12.2) 

100 ( - 7 3 .3 )  
( - 7 3 .3 )-100 (

Plum s

Cherries

M ayflower peaches

E arly  Rose peaohea

E lberta  peaches

B lackberries

“ Stored a t -1 0 0 '

-F 10 ( - 12 .2) 
+ 10 ( - 12.2) 
- 1 0 0  ( - 7 3 .3 )  
-1 0 0  ( - 7 3 .3 )

+  ‘ iÔ ( —1*2.2) + 10 (- 1 2.2) +  10 (- 1 2.2)
+ '¿Ö ( —1*2.2) 
+  10 ( - 1 2 .2 )  
+  10 ( - 1 2 .2 )  
-f- 10 ( - 1 2 .2 )

+ 'ÏÔ (—12.2)
-f  10 ( - 1 2 .2 )  
-1 0 0  ( - 7 3 .3 )  
-1 0 0  ( - 7 3 .3 )

+ 'iÔ ( —1*2 .2)
-I- 10 ( - 1 2 .2 )  
- 1 0 0  ( - 7 3 .3 )  
-1 0 0  ( - 7 3 .3 )

+  *iÔ ( - ¿ 2 .2 )  +  10 (-12.2) 
-1 0 0  ( - 7 3 .3 )  
-1 0 0  ( - 7 3 .3 )  

F. ( -7 3 .3 °  C.).

Fresh 
1 day 
1 m onth 
4 m onths 
1 d ay “
1 m onth 
4 m onths 
Fresh 
1 day 
1 m onth 
1 d ay “
1 m onth 
Fresh 
1 day 
1 m onth 
1 day“
1 m onth 
Fresh 
1 day 
1 m onth 
1 day “
1 m onth 
Fresh
1 week
2 weeks 
1 m onth 
Fresh
1 day
2 weeks 
1 m onth
3 m onths 
Fresh
1 day
2 weeks
1 day “
2 weeks 
Fresh
1 week 
1 m onth 
1 week 
1 m onth 
Fresh 
1 day 
1 m onth 
1 day“
1 m onth

3 .50
3 .36
3 .35
3 .35 
3 .38
3 .35
3 .35
3 .35  
3 .30
3 .40
3 .40
3 .40  
3 .16
3.15
3 .15  
3 .23
3 .40
3.19
3 .16
3 .1 0  
3 .05
3.16
3.35
3.41
3.40
3 .40
4 .19  
4 .13
4 .10  
4 .00  
3.97 
4 .28
4 .15
4 .10
4 .10
3.95 
3 .76
3 .95  
3 .78  
3 .80  
3 .75  
3.22
3 .15
3 .20  
3 .26
3 .40

0.1 N  
N aOH 

t o  B r i n g  
100 cc. 

o f  J u i c e  
t o  pH 

8 .3  
Cc.
190
202
210
236
182
190
216
208
234 
256 
216 
226 
269 
302 
326
275 
296 
266 
282 
300 
273 
292 
260 
268
276 
296
78
80
86
88
92
99

108
112
98

100
82
96
96
92

104
230
242
250
235 
244

F r e e z ­
i n g -  

P o i n t  
D e ­

p r e s ­
s i o n  
° C. 
0 .65  

77 
84

According to Nelson (I) in 1925, the acids of the red 
raspberry are mixtures of approximately 97 per cent citric acid 
and 3 per cent malic acid. The titration  curves (Figure 1 ) for 
the juices from the fresh raspberry, raspberry frozen a t 
+  10° F. (—12.2° C.), and raspberry frozen a t  —100° F. 
( — 73.3° C.) are similar to  one another, and also to  the curves 
of citric and malic acids. This indicates th a t the same type of 
acid is present in all of the juices, and therefore the gains in 
titratable acidity appear to be due, probably, to  an increase in 
concentration of those particular acids present in the fresh 
berry—namely, citric and malic. Similar results were ob­
tained with other fruit juices.

353
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F ig u r e  4 .  R a t e  o f  L o s s  d u r in g  I g n it io n

This smaller discrepancy m ight be explained by the fact tha t 
the nitrogen was produced from liquid air and was not purified 
from oxygen before use. No great difference was found for 
the sample from station 8 whether air or nitrogen was used. 
The higher value for loss on ignition of the feed has been used 
in Figure 2 and in subsequent calculations.

A series of determinations of loss on ignition was made by 
the customary method of heating the sample in a platinum 
crucible over a blast burner, no change in gas supply being 
made during a run. The object of this series was a study of 
the rate  of weight loss during ignition. The rates for three 
samples are shown in Figure 4, the to ta l loss a t  the end of 4Vs 
hours of ignition being called in each case 100 per cent to  give

F ig u r e  5 . S t a t e  o f  C o m b in a t io n  o f  CaO i n  
Kii.n C h a r g e  a t  V a r io u s  P o in t s  i n  t h e  K i l n

an easier basis of comparison. I t  will be seen th a t the samples 
vary  in the rapidity  with which volatile m atter is given off. 
Two of the samples shown had evidently not reached constant 
weight a t  the end of 4*/j hours. Twelve hours of continuous 
igniting of four samples resulted in greater losses than those 
found in 4 hours in  the furnace tube as shown in Table II. 
The fairly constant increase in loss during the last 8 hours, 
irrespective of the variation of magnitude of the to ta l loss 
from one sample to  another, m ight indicate a gradual 
volatilization of alkalies. This gradual increase in loss on 
ignition makes it  very difficult to know when to stop the 
process when highly accurate results are desired.

T a b l e  I I .  D a t a  o n  L o s s  o n  I g n it io n

Loss o n  I g n i t i o n 0
S am ple 4 hours in  tu be 12 hours in  crucible

% %
12 3 0 .7  3 1 .2
10 2 3 .1  2 3 .5

8 9 .4  9 .9
6 3 .2  4 .1

° Percentage of original sample.

Figure 3 shows th a t the combined water was driven out of 
the charge rapidly. As stated  above, only 0.1 per cent water 
was free moisture, removable by drying a t 105 ° C. The slight 
increase in water remaining in  the samples from stations 7 and 
8, although no t large enough to be much beyond experi-

F i g u r e  6 . R e l a t io n  o f  I n c r e a s e  i n  S p e c i f i c  
G r a v it y  a n d  C 0 2 E v o l u t io n

mental accuracy, m ight be attribu ted  to the great tendency of 
samples from this section of the kiln to  absorb moisture. This 
tendency is illustrated in Table I I I .  The samples cited therein 
were stored in tightly  covered tin  cans bu t were not sealed 
with paraffin. In  a similar set of samples stored for a year, 
stations adjacent to  No. 7 showed water-remaining values of 
about 9 per cent, while the feed gave only 1.5 per cent.

T a b l e  III.  T e n d e n c y  o f  S a m p l e s  t o  A b s o r b  M o i s t u r e
-L o s s  o n  I g n i t i ON-------------- * F r e e  L i m e

S a m p l e In itia l 4 m onths la te r Difference C o n t e n t

% % - % %
Feed 3 1 .8 3 1 .7 - 0 . 1 0 .9
10 2 3 .1 2 3 .4 0 .3 1 1 .7

9 1 5 .4 1 7 .2 1 .8 1 9 .6
8 9 .4 1 2 .0 2 .6 2 6 .1
7 6 .4 1 0 .3 3 .9 2 6 .3
6 3 .2 8 .2 5 .0 2 8 .2
4 0 .3 1 .7 1 .4 4 .2
2 0 .3 0 .4 0 .1 0 .3

Clinker 0 .1 0 .6 0 .5 0 .1

D i s c u s s i o n  o f  R e s u l t s

Before considering the changes occurring in the charge as it 
progresses through the kiln, it becomes necessary to bring 
the analytical results to  some common basis for comparison. 
I t  has been assumed th a t the nonvolatile m aterial (i. e., 100 
per cent minus the percentage of loss on ignition) of the feed 
passes through the kiln w ithout loss or gain in weight. This 
involves the assumption th a t the m aterial volatilized by 
igniting the feed in a crucible is the same in  am ount 
as th a t volatilized by a partial ignition in the kiln fol­
lowed by final ignition in  the crucible. This constant 
am ount of nonvolatile m aterial then serves as a “ tracer” 
to  assist in the determ ination of the am ounts of the samples 
taken a t  different stations which correspond to a given-size 
sample of original feed. Such calculations have been made on a
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basis of a sample of 100 pounds of feed, and the am ounts of 
certain constituents present a t  various stages of the process 
found. In  these calculations the loss on ignition of the feed 
has been taken as 32.2 per cent, which is the value obtained 
by ignition in an atmosphere of nitrogen, as described above. 
The initial free lime plus all the CaO liberated from CaCCh 
during the process is less than the to ta l CaO present, the 
difference representing CaO which was originally in combina­
tion with other acidic constituents than C 0 2.

Figure 5 shows three fields indicating the sta te  of combina­
tion of the CaO in the kiln charge a t  various points in the kiln. 
I t  will be noted th a t CaC03 persisted in appreciable quantity  
to w ithin 20 feet of the discharge end of the kiln. Free lime 
was not reduced to  a satisfactory value until the clinker was 
within 10 feet of the discharge end. Only small am ounts of 
lime were recombined while the charge was in the upper half 
of the kiln. The most rapid recombination of lime occurred 
near the 20-foot point where the last of the CO2 disappeared 
from the charge. The last of the lime recombination was a 
comparatively slow process.

The data  presented in Figure 6 show tha t, although no

strict correlation exists, the increase in specific gravity of the 
charge follows in a general way the evolution of CO2 from the 
charge. The decided drop in the specific-gravity curve a t 
stations 3 and 2 m ight be explained by the presence of /3- 
dicalcium silicate which changed, upon prem ature removal 
from the kiln, into the 7  form which has about 10  per cent 
greater volume. There is no.direct evidence in favor of this 
explanation, and it  is merely suggested.

A c k n o w l e d g m e n t
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Displacement of Crude Oil and Benzene 
from Silica by Aqueous Solutions

F. E. B a r t e l l  a n d  F. L. M il l e r , Chemistry Department, University of Michigan, Ann Arbor, Mich.

I N  AN e a r l i e r  p a p e r  th e  
authors (2) reported some 
results obtained in a study 

of the displacement of different 
crude oils from finely powdered 
andj compressed silica by water.
A determ ination of the per­
centage of oil which could be 
recovered from oil-wetted silica 
w as n o t  a t t e m p te d ,  b u t the 
magnitude of the pressures de­
veloped in the displacement of 
the oils from silica was deter­
mined. In  the present paper the 
problem of the displacement of 
oil by a q u e o u s  s o lu t io n s  is 
considered.

I t  is well known th a t w ater will displace organic liquids and 
crude petroleum oils from silica. I t  has been observed, 
however, th a t water itself is comparatively ineffective as a 
displacing agent when used in actual oil-field work. The 
water, whose displacing ability is originally very effective, 
soon becomes sluggish in its action, and the rate  of displace­
ment of the oil becomes low. This effect m ay be due in part 
to the saturation of w ater with some of the more soluble 
constituents of the oil or to highly adsorbed constituents of 
the oil on the silica surface which are not easily removed by 
the water. Experience has shown th a t certain aqueous 
solutions are more effective than  pure water in removing the 
oil from the silica. Such solutions are generally known as 
flooding agents. The salt solution m ost commonly referred 
to in this connection is sodium carbonate, or soda ash. Prac­
tically, the use of this salt has apparently not m et with suc­
cess. Uren (15) and Beckstrom and Van Tuyl (3) have 
used a number of different salt solutions in their researches 
and have determined the relative percentages of oil recovered 
by each. Uren and Fahm y (16) have also recently published

The object of this investigation has been 
to obtain data which would give information 
concerning the function of “flooding agents” 
used in the displacement of oil from  oil-bearing 
sands. The results obtained indicate that neither 
the surface-tension values of the liquids nor the 
interfacial-tension values of the liquid-liquid 
system are the dominant factors. Effective 
displacing agents appear to be those that alter 
the aqueous solution-silica interface either through 
a high degree of adsorption or through chemical 
reaction at the interface.

data showing the effect of differ­
en t salt solutions upon the re­
covery of crude oils by displace­
ment. I t  is the opinion of the 
above-mentioned workers th a t 
only the salts of strong bases and 
weak acids are effective as flood­
ing a g e n ts .  A c id ic  salts or 
neutral salts are not suitable.

T h e o r i e s  R e l a t i n g  t o  F u n c ­
t i o n  o f  F l o o d in g  A o e n t s

A num ber of theories have 
been advanced to explain the 
behavior of such aqueous solu­
tions, bu t as yet none of them is 

generally accepted. I t  has been suggested th a t the oil is 
displaced from the sand because of a differential capillary 
effect; i. e., since the  water has a higher surface tension than 
the oil, i t  was thought th a t the difference in these capillary 
forces m ight result in the displacement of the oil. Salts, 
which when added to  water cause an increase in the surface 
tension of the water, would, then, produce a greater difference 
between the two surface tensions and would thus effect a 
greater displacement of the oil from the sand. This expla­
nation is hardly acceptable in view of the fact th a t m any 
different salts will increase the surface tension of water, and 
yet only a few of them are efficient as flooding agents. I t  is 
also true th a t the increase in surface tension of the water is 
slight.

Other investigators have attribu ted  the displacement 
tendency to a chemical reaction. N utting  (1 1 - 14) is one 
who has advanced this idea. He suggested th a t an attraction 
exists between the silica particles (Si02) and the hydrogen 
ions of the water, so th a t a layer of siloxyl (SiOOH) radicals is 
formed. These radicals would be acidic in character and 
would have one free bond by means of which they m ight unite
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with some other substance. A reaction between the siloxyl 
radicals and the basic constituents of the oil then would occur, 
so th a t over the surface there would be a chemical combina­
tion of the oil with silica which is quite stable. If pure water 
alone were used as a flooding agent, the displacement of oil 
would not be efficient because of the formation of this com­
pound. If, however, some alkaline salt were added, the oil 
would be much more completely displaced; the strong base 
would displace the weaker one from the acidic siloxyl radical, 
and the oil, being weakly basic, would thus be removed. This 
would leave on the surface of the silica grains a coating of 
MHSiOs (M =  Na, K, etc.) instead of the oil compound.

F i g u r e  1. I n c r e a s e  i n  P r e s s u r e , B e n z e n e - 
A q u e o u s  S o l u t io n s

Another theory, which depends upon a physical interpre­
tation, has been advanced to  explain the displacement of oil 
by water and its solutions. I t  is assumed th a t the oil removal 
is accomplished by means of a rearrangem ent of the inter- 
facial-tension relationships between water, oil, and silica. 
Certain simple relationships between the interfacial forces 
will determine the direction of the displacement. L et S t% 
represent the interfacial tension, oil-solid; S a  the interfacial 
tension, water-solid; and the interfacial tension, water-oil. 
Consider th a t the following relationship holds when

Sn  >  Sn  +  Sn

th a t is, when S n  is greater than the sum of the other two 
interfacial tensions, the oil-solid (S12) interface will be the one 
to disappear. This is found to be the case with silica as the 
solid; the organic liquids and oils are displaced by water. 
There are no reliable m ethods for measuring either Su or S i3, 
bu t there are a number of different methods for determining 
accurately the value of the interfacial tension, liquid-liquid 
(S23), and it is known also th a t it is possible to alter its value. 
Uren (15, 10) noted th a t the addition of sodium carbonate 
would lower the interfacial tension of a water-oil system from 
about 18 dynes per cm. to  6 dynes per cm. or less, as measured 
by the ring method. While the relationship given above is 
theoretically sound, it cannot be applied 011 a  quantitative 
basis, owing to the lack of interfacial-tension data  relating 
to solid-liquid systems.

I t  is believed by some investigators th a t the displacement 
is really the result of the combination of the two factors— 
chemical combination and interfacial tension. In  this case, 
reaction is considered to occur between the silica and the 
alkali (sodium hydroxide, potassium hydroxide, etc.) which 
is added or which is formed by the hydrolysis of strongly 
basic salts. Uren (15, 16) has recently expressed the belief 
th a t the reaction between the silica and sodium hydroxide 
forms a silicate which is soluble, and the factor S 13 in the

equation above consequently becomes zero. I t  seems im­
possible to determine the correctness of this view inasmuch as 
so little is known concerning the true value of the interfacial 
tension of the solid-liquid system. The above author also 
believes it possible th a t a reaction between the base and the 
oil is the cause of the reduction of the interfacial tension, oil- 
aqueous solution, so th a t both of the interfacial tensions, <Su 
and S23, m ay be considered to have been decreased as a result 
of chemical reactions. Thus it is believed th a t salt solutions 
are effective as flooding agents in proportion to the am ount of 
base they are able to furnish the solution.

In  order to  obtain further information regarding the dis­
placement of oils from sands, it seemed desirable to carry out 
an investigation w ith silica and crude oils, in which would be 
measured the maximum displacement pressure of oil by 
different aqueous solutions over a wide range of concentra­
tions and also the interfacial tension values of these same 
solutions against the oil. In  addition, it seemed desirable to 
use some pure organic liquid (one non-reactive with alkali) in 
the place of the oil, and to make similar measurements with 
the aqueous solutions. In  this maimer it should be possible 
to observe the similarities or the dissimilarities in the behavior 
of systems in which a chemical reaction was possible, and one 
in which no reaction was known to occur. A comparison of 
results obtained with the crude oil and with the organic liquid 
should, it seemed, give worthwhile information concerning 
the displacement of oils from sands.

M a t e r i a l s  a n d  M e t h o d s  U s e d

In  carrying out the measurements indicated above, a crude 
oil, referred to  as crude oil M  in a previous paper (2), and 
benzene were the two liquids used. The crude oil appeared 
to be representative of crude oils in general, and its properties.

F ig u r e  2 . I n c r e a s e  i n  P r e s s u r e , C r u d e  O i l -  
A q u e o u s  S o l u t io n s

were adm irably suited to this type of work. The salts chosen 
for this investigation were NaCl, N a2SO<, NaC2H302, N a:Ci- 
H-iOe, N a2C 0 3; and the base, NaOH. These were used in 
concentrations ranging from about 0.1 to 10  per cent by 
weight. The silica used in this investigation was air-float 
Tripoli silica of about 350-mesh particle size which had been 
purified by hydrochloric acid treatm ent until it analyzed less 
than 0.4 per cent impurities.

The interfacial tensions of the aqueous solutions against 
benzene and against the crude oil were determined by means 
of a m ethod developed by  the authors which has been de­
scribed in previous papers (2, 8). This method is based upon 
a modification of the capillary-tube method and is well 
suited to  work with oil which may be dark and not trans­
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parent. The measurements were carried out in a therm ostat 
which was m aintained a t 25° C.

For measuring the displacement of benzene and the oil by 
the aqueous solutions, the cell designed by Bartell and Oster- 
hof (ó) was used. This m ethod has been described in a 
number of recent papers (I, 2, 4, S, 6, 7), so th a t it will be 
unnecessary to give further details a t  this time. W ith the 
apparatus it  is possible to measure the maximum pressure 
developed when water or an aqueous solution tends to  dis­
place another and immiscible liquid from silica. The actual 
am ount of oil or benzene displaced was not measured.

N o t e .  T he cells were packed by means of a hydraulic press under a 
gage pressure of 3000 pounds p er square inch (210.9 kg. per sq. cm .). R ecen t 
work in th is laboratory  has shown, however, th a t  under such conditions the 
effective pore size of the  m em brane m ay vary  som ew hat w ith progressive 
d isplacem ent of liquid. N o a ttem p ts, therefore, have been m ade to  use the 
d isplacem ent d a ta  obtained in th is  work in calculating the  adhesion tension 
values for these solutions. Since the  conditions are probably qu ite  com­
parable  w ith  those found in the  actual oil sands, the  pressure d a ta  a re  given 
to show the  effect of the  different salt solutions upon the displacem ent of the
oil.

T a b l e  I. D i s p l a c e m e n t  o f  C r u d e  O il  M a n d  B e n z e n e  b y  
A q u e o u s  S o l u t io n s

.-------------- B e n z e n e -------------- . .------------C r u d e  O i l ------------ .
C o n c e n t r a t i o n Increase Increase

Pressure in pressure jSjj Pressure in pressure Su
%  by Equiv./M G ram s/ G ram s/

ivt. grams JhO cm.1 % cm .1 %
NaCl

0 .00 0.0000 346.5 0 .0 34.65 255.3 0 .0 24.54
0.05 0.0085 349 .3 0 .8 34.71 255.3 0 .0 24.93
0 .1 0 0.0171 353.3 2 .1 34.75 255.3 0 .0 25.07
0 .50 0.0859 366.9 5 .9 34.91 256.8 0 .6 25.49
1.00 0.1728 372.4 7 .5 35 .10 258.0 1.0 25.67
2 .00 0.3395 377.3 8 .9 35.40 262.3 2 .7 25.87
5 .00 0.9014 380.5 9 .8 36.20 268.5 5 .2 26.13

10.00 1.9010 387.3  • 11.8 37.40 288.1 12.8 26.27
Na:SO<

0.00 0.0000 346.5 0 .0 34.65 255.3 0 .0 24.54
0 .10 0.0141 346.5 0 .0 34.71 255.3 0 .0 24.54
0.20 0.0282 353.5 2 .1 34.80 255.3 0 .0 24.54
0.50 0.0708 360.1 3 .9 34.95 256.8 0 .6 24.54
1.00 0.1423 364.2 5 .1 35 .10 260.0 1 .8 24.54
2.00 0.2874 369.7 6 .7 35.25 264.0 3 .4 24.55
5.00 0.7422 375.1 8 .2 35 .78 272 .0 6 .5 24 .60

10.00 1.5650 384.6 11.2 36.70 296.4 16.1 24.73
N aCjH jO i

0 .0 0 0.0000 346.5 0 .0 34.65 255.3 0 .0 24.54
0 .50 0.0613 360.1 3 .9 34.62 256.9 0 .6 23.58
1.00 0.1232 362.9 4 .7 34.68 258.2 1.1 23.10
2.00 0.2489 362.9 4 .7 34.71 260.9 2 .2 22.36
5.00 0.6427 368.3 6 .3 34.68 265.0 3 .8 18.99

10.00 1.3550 375.1 8 .2 34.75 270.4 5 .9 12.85
NaiCiHiOe

0 .0 0 0.0000 346.5 0 .0 34.65 255.3 0 .0 24.54
0 .50 0.0518 364.2 5.1 34.45 260 .9 2 .2 24.54
1.00 0.1041 373.7 7 .8 34.33 269.0 5 .4 24.54
2 .00 0.2104 391 .8 13.1 34.11 305.8 19.8 24.45
5 .00 0.5432 398.2 14.9 34.02 299 .0 17.1 23.99

10.00 1.1454 399.5 15.3 34.27 304. 2 19.6 22.24
Na:COa

0 .0 0 0.0000 346.5 0 .0 34.65 255.3 0 .0 24.54
0.01 0.0019 346.5 0 .0 34 .10 255.3 0 .0 23.29
0.05 0.0094 346.5 0 .0 34.12 256.8 0 .6 15.62
0 .1 0 0.0189 346.5 0 .0 34.17 258.0 1 .0 13.69
0 .5 0 0.0948 357.9 3 .2 34 .33 273 .4 7 .1 9 .32
1.00 0.1906 369.1 6 .5 34.51 284.0 11.2 7 .06
2.00 0.3850 389.2 12.3 34.64 293.5 15.0 2 .54
5.00 0.9942 428.1 23 .5 34.75 313.9 23 .0 1.19

10.00 2.0960 441.7 27 .4 34.85 346.5 35 .8 1.02
N aOH

0 .0 0 0.0000 346.5 0 .0 34 .65 255.3 0 .0 24.54
0.052 0.01 33.76
0 .5 0 0.1256 375 .’l 8 .2 34 .10 28Í . 3 10.2 9 .08
1.00 0.2525 403.6 16.5 34 .40 313.6 22.9 8 .52
2 .00 0.5102 415.9 20 .0 35.05 332.9 30 .4 8 .26
5.00 1.3170 421.3 21 .6 35.90 338.4 32.6 8 .10
5.24 1.380 35.95

10.00 2.7780 432.2 24Í7 36.05 339! 8 33! 2 6Í91

D i s p l a c e m e n t  P r e s s u r e s

From the displacement-pressure measurements with the oil 
and benzene against the different aqueous solutions, some 
interesting relationships were observed. W ith dilute solu­
tions of salts such as NaCl and N a2S0i, the maximum dis­
placement pressures were only slightly different from those

obtained with pure water. When solutions of 10 per cent 
concentration were used, the to tal pressure increase was 11.8 
and 12.8 per cent (Table I) for benzene and crude oil, re­
spectively, with NaCl; and 11.2 and 16.1 per cent for the 
same pair of liquids with Na^Ch. There was very little 
increase in pressure when NaC2H3C)2 solutions were employed. 
W ith a 10 per cent solution of this salt the pressure increase 
amounted to 8.2 per cent for benzene and 5.9 per cent for the 
oil. W hen NaALILOs was used, however, somewhat greater 
pressure differences were obtained. The increases in pres­
sures were 15.3 and 19.6 per cent for the benzene and oil, 
respectively, w ith a 10 per cent solution. W ith NanCCh and 
N aO II solutions the greatest effects were obtained. A 10 per 
cent solution of N a2C03 caused an increase in pressure of the 
benzene displacement of 27.4 per cent and an increase of 35.8 
per cent in the pressure of displacement of the oil. A similar 
concentration of NaOH caused increases of 24.7 and 33.2 per 
cent, respectively, for the same two liquids. I t  is interesting 
to note th a t the percentage increase of pressures is very 
similar w ith both benzene and the crude oil against the 
various solutions. This series of pressure measurements also 
shows an agreement with the views of other workers—namely, 
th a t alkaline solutions are the most effective in displacing oils 
from oil-bearing sands. Graphs showing the relation of 
concentration of salt solutions to percentage increase in 
pressure are given in Figures 1 and 2.

I n t e r f a c i a l - T e n s i o n  V a l u e s

The results of the interfaeial-tension measurements of the 
different solutions against crude oil and against benzene are 
more striking than those of pressure measurements. W ith 
solutions of the neutral salts, such as NaCl and N a2SOi, no 
great difference in the liquid-liquid interfaeial-tension values 
were observed. Against benzene, both salt solutions in­
creased the interfaeial-tension values until a t  a concentration 
of 10 per cent the values were 37.4 and 36.7 dynes per cm. for 
NaCl and N a2SC>4 solutions, respectively, which compare 
with 34.65 dynes per cm. for the water-benzene interface 
(Table I). W ith the crude oil, similar increases were ob­
tained although they were not quite so great as those found 
with benzene. W ith NaC2H 30 2, however, the benzene and 
crude oil behaved quite differently (Table I). Against 
benzene there was little if any change in the interfaeial-tension 
values even a t rather great concentrations of solute. Against 
the crude oil the salt solution reduced the interfaeial-tension 
value almost 50 per cent when a 10 per cent salt solution 
was used. N a2C.iH.iOr, solutions seemed to  behave almost the 
same against both of the liquids. A small decrease in the 
interfacial tension against both benzene and the crude oil was 
observed (Table I). W ith the NaOH and N a2C03 solutions, 
however, there was no sim ilarity between the effect upon the 
benzene-water tension and upon the crude oil-water tension. 
Against the crude oil a 10 per cent solution of NaOH reduced 
the interfacial tension from a value of 24.54 dynes per cm. to 
6.91 dynes per cm. W ith N a2C 0 3 a still greater decrease was 
obtained. The interfacial tension of a 10 per cent solution 
against the crude oil was found to be around 1 dyne per cm. 
In  both of these systems the interfaeial-tension values dropped 
very rapidly with increasing concentration of the sa lt or base 
(curves V and VI, Figure 3). Against benzene, quite different 
results were obtained. A t low concentrations, only slight 
decreases in the interfacial tensions of the solutions against 
benzene were found. W ith a NajCCh solution of 0.010 per 
cent concentration, the interfacial tension was found to be 
34.10 dynes per cm. compared with 34.65 for benzene-water. 
W ith higher concentration the values increased regularly until 
a t a concentration of 10 per cent the value was 34.85 dynes 
per cm. W ith NaOH a similar result was obtained. W ith a
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concentration of 0.052 per cent the value found was 33.76 
dynes per cm., but, as the concentration was increased, the 
interfacial-tension values increased until a t  a concentration of 
5.24 per cent the value found was 35.95 dynes per cm. These 
measurements agree fairly well with those obtained by H ar-

30[ ........... .........................................................
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F i g u r e  3. I n t e r f a c ia l  T e n s i o n , C r u d e  O il -  
A q u e o u s  S o l u t io n s

kins and co-workers (9) in which they found with the drop- 
weight method th a t a t low concentrations a decrease of 1 to 2 
per cent was observed in the sodium hydroxide-benzene 
intcrfacial tension, although increasing the concentration 
soon caused the tension to  go higher than th a t of water- 
benzene. In  Figures 3 and 4 curves are presented to show 
the effect of the different salt solutions upon the interfacial 
tensions of the benzene-water and crude oil-water interface.

N ote . T he N aO H  used for th e  above m easurem ents was p repared  by 
allowing w ater vapor to  come in to  con tact with m etallic sodium. T he re ­
sulting concentrated  solution was caught in a p la tinum  dish below a monel- 
m etal gauze upon which th e  sodium  was suspended. This N aO H  gave 
excellent results which were easily reproducible. M easurem ents which 
were a ttem p ted  w ith some of the purified com pound obtained  from various 
commercial sources did not give satisfactory results, nor results which could 
be duplicated.

D i s c u s s i q n

From the results obtained above it appears th a t several 
relationships exist between the effect of aqueous solutions 
upon benzene and crude oil, and their displacement from 
silica by these solutions. As a result of the displacement- 
pressure determinations, one obtains evidence th a t the 
different salt solutions behave similarly against both benzene
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F ig u r e  4 .  I n t e r f a c ia l  T e n s i o n , B e n z e n e - 
A q u e o u s  S o l u t io n s

and crude oil. This is difficult to explain in the light of some 
of the earlier theories. I t  is also obvious th a t the alkaline 
solutions are more effective in bringing about this displace­
ment.

Interfacial-tension measurements show th a t the effect of 
the neutral salt solutions against benzene and oil is similar, 
bu t th a t with alkaline solutions the effect upon the two 
liquids is very different. Alkaline solutions greatly reduce the 
interfacial tension of the water-crude oil interface whereas

they increase slightly the water-benzene interfacial tension. 
This would indicate th a t the alkaline substances m ust react 
w ith some constituent of the crude oil, so th a t a  compound is 
formed which is highly adsorbed a t the liquid-liquid interface. 
This then would cause the great decrease in the interfacial 
tension which has been observed. I t  would appear, however, 
th a t this reaction between the oil and alkali does not have an 
appreciable effect upon the displacement of oil from the sand, 
since the alkaline solutions appear to displace the benzene 
from the sand just as effectively as they do the oil. I t  seems 
probable th a t the increased effectiveness of the alkaline 
solutions in displacing liquids from silica is due to a reaction 
between the silica and the aqueous solution. E ither the base 
reacts chemically with the silica or is highly adsorbed by it. 
The factor determining the efficiency of flooding agents then 
appears to be associated with the aqueous solution-silica 
portion of the system. In  this respect the view's of N utting  
(10, IS ,  14) receive, a t  least, partial substantiation. Accord­
ing to  his theory, effective oil displacement by aqueous solu­
tions is brought about by chemical reactions which occur a t 
the solid-liquid interface. H is views were discussed earlier 
in this paper.

As a result of the present investigation, i t  m ay be concluded 
th a t whatever the nature of the displacement no definite 
relationship betw’een the change in pressure of displacement 
and the change in the liquid-liquid interfacial-tension values 
can be found. Effective displacing agents appear to be those 
th a t alter the aqueous solution-silica interface, either through 
a high degree of adsorption or through chemical reaction a t 
the interface.
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U n i t e d  S t a t e s  L e a d s  i n  P r o d u c t io n  o f  A l u m i n u m . Con­
sidering aluminum and bauxite production by countries, the 
United States leads all others in production of the metal, and 
France leads in production of bauxite, according to the United 
States Bureau of Mines. Six countries supply about 88 per cent 
of the total aluminum produced in the world; in order of output 
they are the United States, Canada, Germany, France, Switzer­
land, and Norway. Three countries—France, Hungary, and the 
United States—supply 66 per cent of the total bauxite produced; 
four other countries—Dutch Guiana, Italy, British Guiana, and 
Yugoslavia—supply 32 per cent. Of the seven chief producers 
of bauxite and six chief producers of aluminum only twro countries 
—the United States and France—-appear in both groups. Alumi­
num is the most abundant metal in the earth’s crust.



Corrosion of Metals by Milk
Effects of O perating Conditions on Corrosion in Various P arts  of 

Pasteurizing Equipm ent

II. A. T r e b l e r , National Dairy Products Corp., Baltimore, Md., a n d  W . A. W e s l e y  a n d  
F. L. L a Q u e , International Nickel Co., Inc., New  York, N . Y.

The corrosion of nickel, copper, nickel-silver, 
an experimental chromium-nickel alloy, and a chro- 
mium-nickel-iron alloy in sweet milk was studied.

I t  was found that in milk being heated to the 
pasteurizing temperature and held at that tempera­
ture nickel was corroded only slightly. The normal 
increase in the rale of corrosion which accompanies 
a rise in temperature of most corrosives was found  
to be prevented in a positive manner by the formation 
of a protective fdm  on nickel favored by air super- 
saturation and high velocity of the milk. During 
the process of cooling milk from the pasteurizing 
temperature, there was no protective fdm  formation 
so that the corrosion of nickel was normal, de­
pending on aeration, temperature, and velocity. 
Corrosion was appreciable during the initial stages 
of cooling, and decreased steadily as the temperature 
was lowered. The dual effect of high aeration and 
high velocity in increasing the rale of corrosion under 
certain conditions and decreasing the corrosion

T H E  use of new types of equipment for the continuous 
pasteurization of large volumes of milk a t high rates 
of flow has become common. Rapid corrosion of 

nickel in regenerative coolers in some of these systems was in 
apparent disagreement with the satisfactory performance of the 
metal in internal tubular heaters and other units. Conditions 
of service in  heaters seemed more severe than in regenerators, 
because of the higher tem peratures m aintained a t the m etal 
walls; nevertheless the corrosion in heaters was very slight.

Several explanations of this supposed abnorm ality wrere 
offered. They will be discussed in detail elsewhere in this 
paper. However, a further development of the data given by 
McKay, Fraser, and Searle (S) seemed sufficient to  account for 
the rapid corrosion of the regenerators. They also pointed 
out th a t freedom from corrosion of heater tubes m ight be 
explained by the formation of protective films, bu t did not 
suggest why film formation was confined to heaters and similar 
equipment. They enum erated the principal factors to  be 
considered in  laboratory corrosion tests—namely, acidity, 
tem perature, aeration, velocity, film formation, and galvanic 
effects. To these should possibly be added the effect of more 
noble metals in solution such as copper.

Space is not available for a complete review of the literature 
on metals in m ilk. A comprehensive bibliography is, how­
ever, contained in the above-mentioned paper. Some recent 
contributions by Hunziker, Cordes, and Nissen (4) and 
Guthrie, Roadhouse, and Richardson (S) should be added.

Unfortunately most laboratory investigations on corrosion 
of metals by milk and the effects of metals on flavor have been 
carried out under special conditions usually very different 
from those actually encountered in most plants. While the

rale by accelerating protective-fdm formation under 
other conditions, accounted for the difficulty in ap ­
plying the results of former investigations to explain 
the practical behavior of nickel in milk.

Nickel-silver showed somewhat the same behavior 
as nickel, but copper was not noticeably protected 
on heating. The chromium-nickel alloy was re­
sistant under all conditions, as was the chromium- 
nickel-iron alloy in the limited number of tests in 
which it was included.

Galvanic corrosion, due to differences in metal, 
aeration, or temperature, was unimportant, as was 
also the metal content of the milk.

The results are directly applicable to plant opera­
tions and will enable the manufacturer and operator 
to use nickel with assurance in the larger part of 
pasteurizing equipment and to avoid the difficulties 
which would be associated with its use in the par­
ticular pieces of equipment where corrosion is 
appreciable.

pasteurizing process itself is simple enough, there are about 
as m any different flow sheets as there are plants; consequently, 
pasteurizing conditions in respect to corrosion vary greatly.

In  the present investigation, corrosion tests were made in 
both p lant and laboratory. The laboratory tests served to 
study the variables encountered in the plants and finally to 
develop a laboratory procedure which was believed to re­
produce p lant conditions and to explain satisfactorily the 
peculiar behavior of milk in its corrosion of metals.

The following metals and alloys were included in the tests:

M e t a l  A p p r o x i m a t e  A n a l y s i s
N i Cu Cr Fe Zn
% % % % %

Nickel 99 .5
Copper 99.9 ..
Nickel-silver 20 75 *5
Chrom ium -nickel alloy 83 Í2
Chrom ium -nickel-iron alloy 8 18 74

These will all be recognized as materials in common use, 
except the chromium-nickel alloy which is an experimental 
composition now being developed.

L a b o r a t o r y  S t u d y  o f  N o r m a l  C o r r o s i o n  o f  M e t a l s

In  studying corrosion by milk in the laboratory, i t  was not 
considered advisable to  prolong the individual tests because 
of the changes which m ight occur in the milk. In  addition it 
was found th a t, even in tests as short as 1.5 hours, weighable 
losses were obtained; the results were reproducible and 
checked those obtained by weight-loss determinations in 
7- to  8-hour p lant tests.

In  some experiments the acidity of the milk was determined 
by titration  before and after the tests. The changes found

339
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were so slight that, the practice was discontinued in favor of 
simple tasting, which served to dem onstrate th a t no im portant 
changes in acidity had occurred.

F ig u r e  1. R o t a t in g  S p in d l e  A p p a ­
r a t u s  f o r  C o r r o s io n  T e s t in g

The bacterial content of the milk samples used was not 
determined. However, all the samples were taken from the 
same pasteurizing plant, and all had the same age when used. 
The bacteria content would presumably still show great 
variations, bu t very little is known about the importance of 
this factor in regard to corrosion of metals by milk. I t  is 
conceivable th a t a large number of dead or living bacteria 
m ight influence the results because of their effect on the 
available oxygen content, bu t no im portant error would be 
expected from this source because the milk was kept, as far as 
possible, saturated with oxygen during all the experiments.
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T e s t s  a t  63° C. Most plants have one thing in common; 
th a t is, th a t milk is heated quickly to about 63° C., held a t 
this tem perature for 30 minutes, and then cooled down again 
to about 4° C. Therefore it  seemed desirable to determine 
the rates of corrosion of metals a t 63° C. in fully aerated milk 
a t  the convenient, arbitrarily chosen velocity of 4.7 meters
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per minute, available in the standard vertical circular-path 
corrosion machine described by Fraser, Ackerman, and Sands 
(2). Such determinations would serve as a convenient basis 
of comparison for tests made under other conditions. How­
ever, in most of the later tests control specimens were used 
whenever possible to  facilitate direct comparison, independent 
of unavoidable variations in conditions.

In most of the experiments sheet-metal test pieces, 2.5 by 
5 cm., were suspended in glass stirrups attached to the moving 
arm of the corrosion machine. The specimens were first 
resurfaced w ith No. 0 French emery and then scrubbed with 
pumice, wiped off w ith a clean cloth, and weighed. After 
exposure the pieces were cleaned with tripoli soap by rubbing 
with the fingers only, using no brush or harsh abrasives. This 
treatm ent proved satisfactory for removing any adherent 
corrosion product or film without removing any of the metal 
itself.
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F i g u r e  3 . E f f e c t  o f  V e l o c it y  o n  C o r r o s io n  o f  
N i c k e l  b y  M i l k  a s  D e t e r m i n e d  w i t h  C o n t in u o u s - 
F l o w  A p p a r a t u s

Open storage-battery jars served as containers for the milk. 
Aeration was effected by the introduction of filtered com­
pressed air through glass tubes ending in fine tips near the 
bottom  of the jars. A better distribution of the air was a t­
tem pted by means of porous cups bu t had to be abandoned 
because of excessive foaming. The tem perature of the milk 
was regulated by adjusting the tem perature of the water bath  
in which the jars were placed.

The results obtained with nickel, copper, and chromium- 
nickel in 4-hour tests are given in Table I. There was a 
noticeable spread between the highest and lowest values found 
both for nickel and copper bu t not more than would be ex­
pected in corrosion tests. In  the case of copper the checks 
within a single test Were very good, while the differences 
between the results from the different tests were somewhat 
larger.

E f f e c t  o f  V a r i o u s  F a c t o r s

T e m p e r a t u r e  a n d  V e l o c i t y . In  order to determine the 
effects of tem perature and velocity on corrosion of nickel in 
fully aerated milk, a number of tests were made w ith the 
rotating spindle machine shown in Figure 1. W ith this 
apparatus the velocities of the test pieces depended on their 
speed of rotation and their distances from the axis of rotation.

The results of these tests are shown in Figure 2. A t lower 
temperatures than those covered by the graph, the results 
were not sufficiently consistent to perm it plotting. The 
reason for this behavior a t lower tem peratures was probably 
connected with lack of uniform aeration of the milk and the 
development of protective films to some extent. In  order to 
obtain the maximum rates of corrosion, it was necessary to 
heat the milk above the tem perature to be investigated and 
then cool it to the desired value. W hen this was not done,
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T a KLE I .  CORROSION OF N lC K EL, COPPER, AND ClIHOM IUM -NlCKEL IN FULLY AERATED M lL K  AT 6 2 - 6 4 °  C .

C o r r o s io n  o f  N ic k k l  C o r r o s io n  o f  C h h o m io m - N ic k e l  C o r r o s io n  o f  C o p p e r
E x p t . Av. T e m p . T est 1 T est 2 Av. Test 1 T est 2 Av. Test 1 T est 2 Av.

° C. M . d. d .“ M . d. i .  M . d. d. M . d. d. .If. d. d. .If. d. d. .If. d. d. .If. d. d. M . d. d.
14 63 501 550 525 0 2 1
20 63 519 533 526 0 0 0 ¿30 ¿30 130
20 63 478 523 500 . .  . .  . .  125 134 130
22 64 524 527 525 0 0 0 152 131 142
22 64 538 543 540 0 0 0 164 169 166
23 62 499 504 502

G rand  average . .  . . .  . . .  520 . .  . .  0 . . .  . . .  142
Average deviation from the m ean . . .  ± 3 %  . .  . .  . .  . . .  . . .  ± 1 1 %

a Mg. per sq. dm . per day.

T a k l e  I I .  E f f e c t  o f  A e r a t io n  o n  C o r r o s io n  o f  N ic k e l  by  M il k  a t  6 3 °  C .
R a t e  o f  C o r r o s io n  of  N ic k e l  in  M il k  A e r a t e d  w it h :

E x p t . Test 1
--------AIR---------

T est 2 Av. T est 1
---- NITROGEN----

T est 2 Av.
¿If. d. d .a M , d. d. M . d. d. M . d. d. M . d. d. i l f .  d. d.

13 501 550 525 132 126 129
17 440 442 441 53 109 81
17 267 364 316 71 131 101
19 555 629 591 15 23 19
a Mg. per sq. dm. per day.

R e m a r k s

N itrogen sweeping over surface of milk 

T est m ade using raw  milk
M ilk aerated  and deacrated  for long tim e prior to  te st

and the milk was brought ju st to the testing tem perature and 
held there, much lower rates were obtained, as shown in the 
two lower curves in Figure 2. This point will be discussed in 
greater detail in connection with protective films elsewhere in 
this paper.

Because of the uncertainty in regard to velocity and 
aeration in the above experiments, another experimental 
procedure was tried which, however, was capable of producing 
results only a t  low velocities.

Four holders similar to Figure 5, except th a t each contained 
two nickel specimens, were joined together in series and placed 
in a  water bath. The diameters of the four glass tubes of the

F ig u r e  4 . A p p a r a t u s  f o r  M a k in g  
C o r r o s io n  T e s t s  i n  F l o w in g  M il k

holders were so chosen th a t the velocities of the milk past the 
test pieces would be in ratio 1:2:3:4. The milk came from a 
small storage ja r  and was heated up to  about 58° C. while 
flowing through a glass coil submerged in water a t  62° C. 
From the coil the milk flowed through a glass tube, 1 meter 
long, and the four specimen holders in a  w ater bath  a t 58° C. 
The tem perature of the milk dropped to about 57° C. before 
entering the first holder, and reached 56° C. after passing 
through all four. The milk was aerated and returned to  the 
storage jar by means of an air lift 2.5 meters long. The runs 
lasted 2 hours each. The results of two experiments are 
given in Figure 3. The corrosion rates would presumably 
have been higher if more of a tem perature drop or a longer 
cooling time had been allowed before the milk reached the

pieces. A possible disturbing effect of the slight tem perature 
drop from piece to piece was taken into consideration by 
making two runs; in one the milk entered a t the widest tube 
and in the other a t  the narrowest.

F urther data on the effects of tem perature and velocity 
on the corrosion of nickel and copper may be obtained from 
the curves in Figure 6 and from Tables V III and IX , covering 
laboratory results with flowing milk, and in Figure 17 which 
gives the grand average of the results obtained in plant tests.

The rate  of corrosion of nickel by milk decreased about 15 
mg. per sq. dm. per day per ° C. a t the average plant velocity. 
Good checks were obtained in plant and laboratory tests run 
a t corresponding temperature, velocity, and degree of aera­
tion.

A e r a t i o n . The importance of aeration in the corrosion 
reactions has been mentioned. Some experiments were made 
to compare the rates of corrosion of nickel in fully aerated 
milk w ith those found in milk more or less completely freed of 
air by the substitution of nitrogen for air in the aerating system. 
The usual test pieces, 2.5 by 5 cm., were employed, suspended 
in glass stirrups from the moving arm of the corrosion ma­
chine. The tests were of 3 hours’ duration. The results are 
given in Table II. I t  was quite evident th a t the rate of 
corrosion was materially decreased when the oxygen content 
was reduced. The results of experiment 19 in particular 
demonstrated that, if the efficiency of the deaeration were 
improved by increasing the length of time the milk was ex­
posed to  nitrogen, the rate of corrosion of nickel by milk would 
approach zero, and th a t therefore oxygen m ust play a very 
im portant role in the corrosion reaction.

The chromium-nickel alloy was included in two series of 
tests and showed no corrosion in aerated or deaerated milk.

T a b l e  III. E f f e c t  o f  B u t t e r  F a t  o n  C o r r o s i o n  o f  N i c k e l  
b y  F u l l y  A e r a t e d  M i l k  a t  6 3 °  C .

T e s t  C o r r o s io n  R a t e  T y p e  o f  M il k

M . d. d .a
1 440 4 liters homogenized and pasteurized  m ilk
2 456 225 cc. whipping cream  in  4 lite rs  homogenized

and  pasteurized milk
3 451 4 liters pasteurized milk
4 421 225 cc. whipping cream  in  4 literB pasteurized m ilk

° M g. per sq. dm . per day.

E f f e c t  o f  B u t t e r - F a t  C o n t e n t  o n  N o r m a l  C o r r o s i o n  
o f  N i c k e l . The fa t content of the samples used was pre­
sumed to be fairly constant, as was also the number and size of 
the fa t globules. However, it was thought advisable to make 
some comparative studies using raw  and pasteurized milk 
(Table II), and pasteurized and homogenized milk w ith and 
w ithout the addition of cream (Table I II ) . The results 
indicated th a t the effect of the quantity  and distribution of 
butter fa t in the milk was not im portant.
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T a b l e  IV. E ffe c t  o f  S t e a m  S t e r i l iz a t i o n  o n  C o iu io s io n  o f  N i c k e l  S p e c im e n s  i n  P l a n t  I

T e s t  S t a t i o n

7
8 

12
15
16

L o c a t i o n  o f  T e s t  S t a t i o n

12th tu b e  of heater 
19th tu b e  of heater 
3rd tu b e  of regenerator 
7 th  tu b e  of regenerator 
9 th  tu b e  of regenerator

-B E F O R E  8 T E R IL IZ A T I0 N -
C o r r o s i o n  o f  S p e c i m e n s  I n t r o d u c e d

-A F T E R  S T E R IL IZ A T IO N -
Teat 1 Teat 2 Av. T eat 1 T eat 2 Av.

M . d. d * M , d. d. M . d. d. M . d. d. M . d. d. M . d . d.
30 23 27 71 68 70
67 67 99 99

1150 1090 1120 1167 1103 1135
888 888 888 940 1100 1020
825 825 917 917

* M g. per sq. dm . per day.

This finding was not in conflict with the results obtained 
by M cKay, Fraser, and Searle (5) concerning the effect of 
bu tte r fat on the corrosion of nickel in lactic acid solutions, 
because it  is now generally assumed th a t sweet milk does not 
contain any free lactic acid.

P r e t r e a t m e n t  o f  M e t a l . I t  was observed in some plant 
tests th a t the rates of corrosion, determined with specimens 
introduced before the equipment was sterilized with steam, 
differed noticeably from those found when the specimens were 
installed after the sterilizing process (Table IV). To check 
this point in the laboratory a number of the usual nickel strips 
were treated in different ways and then exposed to fully 
aerated milk a t  58° C. for 2 hours in  the corrosion machine. 
The treatm ent given the various pieces and the results ob­
tained are shown in Table V. The treatm ent with steam and 
air afforded definite protection to  the metal. Steam alone 
or heat (in air) alone did not cause any appreciable reduction 
in the ra te  of corrosion. The ammonia treatm ent, which 
usually renders nickel passive, had less effect than m ight be 
expected.

F ig u r e  5 . S p e c im e n  H o l d e r  U s e d  
w i t h  C o n t in u o u s - F l o w  A p p a r a t u s

D is s o l v e d  a n d  M e t a l l i c  C o p p e r . Colin G. Fink in a 
discussion of the paper by  M cKay, Fraser, and Searle (5) 
suggested th a t dissolved copper m ight have an effect on the 
corrosion of nickel by milk, and th a t nickel apparatus might 
remove copper from milk. Certain tests were made on this 
point, the results of which m ay be published separately since 
they are aside from the subject m atter of the present paper. 
I t  should, however, be noted th a t the present authors have not 
found th a t the presence of dissolved or metallic copper affected 
corrosion rates appreciably, or th a t nickel equipment changed 
the normal copper content of milk.

T E 8 T  1 T e s t  2 Av.
Af. d. d.b i t .  d. d. M . d.

494 538 516

476 538 507

482 500 491

125 180 152

482 507 494

356 363 360

G a l v a n i c  E f f e c t s . The possible galvanic corrosion of 
nickel, due solely to the difference of solution pressure of the 
m etal in contact w ith milk on the outside of regenerator tubes 
a t one tem perature and on the inside of the tubes a t a higher 
temperature, was investigated. The study was complicated 
to some extent by the galvanic currents set up by the differ­
ences in concentration of dissolved oxygen in the milk a t  the 
two temperatures. Tests were also made on galvanic effects 
obtained by coupling of different metals.

T a b l e  V. E f f e c t  o f  P r e t r e a t m e n t  o f  t h e  S p e c im e n s  o n  
C o r r o s io n  o f  N i c k e l  b y  F u l l y  A e r a t e d  M i l k “ 

P r e t r e a t m e n t  o f  N i c k e l  S u r f a c e

Control speoimens resurfaced with emery and 
scrubbed with pumice 

Specimens resurfaced with emery and washed 
with soap

Specimens resurfaced and  exposed to  steam  a t 
97° C. for 1 hour 

Specimens resurfaced and  exposed to  steam  and 
air a t  95° C. for 1 hour 

Specimens resurfaced and  exposed to  a ir a t  
80° C. for 1 hour 

Specimens resurfaced and  trea ted  w ith cold 1% 
am m onia solution for 1 hour
° T he specimens tre a ted  a t  high tem peratu res were allowed to  cool down 

before placing them  in  th e  milk, 
k M g. per sq. dm . per day .

The data  dem onstrated th a t galvanic effects were of minor 
importance in the corrosion of pasteurizing equipment. 
However, some interesting results were obtained which will 
be made the subject of a separate paper.

F o r m a t io n  o f  F i l m s  P r o t e c t i n g  N i c k e l  f r o m  C o r r o s i o n  
i n  M i l k

The data  given elsewhere in this paper dem onstrate th a t 
the rapid corrosion of nickel regenerators required no special 
explanation because it  was normal, being proportional to  
temperature, degree of aeration, and velocity. The corroding 
m etal acquired a brown or black film which had a tendency 
to slow down the corrosion with time. I t  is peculiar th a t a 
corrosion-resistant metal, such as nickel, should, under any 
conditions, show a high corrosion rate  (see, e. g., Table X) in an 
essentially neutral liquid, such as milk. The final explana­
tion of this fact is outside the scope of this paper. I t  is 
possibly linked with the amphoteric character of the protein, 
and the ease with which the nickel protein complex in  its 
monomolecular state is dispersed in milk.

The fact requiring explanation was th a t nickel equipment 
did not corrode wherever the milk was being heated.

I t  was realized early th a t a  protective film was formed in 
heaters distinctly different from the black or brown corrosion 
tarnish mentioned above. In  some cases this protective film 
was practically invisible, b u t i t  could usually be recognized 
by a distinct iridescence. These films seemed to harden and 
take on a whitish color on exposure to  air. They could be 
removed from the test pieces by  washing with tripoli soap 
before weighing. If  the pieces were incompletely washed, 
they would show gains in weight up to  1 or 2 mg. per square 
decimeter of surface, presumably because of the weight of the 
film. Nickel test pieces were also installed for a  complete 
pasteurizing run in an internal tubular heater and inside a 
regenerative cooler in p lant I  (Figure 7). Some of the pieces 
were used as controls for direct weight-loss determinations,
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while others were taken to the laboratory for use in corrosion 
tests to determine the durability of the protective coatings. 
The experiments showed th a t a definite and lasting protection 
was afforded by the previous exposure of the samples in the 
heater. Previous exposure in the regenerator also developed 
good protection of the specimens, which, however, could be 
traced to  the adhering corrosion products rather than to films 
of the type formed in the heater.

P o s s i b l e  E f f e c t  o f  B u t t e r  F a t . I t  seemed reasonable to 
assume th a t the bu tte r fa t in milk might be effective in the 
formation of protective films, since fa t would give the metal
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F i g u r e  6 . R e s u l t s  o f  L a b o r a ­

t o r y  T e s t s  o n  C o r r o s io n  o f  
M e t a l s  i n  F l o w in g  M il k

excellent protection if i t  could become sufficiently well attached 
to the metal surface. However, the surface films observed 
on test pieces taken out of heaters did not look or feel greasy, 
although a slight oily feeling was developed on specimens 
exposed in locations where the milk was flowing a t a low 
velocity. I t  looked rather as if deposition of bu tte r fa t were 
secondary to the formation of a protective film through some 
other agency. I t  has already been shown th a t in laboratory 
tests an increase in the bu tte r-fat content was not accompanied 
by any decrease in corrosion rate  (Table I II) .

F o r m a t io n  b t  A n o d i c  P r e c i p i t a t i o n  o f  C o l l o i d a l  
P a r t i c l e s  f r o m  M i l k . Laboratory experiments showed 
th a t corrosion-protective films could be formed on nickel by 
anodic precipitation, bu t later work dem onstrated th a t any 
such effect would a t  the m ost be of only secondary importance, 
because perfect protection could be obtained both in p lant and 
laboratory on test pieces which were electrically well insulated. 
As a m atter of fact, the results as shown in Table VI showed 
definitely th a t i t  did not make any difference whether the 
pieces were grounded or not.

T a b l e  VI. C o m p a r is o n  o f  C o r r o s io n  R a t e s  o f  I n s u l a t e d « 
a n d  G r o u n d e d  N i c k e l  T e s t  P i e c e s  i n  P l a n t  I

I n s u l a t e d  S p e c i m e n s  G r o u n d e d  S p e c i m e n s  
S t a t i o n  T es t 1 T est 2 Av. T est 1 T est 2 Av. R e m a r k s

M . d. d .bM . d. d. M . d. d. M . d. d. M . d. d. M . d. d.
6 7 I 4 8 11 9 Iridescent

film
8 51 27 39 42 40 41 Iridescent

film
12-13 913 958 936 918 984 951 H eavy

black film
° Insu la ted  specimens were m ounted  on holders (F igure 13) in the  center of 

the  tubes; grounded specim ens were in con tact w ith the  tu b e  walls.
b M g. per sq. dm . per day.

E f f e c t  o f  D i r e c t i o n  o f  H e a t  F l o w . Since plant 
experience had shown th a t nickel corroded wherever the milk 
was being cooled and did not corrode where the milk was 
being heated, the possibility th a t the direction of flow of heat 
between the m etal and the milk might affect the rate of 
corrosion of nickel was investigated.

I t  was improbable th a t the protection on heating was due to 
some sort of “baking on” effect, since in most plants the heat­
ing medium was only a  degree or two hotter than the maxi­
mum tem perature of the milk, and because protection oc­
curred a t  tem peratures as low as 15° C. However, the experi­
m ents were not conclusive in establishing a means of produc­
ing protective films a t will.

T a b l e  V I I .  C o r r o s io n  o f  N ic k e l  i n  S a m p l e s  o f  M i l k  T a k e n  
f r o m  V a r io u s  L o c a t io n s  i n  a n  O p e r a t in g  P l a n t

T e m p . T e m p .
W h en OF C orrosion  of N ickel D uratio n

So urce  of M ilk  T a k en T est T est 1 T est 2 Av. of R u n
° C. ° C. M . d. d. aM . d. d. M . d. d. Hours

R aw  m ilk  from  mixers 3 47 477 440 459 2 .0
R egenerator trough 4 47 473 464 469 2 .0 '
R egenerator trough 47 58 511 570 541 2 .0
R egenerator trough 49 58 450 576 513 1 .5
6 th  tu be of heater 35 51 387 416 402 2 .0
6th  tu be of heater 63 58 440 480 460 2 .0
20th  tu be of heater 55 53 492 432 462 2 .0
20 th  tu be of heater 59 59 460 534 497 2 .0
20th  tu b e of heater 59 60 488 544 516 1 .5
O u tlet of holder 60 61 195 257 226 1 .5
7th  tu be of regenerator 45 58 440 465 453 2 .0
7th  tu b e of regenerator 45 67 340 413 377 1 .5

a M g. per sq. dm . per day.

Several types of apparatus were used to study this point. 
The experiments showed that, if the m etal were kept hotter 
than the milk, or if the milk were heating up, low corrosion 
rates would usually be obtained; if the m etal were cooler than 
the milk, or if the milk were cooling down, normal corrosion 
rates could be expected. The conclusion was reached th a t the 
direction of heat flow was not im portant in determining the 
extent of protective-film formation except in so far as it 
caused either heating or cooling of the milk in contact with 
the metal. This was still more conclusively proven by the 
plant results listed in Table VI, which dem onstrated th a t 
specimens placed in the center of heater tubes were afforded 
protection as well as those placed in contact w ith the metal 
walls.

I m p o r t a n c e  o f  A i r . I t  was evident th a t up to this point 
no laboratory procedure had been developed to  produce 
protective films on nickel a t will, and th a t some factor operat­
ing in the p lant was not being covered adequately by the 
laboratory test. I t  was thought th a t this missing factor 
m ight be connected with the condition of the air in the milk 
being heated.
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T a b l e  VIII. C o r r o s io n  o f  N i c k e l  i n  F l o w in g  M il k

- V e l o c i t y  16 M . p e r  M i n . ---------------- . .---------------------V e l o c i t y  7 - 1 0  M . p e r  M i n .  ,  .---------------- V e l o c i t y  0 . 1 - 0 . 7  M . p e r  M i n .
Pre- P r o  Pre-

xp t. Tem p. Time
tre a t­
m ent

Tem p.
dif.

W t.
loss E xpt.

tre a t-
Tem p. Tim e m ent

Tem p.
dif.

W t.
loss E xpt. Tem p. Tim e

tre a t­
m ent

Tem p.
dif.

W t.
loss

4

0 C. 

47

Hours

3 .3 Yes

° C. 

+  18

AT. d. d.a 

0

6 C. Hours
STATION 1, 1ST STEP OF

0 C.
HEATER

M . d. d.a

9

0 C. 

46

Hours

3 .0 Yes

0 C . 

+  16

Af. d . d 

0
9 46 3 .0 Yes +  16 0 8 47 1.7 Yes +  12 28
8 47 1.7 Yes +  12 0 5 58 3 .2 No + 3 5 75
1 44 2.6 No +  13 74 4 47 3 .3 Yes +  18 81
3 49 4 .6 No + 2 0 75 7 50 3 .0 Yes + 3 8 104

58 3! 2 No +  35 Î2Ô 6 45 1.5 Yes + 3 9 160
1 44 2 .6 No +  13 212

4 62 3 .3 Yes + 3 3 0
STATION 2, 2ND STEP OF HEATER

8 55 1.7 Yes + 2 0 28
9 60 3 .0 Yes +  30 0 3 63 4 .6 No + 3 4 42
8 55 1.7 Yes + 2 0 14 9 60 3 .0 Yes + 3 0 56
1 59 2 .6 No + 2 8 46 5 62 3 .2 No + 3 9 90
3 63 4 .6 No + 3 4 57 Ï 60 3 .0  Yes +  48 Î2Ô 1 59 1.5 No + 2 8 111

5 62 3 .2  No + 3 9 157 7 60 3 .0 Yes + 4 8 144
6 61 1 .5  Yes + 5 5 270 6 61 1 .5 Yes + 5 5 160

3 58 4 .0 No -  5 216
STATION 3, 1ST STEP OF COOLER

8 44 1.7 No - 1 1 85
4 58 3 .3 No -  4 222 9 41 3 .0 No - 1 9 121
1 57 2 .6 No -  2 305 7 50 3 .0 No - 1 0 152
9 41 3 .0 No - 1 9 450 *7* 50 3 .0  No - 1 0 423 4 58 3 .3 No -  4 177
8 44 1.7 No - 1 1 593 6 44 1 .5  No - 1 7 450 1 57 2 .6 No _ 0 212

5 54 3 .2  No -  8 600 5 54 3 .2 No -  8 240

8 44 1.7 No -1 1 0
STATION 4, 2ND STEP OF COOLER

8 44 1.7 No - 1 1 70
9 40 3 .0 No - 2 0 24 *5* 44 3 ! 2 No - i 8 4Î6 5 44 3 .2 No - 1 8 135
3 51 4 .0 No -1 2 456 3 51 4 .0 No - 1 2 198
4 50 3 .3 No -1 2 700 1 50 2 .6 No -  8 305
1 51 2 .6 No -  8 720 9 40 3 .0 No - 2 0 415
•  M g. per sq. dm. per dny.

In  order to determine if milk previously heated and super­
saturated with air would develop protective films, four experi­
ments were made by heating fully aerated milk quickly in a 
closed coil, from which it flowed directly into a jar in which 
the specimens were moved as usual a t a  velocity of 4.7 meters 
per minute. In  one of the experiments good protection was 
obtained, bu t this could not be reproduced in the three follow­
ing experiments. Although the milk might be supersaturated 
with air as it left the coil, apparently th a t condition was not 
maintained in the milk in contact with the test specimens in 
the jar.

This point was checked further by a combined plant and 
laboratory experiment. The vertical-path corrosion machine 
was taken to plant I  where a series of tests was made, using
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F ig u r e  8 . F l o w  S h e e t  o f  P l a n t  II

milk taken from various locations in the operating equipment 
directly to  the jars of the corrosion machine. The results are 
covered by Table V II. They showed tha t, if the formation of 
protective films was due to  the air in the milk, the favorable 
condition did not persist after the milk was removed from the 
closed equipment. In  each case care was taken to  prevent a 
drop in tem perature of the milk while it was being transferred 
from the equipment to  the corrosion machine. The only 
sample which gave any protection in these tests was th a t taken 
from the stopcock connected with the final tube of the Iong-

flow holding unit. I t  was noticed th a t this sample contained 
a very large number of small, relatively stable air bubbles.

To demonstrate definitely th a t the protection afforded 
nickel in heaters and the high rates of corrosion of regenerators 
depended solely on the condition of the milk, the apparatus 
shown in Figure 4 was constructed entirely of glass. Milk a t 
about 30° C. flowed through a siphon from a 2-liter storage 
jar into the jacket of a  Liebig condenser ivhich served as a 
regenerative cooler for the milk from the heating coils. From 
the jacket the preheated milk flowed through a coil in a water 
bath kept a t 64° C. Test pieces w'ere installed within the 
glass tubes, as indicated in the sectional drawing, Figure o, a t 
the locations shown in Figure 4. The velocity of movement 
of the milk over the surface of the test pieces could be varied 
by changing the diameters of the tubular m etal specimens and 
of the glass tubes in v’hich they vrere supported, since the 
milk had to flow through the annular space between the 
specimens and the tube walls. In  a typical run the milk 
reached a tem perature of 47° C. a t  test location 1, and 
of 61 ° C. a t  location 2. The milk started to  cool as soon as it 
left the heating coil so th a t a t location 3 its tem perature was 
58° C.; and a t location 4, after the first water cooler, the 
temperature dropped to 51° C. The milk was finally re­
turned to the storage jar through two more water coolers, the 
last one serving as an air lift simultaneously circulating and 
aerating the milk by the introduction of compressed air. The 
velocity of flow of the milk could be adjusted to  some extent 
by regulating the am ount of air and the height of the lift.

The results obtained when using this apparatus are shown 
in Table V III for nickel and Table IX  for copper. The 
tendency for corrosion rates to decrease with time should be 
taken into consideration in comparing the results of the 
various experiments. The values obtained for the corrosion 
of nickel and copper a t a velocity of 16 meters per minute have 
been plotted in Figure 6. A comparison of these curves with 
the grand average curves of all the plant tests (Figure 17) 
shows a striking similarity, indicating th a t the apparatus 
described gave a satisfactory means of duplicating plant 
conditions in the laboratory. These tests showed clearly 
that, wherever the milk was being heated, the nickel specimens 
were protected; whereas, where the milk was cooling, the 
nickel corroded a t appreciable rates.
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The data of Table V III dem onstrate th a t the efficiency of 
the protection on heating was not nearly so marked a t  low 
rates of flow of the milk as it was a t the highest velocity. 
This relation is evident in the results of the plant tests in 
Tables X  to XV, and can be detected even in the data secured 
in the rotating  spindle machine and presented in Figure 2. In 
th a t figure the difference between the dotted and the straight- 
line curves is greater a t  the higher velocities, signifying

relatively better protection from corrosion as the velocity 
increases. The conclusion can therefore be drawn th a t a 
high velocity of flow, or the provision of intim ate contact of 
the m etal with the aerated milk by some other means, is 
essential for complete protection of nickel in heaters.

Tem perature differences in Table V III indicate the differ­
ence between the tem peratures m aintained a t  the test stations 
and the lowest ( + )  or highest ( —) tem perature reached by 
the milk as it circulated through the apparatus. The magni­
tude of these tem perature changes did not seem im portant in 
determining the extent of protection of nickel. Protection 
could be expected where the milk was passing though a closed 
tube a t an appreciable velocity so long as the tem perature of 
the milk wras increasing or even constant. Evidently a drop 
in temperature of some 6 or 7 degrees is necessary to develop 
the maximum rate of corrosion of nickel by cooling milk. 
P lant experience had previously shown this effect which was 
now demonstrated by the laboratory tests and by plant tests 
to be described. The very low corrosion rates obtained in 
experiments 8 and 9 a t station 4, as shown in Table V III and 
in Figure 11, might have been due to the fact th a t in these 
experiments there was a very large tem perature drop between 
stations 2 and 3, and little or no drop from station 3 to  4. 
Consequently the milk was not really cooling a t station 4 but 
was a t a constant tem perature with conditions possibly favor­
able to protective-film formation, especially a t the highest 
velocity.

The location of the points of maximum corrosion can be 
expected to  vary from plant to plant, according to  the velocity 
of the milk and the rapidity of the cooling. I t  is probable tha t 
a t lower velocities the tem perature drop required to  develop 
the maximum rate  of corrosion of nickel is less than  a t high 
velocities.

Where the metal specimens were pretreated so th a t they

were hotter than the milk a t  the time of the initial contact, 
there was a decrease in the rate  of corrosion in every case 
a t the high velocity, as is evident from Figure 6. A t the 
lower velocities the effect of this pretreatm ent was indefi­
nite.

The results of the tests on copper shown in Table IX  and 
Figure 6 showed th a t copper was not afforded any positive 
protection on heating, and th a t the rates of corrosion were 
governed by the usual factors—velocity, temperature, and 
aeration. As the copper showed no difference in behavior 
whether it was exposed to milk being heated or to milk being 
cooled, only the actual temperatures a t the test pieces and not 
the tem perature differences were recorded in Table IX .

M e c h a n i s m  o f  F o r m a t io n  o f  P r o t e c t i v e  F i l m  o n  
N i c k e l . The mechanism of the formation of the protective 
film is no more definitely known than the mechanism of 
corrosion. However, it seems rather probable th a t protein, 
because of its surface tension-lowering activity, will collect 
a t the gas-liquid interface (in this case a t the exposed surface 
of the milk) a t the surface of all the air bubbles in the milk, 
and possibly even a t the air-coated metal wall itself.

F i g u r e  10. Fi.ow S h e e t  o f  P l a n t  IV

The heating of milk containing dissolved air causes it to 
become supersaturated. Air bubbles then tend to form, 
especially a t  the metal-liquid interface. The protein film 
around the air bubbles m ay be rendered unstable on heating in 
the same way as is known to be the case with the protein film 
coating the fa t globules in milk ( /). At the same time it 
becomes slowly "denaturated” (6) and insoluble (probably by 
condensation of molecules). Any condition promoting 
intim ate contact between the protein-enriched interfaces

T a b l e  IX. C o r r o s io n  o f  C o p p e r  i n  F l o w in g  M i i .k

V e l o c i t y  1 6  M , p e r  M i n . V e l o c i t y  0 .7  M .  p e r  M i n .
Pre- Pre-

tre a t­ W t. tre a t­ W t.
Sxpt. Tem p. Time m ent loss E x p t. Tem p. Tim e m ent loss

° C. Hours M . d. d.<* ° C. Hours M ., d. d.
STATION 1, 1ST STEP OF HEATER

4 47 3 .3 Yes 140
3 49 4 .5 No 144 3 49 4!o No 4 i
2 47 2 .5 Yes 278 2 47 2 .5 Yes 96

STATION 2, 2ND STEP OF HEATER

3 63 4 .5 No 171
4 62 3 .3 Yes 266 4* 62 3 .5 Yes 136
2 02 2 .5 Yes 326 2 62 2 .5 Yes 126

STATION 8, 1ST STEP OF COOLER

3 58 4 .0 No 168 3 49 4 .0 No 55
4 58 3.3 Yes 192
2 50 2 .5 Yes 298 2 56 2 .5 Yes 96

STATION 4, 2ND STEP OF COOLER

4 51 3 .3 Yes 111 4 51 3 .3 Yea 57
3 51 4 .0 No 162
2 54 2 .5 Yes 240 2 54 2.*5 Yes 67
o M g. per sq. dm. per day .
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T a b l e  X. R e s u l t s  o f  T e s t s  i n  P l a n t  I

C o r r o s i o n  o f  N i c k e l

(7.6-hour run)
C o r r o s i o n  C o r r o s i o n  

C o r r o s i o n  o f  N i c k e l -  o f  C h r o m i u m -
S t a t i o n T e m p . V e l o c i t y T eat 1 Teat 2 Av. o f  C o p p e r S i l v e r N i c k e l

° C. M .fm in . M . d. d.a M . d. d. M . d. d. M . d. d.
HEATING

M . d. d. M . d . d.

1 7 5 0 0 40 18 7
2 9 6 30 22 26 11 31 8
3 26 6 25 15 20 0 11
4 49 6 0 0 0 69 0  ■ Ö
5 49 50 55 82 69
6 50 50 89 58 73 Î56 i i ó 0
7 56 50 30 23 27
8 62 50 43 66 55 185

HOLDING
’78 Ö

9 63 3 40 40 127 89 0
1 0 63 3 265 265 101

COOLING

151 0

11 62 50 552 552 210 202 0
12 58 50 1150 1090 1120
13 55 50 1076 1095 1085
15 51 50 888 882 885
16 48 50 825 825 ' s i Í24 9
17 45 50 747 700 724
18 42 50 658 663 660
19 38 50 497 497
20 35 50 490 490
21 32 50 307 307
24 17 50 195 195
25 15 50 370 370 '32 37 Ö
26 15 6 129 Í32 130 40 33
27
a Mg.

4
per aq. dm.

50 
per day.

4 0 2

L o c a t i o n  o f  T e s t  S t a t i o n s

Line from storage to  regenerator 
Outside 2nd tube  from  top  regenerator 
O utside 14th tube  from  top  regenerator 
O utside b o ttom  tu b e  regenerator 
Line from regenerator to  heater 
In  2nd tube  of heater 
In  12th tu b e  of heater 
In  19th tu b e  of heater

In  1st tube  of holder 
In  la s t tube  of holder

In  1st tu b e  of regenerator 
In  3rd tube  of regenerator 
In  6 th  tube  of regenerator 
In  7 th  tube  of regenerator 
In  9 th  tu b e  of regenerator 
In  11th tu b e  of regenerator 
In  13th tu b e  of regenerator 
In  15th tube  of regenerator 
In  17th tube  of regenerator 
In  19th tube  of regenerator 
In  29 th  tu b e  of regenerator 
Line from  regenerator to  cooler 
O utside to p  tu b e  of surface cooler 
Line from cooler to  filling m achines

S t a t i o n T e m p . V e l o c i t y

T a b l e  XI. R e s u l t s  o f  T e s t s  i n  P l a n t  II 
(7.5-hour run)

C o r r o s i o n
C o r r o s i o n  o f  N i c k e l  C o r r o s i o n  o f  N i c k e l -  

Teat 1 Teat 2 Av. o f  C o p p e r  S i l v e r

C o r r o s i o : 
o f  C h r o m i i  

N i c k e l

° C. Ai,/m in . Af. d. d.a M . d. d. M . d. d. M . d. d. M . d. d. Af. d. d.

1 4 75 0
HEATING

0 48 18 0
2 7 75 2 2 55 17 0
3 20 75 2 2 52 45 0
4 37 75 6 ' Ó 0
5 60 75 0 0 130 ‘ i i Ö
6 63 75 0 0 142 49 0

7 62 Low 97
HOLDING

97 106 150 0
8 62 Low 97 ‘56 76

9 61 75 328
COOLING

328 238 395 0
10 57 32 379 379 225 404 0
11 52 32 610 721 666
12 43 32 426 474 450
13 35 32 119 119 60 *48 0
14 18 32 19 '26 22
15 4 75 4 4 42 * 17 0
° Mg. per aq. dm. per day.

L o c a t i o n  o f  T e s t  S t a t i o n s

In  line from  storage tan k  to  heater
In  2nd tu b e  of heater
In  18th tu b e  of heater
In  24th tu b e  of hea te r
In  38th tu b e  of heater
In line from  heater to  filters

In  holding tan k  
In  holding ta n k

In  line from  holders to  coolers 
In  2nd tu b e  of cooler 
In  6 th  tu b e  of cooler 
In  12th tu b e  of cooler 
In  18th tu b e  of cooler 
In  31st tu b e  of cooler 
In  line from coolers to  fillers

and the metal will presumably favor the formation of protec­
tive films.

After the milk has reached the holding stage and no further 
rise in tem perature occurs, the protein film a t the air-milk 
interfaces starts to become stabilized. This process is not 
ordinarily completed during the holding period, and conse­
quently some protection can take place even in the first stages 
of the cooling process. When the milk is cooling down, the

tendency will be for the air to redissolve in the milk and for 
the m etal walls to  be perfectly wetted by the milk. No new 
air bubbles will form, and the old ones will contract and be­
come stabilized so th a t corrosion m ay proceed unhindered.

In  addition to  the collection and denaturation of protein 
a t the air-liquid interfaces, the formation of a protective film 
depends, of course, upon a high specific adsorption of protein 
or denaturated protein by nickel. Otherwise, i t  would be 
expected th a t copper, for example, would receive exactly the 
same protection. This the laboratory and plant tests show 
definitely not to  be the case.

P l a n t  C o r r o s i o n  T e s t s

There is a considerable variation from plant to p lant in the 
types and layout of equipment used for pasteurizing milk. 
This will be evident upon inspection of the flow sheets for six 
different plants shown in Figures 7 to 12. Of course, the 
condition of the milk, as i t  affects corrosion, varies markedly 
from plant to plant, owing especially to effects of the design 
and operating characteristics of the equipment on the tempera­
ture, degree of aeration, and velocity of the milk. The 
approximate velocities and tem peratures a t the various 
points in each p lant have been listed in Tables X  to  XV. 
Since milk entering a p lant is usually well aerated, the degree 
of aeration can be estimated a t different stages of the pasteur-
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T a b l e  X II. R e s u l t s  o f  T e s t s  i n  P l a n t  III
(7.6-hour run)

S t a t i o n  T e m p . V e l o c i t y  Pieces
C o r r o s i o n  o f  N i c k e l

M in. M ax. Av. Pieces M in.
C o r r o s i o n  o f  C o p p e r

M ax. Av.

C o r r o s i o n  
o f  C h r o -

MIUM-
N i c k e l

° C. M ./m in . Af. d. d.a Af. d. d. Af. d. d. Af. d. d.
HEATING

Af. d. d. Af. d. d. Af. d.

1 6-14 32 1 7 7 1 22 22 5
2 8-15 32 3 5 2Í 13 2 62 85 73 10
3 15 32 2 5 7 6 1 79 79
4 22 32 2 0 86 28 2 40 74 57 7
5 28 32 2 17 34 25 1 83 83
6 35 32 3 5 37 24 4 52 77 62 4
7 49 32 7 8 16 11 3 90 115 105 8
8 48 32 1 49 49 2 91 95 93 8
9 62 32 1 114 114 1 174

HOLDING

174 11

10 63 Low 3 30 51 37 1 42
COOLING

42 5

11 62 32 3 634 663 649 3 183 199 191 7
12 61 60 3 640 717 660 3 212 222 217 9
13 60 6 4 592 886 751 7 159 190 168
14 50 6 2 113 120 116
15 40 6 4 482 785 604 7 74 83 78
16 33 6 2 58 86 72
17 27 6 8 33 49 41
18 20 6 2 23 30 26
19 13 6 5 17 21 20
20 8 6 4 13 18 16
21 3 32 
° M g. per sq. dm . per day.

3 ' 3 i i ‘ 7 6 15 37 24 Í3

L o c a t i o n  o f  T e s t  S t a t i o n s

In  raw  m ilk line 
Inside regenerator tu b e  1 
Inside regenerator tu b e  8 
Inside regenerator tube  15 
Inside regenerator tube  20 
Inside regenerator tu b e  26 
Inside regenerator tube  38 
In  line to  heater 
In  line to  holder

In holding tank

In  ljne to  regenerator 
In  line to  regenerator 
O utsjde regenerator tube  38 
O utside regenerator tube  32 
O utside regenerator tube 26 
O utside regenerator tube  20 
O utside regenerator tube 14 
Outside regenerator tube  8 
O utside surface cooler top  tube 
O utside surface cooler middle 
Inside line to  filling m achine

T a b l e  X III. R e s u l t s  o f  T e s t s  i n  P l a n t  IV
(7.5-hour run)

S t a t i o n T e m p . V e l o c i t y
C o r r o s i o n  o f  N i c k e l  

T est 1 T est 2 Av.
C o r r o s i o n  
o f  C o p p e r

Ć h r o m i u m -
N i c k e l - I r o n

0 C . M ./m in . Af. d. «d.a Af. d. d. Af. d. d. Af. d. d. Af. d. d.

1 5 67 14 21
HEATING

17 30
2 63 ? 0 0 0 70
3 62 70 0 15 8 61

4 62 Low 50 70
HOLDING

60 70 0

5 61 Low 425
COOLING
425 140 0

6 60 70 364 370 367 203
7 59 ? 302 314 308 184
8 4 67 4 44 24 18

° M g. per s q .  dm. per day.

L o c a t i o n  o f  T e s t  S t a t i o n b

In  line from clarifier to  heater 
In  trough underneath  surface heater 
In  line from heater to  holder

In holder

In equalizing tan k  a fte r holder 
In  line from  equalizing tan k  to  cooler 
In  trough over surface cooler 
In  line from surface cooler to fillers

izing process by considering the opportunity presented for air 
to leave the milk as it is heated and to redissolve in milk as it 
is cooled. Surface heaters and open holders, of course, favor 
loss of dissolved air on heating; closed heaters and holders 
favor retention of air; and combinations of such equip­
ment give interm ediate degrees of aeration of the cooling 
milk. P lan t I is a typical example of a closed system 
where the degree of aeration is high; plant IV of an open 
system where the degree of aeration is low; and p lant VI, 
with a closed heater and open holders, of a system where 
an interm ediate degree of aeration can be expected. Simi­
larly, surface coolers favor more rapid solution of air than 
closed coolers.

During the progress of this work, a  large number of plant 
tests were run to determine the rates of corrosion of different 
metals in the plants, to check the results of the laboratory 
work, and to investigate conflicting reports on the behavior of 
the metals in service.

Cleaned and weighed samples of the various metals were 
exposed to  milk within the operating equipment during 
regular runs in six plants.

The metal specimens were supported and insulated from 
each other and from the equipment by the holder illustrated in 
Figure 13, which accommodated four U-shaped specimens 
about 7 by 1.25 cm., the area of each being 0.17 sq. dm. The 
collar-shaped specimens were formed by rolling up m etal strip 
of the proper size. The outside of the collars, in contact with 
the tube walls, was covered with an insulating lacquer baked 
on to  provide the necessary electrical insulation and to confine 
corrosion to the inner surface of the specimens. In certain

cases the lacquer insulation was supplemented by the use of 
Bakelite cloth or Cellophane between the specimens and the 
tube walls. These collars were 5 cm. long and had an exposed 
area of about 0.75 sq. dm. They were purposely rolled up 
slightly oversize so th a t they could be held in place by the 
slight s p r in g  a c t io n .
The b e n t  s p e c im e n s  
for use on the o u ts id e  
of tubes w ere  s im p ly  
ro lle d  up so as to fit 
snugly. They were in­
sulated from the equip­
m e n t  b y  th e  u se  of 
lacquer and other m ate­
rials. They were 8.25 by 
6 cm., and had an ex­
posed area of 0.5 sq. dm.

The results obtained 
are covered by Tables 
X  to  XV a n d  sh o w n  
graphically in Figures 14 
to 17. In  view of the 
limited number of points 
in certain cases, the con­
necting lines should not 
b e  u se d  fo r  interpola­
tion of corrosion rates 
b e tw e e n  the p o in ts ,  
bu t s im p ly  for identi­
fication purposes. The

F i g u r e  12 . F l o w  S h e e t  o f  
P l a n t  V I
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T a b l e  XIV. R e s u l t s  o f  T e s t s  i n  P l a n t  V
, (5.25-hour run)

C o r r o s i o n  o f  N ic k f . l  C o r r o s i o n  o f  C o p p e r

TATI ON T em p* V elocity T est 1 T est 2 Av. T est 1 T est 2 Av.
° C. M ./m in . M . d. d “ M . d. d. M . d. d. M . d. d. .If. d. d. M . d.

HEATING
1 6 60 13 16 14 56 56
2 48 60 13 15 14 90 90
3 50 60 20 34 27 111 111
4 63 60 12 17 15 205 205

HOLDING
5 62 Low 86 92 89 64 102 83
5 62 Low 73 86 79 96 102 99

COOLING

6 61 60 918 958 938 291 291
7 60 6 790 790 207 211 209
8 38 6 468 468 45 95 70
9 18 30 332 470 401 56 56

10 18 6 185 185 26 27 27
11 13 6 14 14
12 7 
n Mg. per sq.

6
dm . per day.

24 24

L o c a t i o n  o f  T e s t  S t a t i o n s

In  raw  milk line from storage tan k  to regenerative heater 
In  line from regenerator to  heater 
In  1st tu b e  of heater 
In  la st tube  of heater

In  holding tank  
In  holding tank

In  line from equalizing ta n k  to  regenerator 
O utside top  tube  of regenerator 
O utside 13th tube  from top  of regenerator 
In  line from  regenerator to surface cooler 
O utside top  tu b e  of surface cooler 
O utside 9 th  tube from top  of surface cooler 
O utside 17th tube  from top  of surface cooler

T a b l e  XV. R e s u l t s  o f  T e s t s  i n  P l a n t  VI
(4.8-hour run)

C o r r o s i o n  o f  
C o r r o s i o n  o f  C h r o m i u m - 

C o r r o s i o n  o f  N i c k e l  C o r r o s i o n  C h r o m i u m -  N i c k e l - L o c a t i o n  o f  T e s t
S t a t i o n s

Inside heater tube  1 
Inside hea ter tube  10 
Inside heater tu b e  20

T A T I O N T e m p .  
° C.

V e l o c it y

M ./m in .
Pieces M in. 

M . d. d.a
Max. 

M . d. d.
Av.

M . d. d.
H E A T I N G

o f  C o p p e r  
M ; d. d.

N i c k e l  
M . d. d.

I r o n  
M . d. d.

1 49 43 4 132 178 155 73 8
2 54 43 2 15 42 29 121 3
3 62 43 4 56 110 81

H O L D I N G

141 5

4 63 Low 4 194 250 214
C O O L I N G

90 2

5 62 Low 2 99 134 117 0
6 59 34 4 450 508 477 Ü 5 ‘6 8
8 56 34 2 513 534 523 19
9 53 34 2 550 558 554 96 18

11 47 34 2 472 473 473 78 0
13 43 34 3 427 45S 447
15 34 34 2 426 431 428 Ó i i
19 16 34 2 226 240 233 31 23
21 13 34 2 118 123 120
22 10 34 
a Mg. per eq. dm. per day.

1 82 82 23 27 6

Inside holding tan k

Inside equalizing tan k  
Inside regenerator tu b e  2 
Inside regenerato r tu b e  4 
Inside regenerator tu b e  6 
Inside regenerator tu b e  10 
Inside regenerator tube  12 
Inside regenerator tube  18 
Inside cooler tube  2 
Inside cooler tu b e  6 
Inside cooler tu b e  10

station numbers referred to in the tables are indicated on 
the flow sheets by numbers inside circles designating the 
locations of the test specimens.

The graph in Figure 14 covers the results obtained with 
nickel. A marked difference will be noted between the 
corrosion rates obtained in the cooling part of the process 
and those associated with similar temperatures on the heating

F ig u r e  1 3 . M e t h o d s  o f  S u p p o r t in g  S p e c im e n s  i n  
P l a n t  T e s t s

side. The reason for this, particularly the effect of films in 
protecting nickel from corrosion in heaters, has already been 
discussed in detail. The rates of corrosion of nickel during 
the heating and holding steps of the pasteurizing process fell

within a narrow range in all the plants. In  the cooling proc­
esses, however, a much wider spread was observed, owing 
chiefly to differences in aeration and velocity from plant to 
plant.

For instance, the corrosion rate of 1120 mg. per square 
decimeter per day in the third tube of the regenerator in 
plant I  (milk a t  58° C., velocity of flow 50 meters per minute) 
could be compared with the rate  of 367 mg. per square deci­
meter per day in the inlet to  the surface cooler in p lant IV 
(milk a t  60° C., velocity of flow 70 meters per minute). The 
probable reason for the much higher corrosion rate  in p lant I, 
in spite of the lower velocity and tem perature, is th a t in 
plant I  the milk was pasteurized, using closed heaters and 
holders; and therefore there was no chance for dissolved air 
to leave the milk as the tem perature was raised. As a result 
the milk entering the regenerator was supersaturated with 
air, since it  contained the concentration of dissolved air 
soluble in milk a t  the tem perature a t  which it entered the 
heaters. In  p lant IV  all the equipment was open to the air, 
and the concentration of dissolved air a t the entrance to the 
coolers was no greater than  th a t normally dissolved in milk 
a t the pasteurizing tem perature. While it  is possible that 
the maximum rate  of corrosion in plant IV was not reached at 
the tem perature a t  which the test was made, i t  is not a t all 
likely th a t the maximum rate approached the high rates found 
in plant I.

The laboratory and plant tests -which have been described 
demonstrated certain general principles, the proper applica­
tion of which will serve to explain'differences in corrosion 
rates from plant to  p lant or a t different points in any one 
plant.



March, 1932 I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y 349

£

■Ir

L r tc to  
P i A * r  T

P iA /tr  a ---------
P i t u r n  ........ o.
P lA A T  I T ---------
Pi Jt fr V ---------
Pl a k t  n --------- \

\
V

j
S

\
i i

k
0 , •

\ \ Ć;
1 ; 
1 i ?:■

J<
Ć

P ' \&
7>

9 7 #
\ \

c
\
\

<V\;.

«Vi
/t S *

Ä 4DÖ, ’r r % 3~
1

A

1 ś Ó i A)

,

J
oTri

/£k

«s

L u i a o

P itvr t ---------
P urr I --------
PiAura ........
Pi AMT a --------
P i a h  z ---------
PlAAT i f ---------

<

j

f \ \A v \A?■ \ \V
.A - i s

D Y

V \
O.

V" ? •

\ \
<55=

a f --- •< * : i 
ó o tv " O

1 ---- - -
/ <

-  UfAT/VS - H*PI A ATM6 OfS C-CoOUff —
F i g u r e  14 . R e s u l t s  o p  P l a n t  T e s t s  o n  N i c k e l

The following factors were found to favor high rates of 
corrosion of nickel in the cooling process:

High temperature.
High rates of flow.
A high degree of aeration or supersaturation with air, such as 

occurs with closed heating and holding equipment.
A short pasteurizing run. Since the rate of corrosion of 

nickel was found to decrease with time, the rate of corrosion 
measured over a 5-hour period would be greater than that 
measured over an 8-hour period.

Similarly, in the heating process the factors conducive to 
the formation of protective films and hence to low corrosion 
rates of nickel were found to  be:

Increase in temperature of milk or maintenance of a steady 
temperature.

High rates of flow.
Complete aeration or supersaturation of the milk.

An examination of Figure 15, covering the rates of corrosion 
of copper in the several plants, will show tha t, while there was 
some variation in rates from plant to plant and between the 
heating and cooling processes, there was no tendency for the 
copper to be protected on the heating side. The governing 
factors in the corrosion of copper were found to be temperature, 
velocity of flow, and degree of aeration. A consideration 
of these factors will indicate the probable reasons for the 
variations in corrosion rates determined.

The rates of corrosion of nickel-silver in plants I  and I I  
are shown in Figure 16. There was some tendency for nickel- 
silver to  be protected on the heating side. This protection 
was not as positive as with nickel, so th a t the corrosion of 
nickel-silver in heaters and holders was ap t to  vary widely 
owing to  slight changes in operating conditions. On the 
cooling side, nickel-silver behaved normally, in th a t the rate 
of corrosion was a function of the tem perature, velocity, and 
degree of aeration of the milk. The higher corrosion rates 
obtained in plant I I  were probably due to  the greater velocity 
a t  the points of te s t—75 meters per minute as compared with 
50 meters per m inute in p lant I.

To facilitate comparison of the various metals, the graph 
shown in Figure 17 was prepared. The points plotted were 
the grand averages of the corrosion rates of each m etal in the 
different tem perature ranges in all plants. In  selecting 
figures for the grand average, only those corrosion rates

0 10 ¿0 30 At 50 64 60 50 AO 30 SO /O
•* HcATi#* - TfMftXATUAt D tt C CoOLiV*  *

F i g u r e  15 . R e s u l t s  o f  P l a n t  T e s t s  o n  C o p p e r

determined in milk flowing a t a reasonably high velocity were 
used; furthermore, in order to avoid giving too much weight 
to those plants in which a large number of tests were made, an 
average figure for each p lant was determined in each tempera­
ture range and these average figures used in making up the 
grand average.

These grand average curves dem onstrate quite clearly 
the fundam ental differences in the behavior of the various 
metals. I t  should be noted especially th a t the maximum rate 
of corrosion of nickel did not occur a t the highest tem perature 
on cooling and was not developed until the milk had cooled 
from 5 to 10 degrees below the holding tem perature. This
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fact was in accord with p lant experience which, for example, 
had shown th a t the maximum rate  of corrosion of a  nickel 
regenerator was found in the middle of the bottom  section, 
whereas the first tube in the regenerator and the tube from 
the holder to  the regenerator suffered relatively less corrosion. 

The similarity of the curves for copper on heating and cool­
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ing was in striking contrast to the wide difference in the corre­
sponding curves for nickel.

In  keeping with its nickel-copper content, nickel-silver 
seemed to behave to  some extent like each of its constituents.

The chromium-niekel alloy was apparently insensitive to 
the conditions of exposure to milk associated with pasteurizing

F i g u r e  17. A v e r a g e  R e s u l t s  o f  T e s t s  i n  A l l  P l a n t s

processes. M ost of the weight losses determined were within, 
or very close to, the experimental error. In these respects 
this alloy behaved like the chromium-nickel-iron which was 
tested. This chromium-nickel-iron alloy was included in 
only a  limited number of tests because previous experience 
had shown it to  be insensitive to pasteurizing conditions.

The grand average curves m ay be used to  estimate the 
probable rates of corrosion of the metals tested a t any point in 
a pasteurizing plant. The accuracy of the estimate will de­
pend upon the consideration given the controlling factors as 
outlined above in modifying the data obtained from the curves 
to fit the plant or equipment being studied.

C o n c l u sio n s

1. Nickel is suitable for equipment used in transportation 
and storage of milk at ordinary temperatures, heating milk to 
the pasteurizing temperature and holding it at that tempera­
ture, and cooling milk from 18° C. and handling it below that 
temperature.

2. The low rates of corrosion of nickel by milk under 
heater conditions are due to the formation of protective films 
favored by air supersaturation and high velocity.

3. In  the absence of protective films, the rates of corrosion 
of nickel and other metals depend on the usual factors—aera­
tion, temperature, and velocity.

4. Nickel should not be used in contact with milk cooling 
in the range from 63° to 18° C.

5. The addition of sufficient chromium to nickel produces 
positive protection from corrosion by sweet milk under all 
conditions, and the chromium-nickel alloy containing 12-15 
per cent chromium is suitable for all types of pasteurizing 
equipment.

6. The limited number of tests made on the 18-8 chro- 
mium-nickel-iron alloy indicated th a t i t  also would be generally 
suitable.

7. Bare copper and nickel-silver should be used with 
caution in  the final stages of heating milk and the initial stages 
of cooling milk.

The above conclusions are based only on the suitability of 
the metals in so far as their resistance to corrosion by milk is 
concerned. This factor is only one of several which m ust be 
taken into consideration in selecting a m etal for any particular 
piece of pasteurizing equipment. Such other factors are: 
cost; availability in the necessary forms; suitable mechanical 
properties; am enability to fabrication and the making of 
common types of joints; the serviceability of joints; effects 
on the flavor and keeping quality of milk; and resistance to 
corrosion by cooling media, cleansing, and sterilizing agents.

A c k n o w l e d g m e n t
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0 . B. J. Fraser of the International Nickel Company, and 
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ucts Corporation. The assistance of G. L. Cox of the In ter­
national Nickel Company, who performed some of the 
experiments to  determine the temperature-velocity-corrosion 
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R e c e i v e d  A ugust 26, 1931. Presented  before the  Division of Industria l and 
Engineering C hem istry a t  the  82nd M eeting of th e  Am erican Chemical 
Society, Buffalo, N. Y ., A ugust 31 to  Septem ber 4, 1931. T he s tu d y  upon 
which th is paper was based was a  coSperative effort betw een th e  technical 
staffs of a  large user of dairy  equipm ent and a  producer of m etal used in its 
construction. C onsultation  was handled during the  tests with executives 
and engineers of an  equipm ent m anufacturer.

P r o c e s s  G i v e s  S o f t  M e t a l s  S t r e n g t h  o f  S t e e l .  At the 
meeting of the American Institute of Mining and Metallurgical 
Engineers recently held in New York City, Paul D. Merica 
stated that many metals and alloys hitherto mechanically in­
ferior to steel may be brought to the standard of steel, as far as 
mechanical properties are concerned, because of the development 
within the past decade of the age-hardening process. Until re­
cently steel has been practically the only metal capable of hard­
ening and strengthening by heat treatment. Now all of the 
common metals may be so alloyed. Copper-nickel alloys, for in­

stance, may be heat-treated to exhibit tensile strength of 175,000

Sounds per square inch. After certain heat treatment, Doctor 
lerica explained, these alloys harden as they grow older, some­

times at room temperature and sometimes at higher tempera­
tures. A single day is often sufficient to bring about the de­
sired changes in the mechanical properties, although slight changes 
may continue for a month. Doctor Merica predicted that the 
next ten years will undoubtedly witness a substantial realization 
of the promise contained in the development of the hardening 
process.



Vitamin G Content of Orange-Crush
Beverage

E l iz a be th  M . K och  a n d  F. C. K ocii 

Department of Physiological Chemistry and Pharmacology, University of Chicago, Chicago, 111.

T H E increasing popularity of commercial fruityuice 
drinks is resulting in the consumption in this form of 
considerable am ounts of fruit, especially of the citrus 

variety. The peculiar advantages of these fruits as sources 
of vitamins make it  im portant to  know whether the processes 
of preparation, mixing, and storage are such as to retain in the 
finished product all of the original vitam in potency of the fresh 
juice. This investigation of Orange Crush is reported as a 
contribution to these questions.

In  the preparation of Orange Crush, freshly gathered 
oranges are used. They are subjected to such pressure th a t a 
thick mixture of the pulp and some of the skin is forced out 
with the juice. To this mixture of juice and pulp are added 
sugar, lemon citric acid, small am ounts of preservative, and a 
color, consisting of a mixture of Sunset Yellow F. C. F. and 
No. 150 (85) Orange I. The resulting Crush sirup is stored 
in bulk a t  refrigerator tem perature until it is to  be diluted for 
the finished drink. Carbonated or plain tap  water is used for 
the final dilution. I t  is added to the sirup by the retail dealer, 
who is instructed to prepare not more than a week’s supply a t 
one time.

The following materials, freshly prepared from one lot of 
oranges, were supplied:

1. Orange juice, unstrained, pressed from freshly gathered 
oranges.

2. Crush sirup, made from 1 by the addition of sugar, lemon 
citric acid, and small amounts of sodium benzoate and color.

3. Bottled Orange Crush, prepared by dilution of the sirup 
with carbonated tap water.

4. Bottled carbonated tap water and distilled water.

The antiscorbutic potency of these orange preparations 
was compared with equivalent amounts of the juice of some 
of these same oranges expressed daily.

E x p e r i m e n t a l  P r o c e d u r e

The diet first used, consisting of oatmeal, autoclaved hay, 
and 20 cc. of whole milk daily, was one previously employed 
in this laboratory. Preliminary feeding experiments were run 
to determine how much of the Crush sirup and dilute Orange 
Crush the guinea pigs could be induced to consume. I t  was a 
simple m atter to  give the orange juice, unstrained, in 5-ce. 
amounts mixed with the liquid milk, b u t the Crush sirup with 
the added citric acid curdled the milk, making a  thick mixture 
which was left almost untouched. Of the dilute Orange Crush, 
pigs weighing 300 to 350 grams took readily 21 cc., the equiva­
lent of 1 cc. of original orange juice unstrained. Some of 
the pigs would drink as much as 30 to 40 cc., but these results 
could not be relied upon for all of the experimental animals.

In  view of these preliminary findings, i t  was obvious th a t 
the to tal volume of liquid m ust be kept within 20 to  25 cc. 
Dried whole milk was therefore substituted for the liquid milk 
and mixed thoroughly with the oatmeal. The various orange- 
juice preparations were diluted with w ater to the desired 
volume—21 cc. total. Seven groups of four pigs each were 
given daily the following preparations: 1 and 2 cc. of freshly

expressed orange juice; 1 and 2 cc. of the prepared orange 
juice, unstrained; 1.7 and 3.4 cc. of the Crush sirup (the 
equivalents of 1 and 2 cc. of the orange juice, unstrained, from 
which the sirup was made); and 21 cc. of the bottled Orange 
Crush the equivalent of 1 cc. of orange juice, unstrained, or of 
1.7 cc. of Crush sirup.

Another group was given the straight scorbutic diet with 
water only. Each dosage was diluted to 21 cc. before feeding. 
The diluted fruit juice was ordinarily consumed within 4 to 5 
hours after feeding. After the consumption of the diluted 
juice, fresh water was placed in the cage.

Three months later these experiments were repeated to 
ascertain w hat loss of vitam in C had occurred during storage 
of the fru it and juice preparations a t refrigerator temperature. 
A portion of the orange juice, unstrained, was also frozen 
within 48 hours after it was expressed and kept in that 
condition for three months.

R e s u l t s

Some of the pigs which developed acute scurvy were killed 
on the twenty-eighth day of the experimental period. Others 
were perm itted to live until death occurred some time be­
tween the twenty-eighth and the forty-eighth days. The 
animals which lived beyond 36 days were receiving small 
amounts of vitam in C. The pigs to  which orange juice, 
unstrained, and Crush sirup were administered, were killed a t 
intervals between the twenty-eighth and the forty-eighth 
days. The usual autopsy findings were supplemented by 
histological examination of the teeth. In  the first series of 
experiments i t  was observed tha t, by both methods of measur­
ing antiscorbutic potency, the feeding of amounts of Crush 
sirup equivalent to 1 and 2 cc. of orange juice, unstrained, 
daily (i. e., 1.7 and 3.4 cc., respectively, of the Crush sirup 
stored in the refrigerator) gave results which were as good or 
even slightly better than those obtained by feeding 1 and 2 cc. 
of freshly expressed orange juice. I t  was surprising then to 
find th a t the orange juice, unstrained, from which the crush 
sirup was made was much less efficacious. Animals receiving 
as much as 5 cc. of orange juice, unstrained, daily were 
distinctly scorbutic. In  2-cc. daily dosages the degree of 
prevention was so slight th a t i t  could be detected only by 
histological examination of the teeth.

The repetition of these tests 3 months later with oranges, 
with orange juice, unstrained, and with Crush sirup which had 
been stored a t  refrigerator tem perature during th a t period, 
gave further confirmation of the early results. The oranges 
and the Crush sirup showed no detectable loss of their vitamin 
C potencies so far as could be determined by tooth histology. 
The orange juice unstrained, on the other hand, showed no 
antiscorbutic action in the dosages fed. The same loss of 
antiscorbutic potency was observed in the orange juice, 
unstrained, which had been frozen within 48 hours after i t  was 
expressed and kept in th a t condition for 3 months.

In  view of these observations with orange juice, unstrained, 
i t  was not surprising to  find th a t the diluted Orange Crush 
which was bottled and stored in the refrigerator for 50 days

351
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before the close of the experiment, showed no detectable 
antiscorbutic potency in the dosage fed. The pigs in this 
group were all dead of scurvy by the thirty-ninth day of the 
experimental diet. Whereas this is a few days beyond the life 
period of the control scurvy animals, the tooth histology 
showed no evidence of prevention.

These results demonstrated first th a t the fru it itself stored 
a t refrigerator tem perature retains its vitam in C content a t 
least for 3 m onths; second, th a t the orange juice, unstrained, 
expressed from these oranges, loses its antiscorbutic potency 
so rapidly th a t a test which extends over 4 weeks demonstrates 
th a t loss, and th a t a t the end of 3 months the destruction 
appears to  be practically complete; third, th a t a heavy 
Crush sirup made from this orange juice, unstrained, by 
adding sugar and preservative and acidifying with lemon 
citric acid retains the original vitam in C as satisfactorily as 
does the fruit itself during refrigerator storage for 3 months; 
and fourth, th a t this Crush sirup, when diluted to twelve 
volumes with carbonated water again loses its antiscorbutic 
action so rapidly th a t storage in th a t condition for 4 to 5 weeks 
is not feasible.

Since it is in this final diluted form th a t Orange Crush is 
dispensed to the public, it is highly im portant to know the 
rate of destruction of vitam in C under these conditions. 
The retailer is required to dilute and bottle Orange Crush 
weekly. Ten to  fourteen days should, therefore, be the 
maximum lapse of time between dilution and consumption of 
this product. A final set of experiments was run in which one 
group of pigs was given 1 cc. of orange juice, equivalent per 
pig of a new supply of freshly prepared Crush sirup diluted 
daily. Another group of animals was given the same am ount 
of Crush sirup which had been diluted, bottled, and allowed 
to stand in the refrigerator 10 days before feeding. A control 
scurvy group was run parallel to  these. By the thirty-fifth 
day one of the scurvy pigs was dead. The other had lost 135 
grams in weight and had swollen tender joints, red gums, and 
loose yellow teeth. The autopsy findings were those of 
advanced scurvy. The pigs in the other two groups were 
either holding their maximum weight or gaining slowly. They 
were fairly strong and active, and their fur was smooth and 
well-kept. The autopsy findings were those of mild scurvy. 
The antiscorbutic potency of this sample of Crush sirup was 
undoubtedly higher than th a t of the original lot supplied for 
the earlier' experiments reported above. The im portant 
consideration in this experiment, however, was th a t the 10-day 
storage period a t refrigerator tem perature did not produce 
sufficient deterioration of the antiscorbutic potency to be 
detected by such biological tests. I t  m ust be borne in mind, 
nevertheless, th a t in making this dilution there was a mini­
mum of exposure to air and room tem perature.

These observations tend to  the conclusion th a t the preserva­
tion of antiscorbutic activity  in the Crush sirup is due to the 
high acidity and possibly to the sugar content, and th a t the 
loss of potency following dilution is the result of decreased 
protective action and takes place gradually. I t  m ay be th a t 
traces of chlorine or other constituents of tap  water have slight 
destructive action. These factors appear to be insignificant, 
however, for it apparently makes no difference whether the 
dilution is made w ith ordinary tap  water, carbonated water, or 
carbonated distilled water. Removel of carbon dioxide from 
the diluted sirup by suction was of no significance.

Since the orange juice, unstrained, from which the Crush 
sirup is prepared contains appreciable amounts of pulp and 
skin as compared with the hand-expressed orange juice, it 
seemed logical to expect somewhat less vitam in C potency' in 
the Crush sirup than in the freshly expressed juice. This was 
not the case however; in fact, the difference, if any, was in 
favor of the Crush sirup. This result raised the question of 
whether the added citric acid, which is prepared from lemons,

does not carry some vitam in C. Samples of citric acid 
prepared from lemons and also by fermentation were secured 
and added to a sugar solution so th a t 20 cc., the daily intake, 
contained 0.2 gram of acid. This am ount was four times the 
intake of citric acid when 1.7 cc. of Crush sirup were ad­
ministered. However, in neither case did the citric acid 
solution have the slightest effect in delaying the onset of 
acute scurvy. Obviously then, the vitam in C of the Crush 
sirup is derived entirely from the orange juice, unstrained, and 
probably is preserved by the addition of citric acid, or in part, 
perhaps, by the high sugar content. In  3 months there was 
no apparent loss of this potency unless the Crush sirup was 
diluted again to a low acidity.

C o n c l u s i o n s

Experiments conducted to determine whether the com­
mercial orange-juice drink called Orange Crush retains the 
vitamin C originally present in the fruit have resulted in the 
following conclusions:

1. The orange juice, unstrained, commercially expressed 
from freshly gathered oranges was as potent in vitam in C as 
ordinary hand-expressed juice.

2. When stored either frozen or a t refrigerator tem perature 
in this form, it  lost th a t potency so rapidly th a t the loss was 
marked during a 4-week test period, and practically complete 
a t the end of 3 months.

3. When this orange juice, unstrained, was diluted to 1.7 
times its volume of Crush sirup by the addition of sugar, 
lemon citric acid, and a small am ount of preservative and 
coloring, it retained the original vitam in C practically un­
diminished for a period of 3 months.

4. The antiscorbutic potency of the Crush Sirup was not a 
result of any vitamin having been added with the citric acid. 
The vitam in of the original juice appeared to  be preserved by 
the high acidity and possibly high sugar content of the sirup. 
The preservative action of the acid sirup is of academic and 
commercial interest.

5. W hen the final beverage, Orange Crush, was prepared 
commercially from the crush sirup by diluting 12.3 times with 
carbonated water, the resulting product gradually lost its 
vitamin C potency.

6. W hen the same dilution was made in the laboratory 
with a minimum opportunity for exposure to air and room 
temperature, and the diluted bottled product was stored in 
the refrigerator 10 days before feeding, there was no detect­
able loss of antiscorbutic potency.

7. The results show th a t if  the final dilution of Crush 
sirup is done in accordance with the precautions stipulated by 
the company and dispensed within 10 days, the final bottled 
Orange Crush retains essentially the original vitam in C 
activity; th a t is, it contains the vitam in C from 1 cc. of orange 
juice per 21 cc. of Orange Crush. I t  appears, therefore, 
th a t a maximum interval of 10 to  14 days between dilution and 
consumption of the finished product assures the presence of 
antiscorbutic potency in Orange Crush as it is dispensed to 
the public.

A c k n o w l e d g m e n t
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Bloom, and I. Shouer, of the departm ent of anatom y, Uni­
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Comparative Study of Juices from Frozen 
F ruits

T. A. P i c k e t t , Georgia Experiment Station, Experiment, Ga.

D U R IN G  the last few years there has been a great deal of 
controversy concerning the optimum tem peratures a t 
which to freeze and store foodstuffs. Some data  have 

already been obtained on fruits, using organoleptic tests. 
These tests, however, arc subject to great individual differ­
ences, and it is desirable to have data  not influenced by these 
variations.

The fruits used in this work were blackberries, cherries, 
dewberries, peaches, pears, plums, raspberries, and straw­
berries. One principal variety  of each fru it was used, except 
for peaches where several varieties were used. Altogether, 
eight different fruits and twelve varieties of these fruits were 
used.

After the fru it was picked, it was sorted very carefully and 
as quickly as possible p u t into quart paper-board containers. 
The peaches were stored both whole and cut into slices. The 
other fruits were stored whole. Nothing else was added to 
any of the containers.

M e t h o d  o f  F r e e z i n g  a n d  T e s t i n g

One sample of each fru it was tested immediately, and the 
other samples were divided into tivo groups. Some samples 
were p u t into a room a t + 1 0 °  F. ( —12.2° C.) and thus were 
slow-frozen; the others were subjected to contact w ith either 
carbon dioxide snow or small fragments of carbon dioxide ice. 
These last samples were considered to be quick-frozen a t 
approximately —100° F. (—73.3° C.). After they had been 
in contact with the solid carbon dioxide for 24 hours, one 
sample was tested and the others were placed a t  + 1 0 °  F.
( — 12.2° C.) until they were examined.

Ä 10

25 CC. o f raapbe *ry Juice used

—-1

Æ
1. Freeh
2. Frozçi
3. Frozoi

ot -100“ 
at -100°

F. storei 
F. store!

1 day 
1 month

4 . Frozei
5. Frozer

at *10“ 
nt *10°

f. stored 
?. stored

1 day 
1 month

F i g u r e  1.
4 5  6 pH 7  8  9

T i t r a t io n  C u r v e s  f o r  R a s p b e r r y  J u i c e

The fruits were taken out of the refrigerator room a t 
intervals, and the juices expressed by the use of a hydraulic 
press. A pressure of 10,000 pounds per square inch (703 kg. 
per sq. cm.) was used. The juices were centrifuged to remove 
any solid materials th a t might come through the pressing 
cloths. The freezing-point depression, conductivity, and 
to tal solids were determined on some of the juices, and the 
hydrogen-ion concentration and titra tab le acidity were run 
on all of them. Total solids were determined by the Abbé 
refractometer, using the sugar scale. The hydrogen-ion 
concentrations and titra tab le acidities were obtained by using 
a hydrogen electrode against a saturated potassium chloride- 
ealomel cell. The titra tab le  acidities are tabulated in terms 
of cubic centimeters of 0.1 N  sodium hydroxide per 100 cc. of

juice. The end point is pH  8.3, approximately the turning 
point of phenolphthalein.

E f f e c t  o f  F r e e z i n g  a n d  S t o r i n g  P e r i o d

The to ta l solids and conductivities of the juices do not show 
very im portant differences among the samples. Some results 
(typical of m any others) for the freezing-point depressions, 
hydrogen-ion concentrations, and titra tab le acidities are 
shown in Table I.

T a b l e  I. R e s u l t s  o f  T e s t s  o n  F r u it  J u ic e s

F r u i t

Straw berries

Red raspberries

Dewberries

Plums

Cherries

L e n g t h  o f

0.1 N  
N aOH  

t o  B r i n g  
1 0 0  c c .

F r e e z ­
i n g -

P o i n t

T e m p .
S t o r a g e I n ­ o f  J u i c e D e­

a t  10° F. i t i a l t o  pH p r e s ­
F r o z e n  

0 F. (° C.)
( - 1 2 .2 °  C.) p H 8.3

Cc.
s i o n  
° C.

F  resh 3 .50 190 0.65
+  'iÔ  ( —Î2 .2 ) 1 day 3.36 202 0.77
+  10 ( - 1 2 .2 ) 1 m onth 3 .35 210 0.84
+  10 ( - 1 2 .2 ) 4 m onths 3 .35 236 0 .85
-1 0 0  ( - 7 3 .3 ) 1 daya 3 .38 182 0.71
-1 0 0  ( - 7 3 .3 ) 1 m onth 3.35 190 0 .78
-1 0 0  ( - 7 3 .3 ) 4 m onths 3 .35 216 0 .8 0

Fresh 3.35 208 1.00
+  ‘ iÔ ( - 1 2 .2 ) 1 day 3 .30 234 1.16
+  10 ( - 1 2 .2 ) 1 m onth 3 .40 256 1.19
-1 0 0  ( - 7 3 .3 ) 1 day° 3 .4 0 216 1.12
-1 0 0  ( - 7 3 .3 ) 1 m onth 3 .40 226 1.15

Fresh 3 .16 269
+  ’lO ( —12*.2) 1 day 3.15 302
+  10 ( - 1 2 .2 ) 1 m onth 3 .15 326
-1 0 0  ( - 7 3 .3 ) 1 daya 3.23 275
-1 0 0  ( - 7 3 .3 ) 1 m onth 3 .40 296

Fresh 3.19 266
+  ’ iÔ ( - 1 2 .2 )
-F 10 ( - 1 2 .2 )

1 day 3 .16 282
1 m onth 3.10 300

-1 0 0  ( - 7 3 .3 ) 1 day° 3 .05 273
-1 0 0  ( - 7 3 .3 ) 1 m onth 3.16 292

Fresh 3.35 260
4- iÔ ( —12.2) 1 week 3.41 268
+  10 ( - 1 2 .2 ) 2 weeks 3 .40 276
+  10 ( - 1 2 .2 ) 1 m onth 3.40 296

Fresh 4 .19 78
+  iÔ ( - Ï 2 . 2) 1 day 4 .13 80
+  10 ( - 1 2 .2 ) 2 weeks 4 .10 86
-F 10 ( - 1 2 .2 ) 1 m onth 4 .00 88
4- 10 ( - 1 2 .2 ) 3 m onths 3 .97 92

Fresh 4.28 99
4- 10 ( —12.2) 1 day 4.15 108
4- 10 ( - 1 2 .2 )  
-1 0 0  ( - 7 3 .3 )

2 weeks 4 .10 112
1 day° 4 .10 98

- 1 0 0  ( - 7 3 .3 ) 2 weeks 3 .95 100
Fresh 3 .76 82

4- iÔ ( - 1 2 .2 ) 1 week 3.95 96
4- 10 ( - 1 2 .2 ) I m onth 3 .7 8 96
-1 0 0  ( - 7 3 .3 ) 1 week 3 .80 92
-1 0 0  ( - 7 3 .3 ) 1 m onth 3 .75 104

Fresh 3.22 230
4- iÔ ( - 1 2 .2 ) 1 day 3.15 242
4- 10 ( - 1 2 .2 ) 1 m onth 3 .2 0 250
-1 0 0  ( - 7 3 .3 ) 1 d a y “ 3.26 235
-1 0 0  ( - 7 3 .3 )  

F. ( - 7 3 .3 °  C.).
1 m onth 3.40 244

M ayflower peaches

Early  Rose peaohes

E lberta  peaches

Blackberries

“ Stored a t  —100°

According to Nelson ( /)  in 1925, the acids of the red 
raspberry are mixtures of approximately 97 per cent citric acid 
and 3 per cent malic acid. The titra tion  curves (Figure 1) for 
the juices from the fresh raspberry, raspberry frozen a t 
+  10° F. (—12.2° C.), and raspberry frozen a t  —100° F. 
( —73.3° C.) are similar to one another, and also to the curves 
of citric and malic acids. This indicates th a t the same type of 
acid is present in all of the juices, and therefore the gains in 
titratable acidity appear to be due, probably, to  an increase in 
concentration of those particular acids present in the fresh 
berry—namely, citric and malic. Similar results were ob­
tained -with other fruit juices.
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D isc u ssio n

The juices (frozen and tested immediately) from black­
berries, cherries, dewberries, peaches, pears, plums, raspberries, 
and strawberries have a greater titra tab le acidity than  juices 
from the fresh fruits. These differences appear to be due to a 
breaking down or increased permeability of the cells upon 
freezing, so th a t a more complete extraction takes place.

The juices from these fruits increase in titra tab le acidity as 
the length of storage a t + 1 0 °  F. ( —12.2° C.) increases. This 
increase is due to  some extent to  dehydration of the fruit. 
Available data show, however, th a t dehydration is not 
sufficient to  account for the entire increase in titratable 
acidity.

The juices of the fruits frozen and stored a t  + 1 0 °  F. 
( — 12.2° C.) have a greater titratable acidity than  those 
frozen a t  —100° F . (—73.3° C.) and stored a t  + 1 0 °  F. 
( — 12.2° C.). This indicates th a t the juices of the fruits

frozen a t  the lower tem perature are more nearly like the 
fresh juices in titratable acidity than those frozen a t the higher 
temperature.

The results from the freezing-point depressions for the 
juices studied—strawberries and raspberries—are similar to 
the results from the titra tab le acidities, in th a t the juices from 
the fruits frozen a t the lower tem perature are more like the 
fresh ones in freezing-point depressions than those frozen at 
a higher temperature.

The increases in acidity of the juices of the fruits upon 
freezing and storage are due to  a concentration of the same 
type of acids present in the fresh juices.

L it e r a t u k e  C it e d

(1) Nelson, E. K., J. Am . Chem. Soe., 47, 1177 (1925).

R e c e i v e d  N ovem ber 2 5 ,  1 9 3 1 . Published w ith the  approval of the D irector 
as P aper No. 3 4 ,  Journal Series, Georgia Experim ent S ta tion .

Our Foreign Trade in Chemicals in 1931
O tto  W il s o n , National Press Club, Washington, D . C.

L AST year in this review the point was made th a t a 
full year of depression had served as a test for the 
chemical industries, determining whether the im­

mense expansion of the preceding ten years was soundly 
based. So far as foreign-trade figures were significant, the 
returns showed th a t chemical m anufacture was in a grati- 
fyingly strong position. A second full year of hard times 
has furnished a still more severe test, and the results again 
show up well. Compared with other general industries, 
chemical manufacture and trade appear to  be weathering 
the extended period of stagnation and low business morale 
in a highly encouraging fashion.

Last year, while the to ta l foreign trade of the country was 
being cut down 35 per cent as compared with 1930, the 
foreign trade in chemicals and related products was falling 
off only 24 per cent. In  the last two years, covering approxi­
mately the period of dull times, the United States has seen 
its commerce with other countries reduced 53 per cent, but 
in the buying and selling of chemicals the loss was only 38 
per cent. The outgoing trade in chemicals, moreover, has 
fallen off considerably less than the incoming, exports losing 
only about one-third in the two years, and imports about 
43 per cent. B ut the chief index to  the standing of chemi­
cals in  our trade world and the comparative extent to  which 
they have suffered is afforded by  setting their record along­
side th a t of other great groups of commodities. In  com­
piling its foreign-trade returns, the government distinguishes 
ten broad classes of commodities. Out of these, the group 
covering chemicals and related products has suffered a loss 
in imports during the depression smaller than  any other 
group save one, and its loss last year as compared with 1930 
was also lower than  all others save one. In  the export trade 
the falling off was lower for the chemical trade than for any 
other, both last year and during the whole depression. The 
difference, moreover, was such as to  make the trade in chemi­
cals stand out noticeably, as the percentage of loss was con­
siderably below the average for the other seven groups.

Comparative figures for these ten  groups, showing both 
the decrease in  im port and export trade in 1931 as compared 
with 1930, and the decrease between 1931 and the banner 
year of 1929 will be of interest.

D e c r e a s e  i n  U. S. F o r e i g n  T r a d e  b y  G r e a t  G r o u p s
D e c r e a s e  i n  D e c r e a s e  i n

No. C o m m o d it y  G r o u p I m p o r t s E x p o r t s
1930-1 1929-31 1930-1 1929-;

% % % %
T otal trade  of U. S.......................... 32 53 37 54

ÓÓ Animals an d  anim al products,
ed ib le ................................................ 37 57 37 52

0 Animals and  anim al products,
inedib le............................................ 34 58 32 47

I Vegetable food products and  bev­
erages............................................... 22 43 28 50

I I Vegetable products, inedible, ex­
cept fibers and  w ood.................. 38 59 29 38

I I I T ex tiles ................................................ 31 59 34 57
IV W ood and p a p er............................... 26 37 36 54
V Non-m etallic m inerals.................... 37 50 42 50
VI M etals and m anufactures, except

m achinery and  vehicles............. 45 63 49 66
V II M achinery and  vehicles................ 45 60 42 60
V III Chem icals and  re la ted  p roduc ts . . 26 43 22 34

Considering the political and economic crisis in Germany, 
the action of several countries in going off the gold standard, 
and the feeling of uncertainty and anxiety in the business 
circles of our leading customers among the nations, i t  might 
have been expected th a t the 1931 export trade in chemi­
cals would show a much greater drop than the im port trade. 
Such, however, was not the case. The decrease in imports 
was somewhat greater both in percentage and in actual 
dollars than  th a t in exports, though foreign conditions may 
perhaps be reflected in the fact th a t the difference was not 
so great as in the previous year, the decrease in exports being 
larger than in 1930 and th a t in im ports somewhat smaller. 
The balance of trade in favor of the United States is slightly 
higher than in 1930, shoving a continuation of the tendency 
th a t has been in evidence over m any years.

For the three years 1929-31, the to ta l value of the import 
and export trade of the United States in chemicals and re­
lated products was as follows:

Y e a r  I m p o r t s  E x p o r t s  B a l a n c e  o p  T r a d e

1 9 2 9  $ 1 4 4 ,0 6 2 ,0 0 0  $ 1 5 2 ,1 0 9 ,0 0 0  + $ 8 , 0 4 7 , 0 0 0
1 9 3 0  1 1 2 ,0 7 0 ,0 0 0  1 2 7 ,8 5 5 ,0 0 0  + 1 5 , 7 8 5 , 0 0 0
1 9 3 1  8 2 ,7 3 8 ,0 0 0  1 0 0 ,1 3 3 ,0 0 0  + 1 7 , 3 9 5 , 0 0 0

CHEMICALS AND RELATED PRODUCTS

Analyzing the 1931 returns for chemicals and related 
products, we find th a t all the subgroups under th is classifies-
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tion, as was to be expected, suffered losses as compared 
with 1930. For most of them the ra te  of decrease was 
much the same as the average for all chemicals. Coal-tar 
products and explosives showed very heavy declines, both 
in the incoming and the outgoing trade. Im ports of the 
former dropped off more than  30 per cent and of the la tte r 
more than  40 per cent, as compared w ith 26 per cent for 
the whole group of chemicals; in the export trade both 
classes of commodities dropped about 40 per cent as against 
22 per cent for all chemicals. The best showing among the 
imports was th a t of medicináis, which decreased less than  20 
per cent; and among the exports th a t of industrial specialties, 
comprising m any articles of everyday use, which fell off less 
than 12 per cent. M ost of the other groups exhibited about 
the average reduction of 20 to 30 per cent for imports and 
15 to  25 per cent for exports. Leading commodities in  the 
various groups likewise followed the general trend, although 
in a num ber of cases actual increases were registered. The 
1931 trade by large groups as compared with th a t of the 
previous year is shown in the following table:

F o r e ig n  T r a d e  i n  C h e m ic a l s  a n d  R e l a t e d  P r o d u c t s  b y  
G r o u p s

G r o u p  /------------- I m p o r t s  - / E x p o r t s  »
1930 1931 1930 1931

C oal-tar p ro d u c ts   $16,273,000 SI 1,163,000 $17,556,000 $10,347,000
M edicinal and pharm a­

ceutical preparations 4,948,000 3,973,000 17,801,000 15,104,000
Industria l chemical

specialties  a « 15,589,000 13,754,000
Industria l c h em ica ls ... 23,300,000 17,199,000 23,015,000 19,774,000
Pigm ents, pain ts , and

v arn ishes.........................  2,613,000 2,017,000 21,689,000 15,127,000
Fertilizers and  m ate­

ria ls ..................................  59,151,000 44,733,000 15,284,000 13,011,000
Explosives, fuses, e t c . . . 911,000 520,000 2,950,000 1,734,000
Soap and  to ile t p repa­

ra tio n s .............................. 4,719,000 3,028.000 13,970,000 11,283,000
° N o t separately  sta ted .

C o a l - T a r  P r o d u c t s

The marked falling off in the trade in coal-tar products 
was due to heavy decreases in both imports and exports. 
The drop in exports was larger, b u t it was probably due in 
part to the fact th a t the decrease in the preceding year had 
been comparatively slight in the face of a much larger de­
cline in general exports, and a natural slump was merely de­
layed until 1931. Im ports declined in 1931 to about the same 
extent as in 1930, bu t because of the greater loss in exports 
the incoming trade is once more larger than  the outgoing. 
The to tal value of the trade both ways for the last two years 
is shown in the table above. For 1929 it was: imports, 
$22,823,000; exports, $18,061,000.

I m p o r t s  o f  C o l o r s , D y e s , S t a in s , C o l o r  A c id s , a n d  C o l o r  
B a s e s

-1930- -1931-
Pounds Value Pounds Value

63,000 $81,000 49,000 $59,000
44,000 57,000 68,000 105,000

3,103,000 3,318,000 2,827,000 3,065,000
21,000 25,000 15,000 19,000

1,557,000 1,637,000 1,832,000 2,105,000
114,000 119,000 107,000 117,000
50,000 47,000 46,000 42,000

4,952,000 5,284,000 4,944,000 5,512,000

From :
Belgium
France
G erm any
Ita ly
Sw itzerland 
U nited Kingdom 
O ther countries 

T o tal

The falling off in imports was due to  a steep drop in our 
purchases of crudes and intermediates, as contrasted with 
an actual gain in  those of finished coal-tar products. The 
largest item in the incoming trade is creosote oil. I t  de­
creased 54 per cent in value in 1931, dropping from S7,806,000 
to S3,598,000, though the quantity  held up better with
36,885,000 gallons as against 66,922,000 gallons in 1930. 
Intermediates likewise declined, the 1931 to ta l being S679,000 
as compared with SI,075,000 in the preceding year. In  the 
trade in finished products, the slight gain of 1 per cent in 
imports stands out sharply against a 33 per cent loss in the

year before. I t  was due to heavier shipments of colors, 
dyes, stains, etc., from Switzerland and France, which more 
than offset decreases from Germany (the leading source 
of supply) and other countries. The trade in these articles 
in 1929 amounted to 7,611,000 pounds valued a t  $8,470,000, 
and in 1930 and 1931 was as shown in the preceding table.

The value of our imports of coal-tar medicináis held up 
well last year, their total of $252,000 being only 8 per cent 
under th a t of the year before, whereas the quantity  (39,000 
pounds) represented a drop of 45 per cent.

In  the export trade the 40 per cent slump is to be ascribed 
chiefly to a precipitous drop in sales of benzene. This may 
have been a compensation for unusually heavy shipments 
in 1930, when the trade exceeded even th a t of the highly 
prosperous year 1929. Quantities and value of benzene ex­
ports in the last three years were as follows: 1929, 33,346,000 
gallons valued a t $8,537,000; 1930, 44,600,000 gallons
valued a t $9,566,000; 1931, 21,861,000 gallons valued a t 
$3,795,000. Although a considerable number of countries 
share in this trade, much the largest part of our shipments 
go to Germany and the United Kingdom, and the heavy 
decrease was due to a falling off in the demands from those 
countries. Whereas in 1930 benzene exports to Germany 
were valued a t  $4,656,000 and in 1929 to  $4,460,000, in 
1931 they were only $1,292,000. Although the trade with 
the United Kingdom was cut less severely, it was also suf­
ficient to bring down the to tal noticeably; exports which 
registered $2,530,000 in 1930 and about the same in 1929 
were reduced to $1,102,000 in 1931.

Exports of coal-tar colors, dyes, stains, and color lakes 
also dropped sharply, totaling 20,313,000 pounds valued a t 
$4,739,000, as against 28,267,000 pounds valued a t $6,246,000 
in 1930. Coal-tar pitch, on the other hand, marked up a 
substantial increase, exports of 50,667 tons valued a t  $493,000 
in 1931 representing a gain of 86 per cent in quantity  and 70 
per cent in value over 1930, when shipments were 27,221 
tons valued a t $51,000. Exports of crude coal ta r  (71,000 
barrels valued a t  $207,000) were about one-fifth less than 
in 1930. Creosote oil amounting to  1,873,000 gallons valued 
a t $254,000 was sold in 1931; it was not separately listed 
in 1930.

M e d i c i n a l s  a n d  P h a r m a c e u t ic a l s

Considering the general sta te  of trade, imports of medicinals 
and pharmaceuticals stood up fairly well in 1931 with a loss 
of only about 20 per cent in value. Trade in one impor­
ta n t commodity—quinine sulfate—showed an increase, the 
1931 figures of 1,499,000 ounces valued a t $498,000 compar­
ing with 1,253,000 ounces valued a t  $449,000 in 1930. Im ­
ports, however, were still some 40 per cent below those of
1929. Menthol, the leading article in the medicinals group, 
also registered increased shipments in 1931, the to ta l of
326,000 pounds comparing with 308,000 pounds in 1930, 
although lower prices kept the value down to $878,000 as 
against $1,017,000 in the previous year.

In  the export trade about one-third of the item s under 
medicinals and pharmaceuticals showed increases in value 
in 1931 as compared with 1930. The gains were small, but 
in such a year as 1931 they loomed up as very encouraging. 
The leading item in this group, a class of druggists’ prepa­
rations listed as tablets, pills, capsules, powders, and similar 
manufactures, was one of those enjoying an increase, ship­
m ents abroad being valued a t $2,160,000 as against $2,008,000 
in 1930. Druggists’ preparations in liquid form, such as 
elixirs, cordials, tinctures, and extracts, rose from $988,000 
in 1930 to $1,049,000 in 1931, and glandular products, organo 
therapeutics, enzymes, ferments, and culture media from 
$746,000 to  $817,000. M ilk of magnesia dropped from 
$272,000 in 1930 to $195,000 in 1931. Castor oil valued a t
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IM PO R T 8

Acetylene, buty lene, ethylene, and propylene 
derive.

Acids and  anhydrides:
Acetic or pyroligneous 
Arsenious (white arsenic)
Form ic
Oxalic
Sulfuric (oil of vitriol)
T artaric  
All other

Alcohols, n. e. 8. c including fusel oil, value 
Ammonium com pounds, n. e. s.:

Chloride (m uriate)
N itra te  
All o ther 

B arium  compounds 
Calcium  com pounds, n. e. s.
Cellulose products, n. e. s.:

A cetate 
All o ther:

Sheets, more th a n  0.003 inch th ick  and 
o ther forms 

Sheets, bands, and  strips more th an  1 inch 
wide, no t m ore than  0.003 inch thick 

C obalt oxide
Copper su lfa te  (blue vitriol)
Glycerol:

C rude 
Refined 

Iodine, crude
Lime, chlorinated, or bleaching powder 
M agnesium  com pounds 
Potassium  com pounds, n. e. s.:

Argols, ta r ta r , and  wine lees 
C arbonate
Chlorate and  perchlorate 
C ream  of ta r ta r  
Cyanide
Hydroxide (caustic potash)
N itra te , crude (saltpeter), tons 
O ther, n. e. s.

Sodium  com pounds, n. c. s.:
Sulfate, crude (salt cake)
Cyanide
Ferrocyanide (yellow prusaiate)
N itrite
P hosphate  (except pyrophosphate)
O ther, n. e. s., value 

R adium  salts {
O ther industria l chemicals, value

° Beginning June 18, 1930. 
1 N ot separate ly  s ta ted . 
c N ot elsewhere specified.

I m p o r t s  a n d  E x p o r t s  o p  I n d u s t r ia l  C h e m ic a l s

E x p o r t s1930 1931
Pounds Pounds

282,000° 567,000

22,377,000 15,292,000
21,559,000 15,531,000

510,000 140,000
574,000 489,000
918,000 2,344,000

2,912,000 2,246,000
2,330,000 1,333,000

§30,000 $11,000

6,628,000 5,672,000
8,165,000 6,706,000

661,000 526,000
6,706,000 4,186,000
1,978,000 413,000

6,000° 48,000

143,000“ 175,000

203,000° 40,000
426,000 318,000

5,964,000 2,644,000

10,906,000 9,951,000
3,177,000 1,976,000

494,000 279,000
2,370,000 2,017,000

10,942,000 11,926,000

18,083,000 19,314,000
18,241,000 15,167,000
15,106,000 12,416,000

60,000 93,000
91,000 94,000

9,323,000 8,629,000
12,799 14,520

3,943,000 7,067,000

b 145,493,000
26,401,000 18,695,000

1,590,000 1,185,000
61,000 2,000

1,445,000° 1,467,000
$2,103,000 $650,000

260 207
$925,000 S731,000

$5,046,000 $3,633,000

Acids and  anhydrides:
Organic (exclusive of coal-tar acids) 
Inorganic:

N itric
Sulfuric
H ydrochloric (m uriatic)
Boric (boracic)
O ther

Alcohols:
M ethanol, gallons 
Glycerol 
B utyl 
O ther 

Acetone
C arbon tetrachloride 
C arbon disulfide 
Form aldehyde (formalin)
E thy lene com pounds 
O ther syn thetic  organic products 
N itro  or aceto cellulose solutions, collodion, 

etc.
Ammonium com pounds (except sulfate, phos­

phate , and  anhydrous am m onia)
A lum inum  sulfate
O ther alum inum  com pounds
Calcium com pounds:

Carbide
C hlorinated lime, or bleaching powder
Chloride
C itra te  of lime
O ther, except arsenate  and cyanide 

Copper sulfate (blue vitriol)
H ydrogen peroxide (or dioxide)
Potassium  com pounds (no t fertilizers)
Sodium  com pounds:

B ichrom ate and chrom ate
Cyanide
B orate  (borax)
Silicate (w ater glass)
Soda ash 
Sal soda
Bicarbonate (acid soda or baking soda) 
Sulfate
Bisulfate (n iter cake)
Hydroxide (caustic soda)
Sulfide
Fluorides
Sodium  phosphates (mono-, di-, and tri-) 
O ther 

T in  compounds 
Zinc com pounds
Gases, compressed and  liquefied:

Ammonia, anhydrous
Chlorine
O ther n. e. s.

O ther industria l chemicals, value

1930 1931
Pounds Pounds

b 559,000

b 679,000
5,471,000 3,202,000

b 3,999,000
2,804,000 4,221,000

12,126,000 3,572,000

952,000 583,000
608,000 328,000

6 861,000
3,358,000 1,862,000
3,645,000 3.846,000

b 492,000
b 2,091,000

3,769,000 2,905,000
b 718,000

1,326,000 2,235,000

1,828,000 2,200,000

2,365,000 1,263,000
50,509,000 55,335,000

2,018,000 1,749,000

3,987,000 2,834,000
2,949,000 1,721,000

42,699,000 48,703,000
b 5,044,000

4,991,000 1,626,000
5,062,000 7,191,000
1,917,000 1,320,000
2,512,000 2,318,000

4,933,000 4,407,000
1,242,000 1,121,000

165,863,000 173,876,000
60,494,000 58,577,000
65,873,000 55,277,000
13,073,000 9,058,000
19,818,000 18,711,000
8,872,000 9,305,000

b 26,703,000
126,379,000 131,189,000

b 687,000
b 131,000
b 6,129,000

51,696,000 7,498,000
562,000 653,000

3,117,000 2,022,000

2,272,000 1,892,000
7,532,000 8,843,000
2,369,000 2,398,000

$4,367,000 $2,690,000

$117,000 in 1931 was slightly higher than  in the year before, 
but white mineral oil dropped from S491,000 to $329,000. 
Biologies for animal and veterinary use fell off from $547,000 
to $444,000, serums and antitoxins for hum an use from 
$861,000 to  $836,000, and household pharmaceuticals in 
small packages from $760,000 to  $540,000.

Proprietary medicinal preparations dropped off in total 
value about 20 per cent, the 1931 sales aggregating $8,300,000 
as against S10,489,000 in 1930. Salves and ointm ents were 
the best sellers in this group, reaching a value of $1,925,000 
slightly less than in the year before. The various articles 
classed as tonics, blood purifiers, emulsions, and appetizers 
stood second in the group with $1,387,000, a considerable 
decrease from the 1930 figure of $2,211,000. Laxatives, 
purgatives, and cathartics, however, showed a small gain, 
their value being recorded as $1,049,000 in the year under 
review as against $990,000 in the preceding year.

I n d u s t r i a l  C h e m i c a l  S p e c i a l t i e s

Only exports are listed under this heading, which covers 
a number of products of chemical processes of manufac­
ture in common use. These American-made articles enjoy 
a great popularity abroad, as is shown by the fact th a t the 
total of their foreign sales rose from $4,776,000 in 1925 to 
more than  three times th a t much five years later. This was 
the only group of chemicals and related products to show 
increased sales in  1930 as compared with 1929, the totals 
being, respectively, $15,589,000 and $14,457,000 for the 
two years. B u t the second year of world-wide depression 
had its effect, and the 1931 sales dropped some 12 per cent

below those for the previous year, registering a value of
S13,754,000.

Household insecticides and exterminators make up the 
leading item of this group in point of value. I t  dropped 42 
per cent as compared with 1930, sales totaling S2,185,000 as 
against S3,789,000 in the earlier year. A much smaller re­
duction was to be noticed in the sales of baking powder, 
the value of w'hich reached SI,269,000 in 1931 as compared 
with SI,434,000 in 1930 and $1,730,000 in 1929. A popular 
article abroad was one which appeared on this list for the 
first time in 1931—rubber-compounding agents (accelerators, 
retarders, etc.), which sold last year to  a to tal of $1,157,000. 
Cementing preparations for repairing, sealing, and adhesive 
use were likewise separately noted for the first tim e in 1931, 
their sales am ounting to $502,000. A th ird  new item, tex­
tile specialty compounds, had a value of S287,000. Agri­
cultural insecticides and fungicides, and similar materials 
were valued a t S I,199,000 in 1931 as against $1,458,000 in 
1930; and household disinfectants, deodorants, germicides, 
etc., a t $283,000 as against $289,000. Petroleum-jelly ex­
ports totaled $788,000 in value, a decrease of 14 per cent from 
the year before; shoe polishes and shoe cleaners, S406,000, 
a decrease of 37 per cent; leather dressings and stains, 
$362,000, a decrease of 11 per cent; and automobile polishes, 
$299,000, about 18 per cent less than in 1930.

I n d u s t r i a l  C h e m i c a l s

The full list of industrial chemicals (of basic importance 
to manufacture) sold or purchased abroad by the United 
States in the last two years, is given in the accompanying 
table.
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As will be noted, the largest import item in point of bulk 
was salt cake, or crude sodium sulfate. . The volume of our 
purchases of this commodity was m any times as great as 
th a t of any other of the group. The value, however, which 
stood a t S804,000, was less than one-half th a t of another 
sodium compound—sodium cyanide—which led the whole 
list of industrial chemicals w ith a to tal of 51,711,000. This 
figure represented a decrease of 16 per cent from 1930. 
.Sodium ferrocyanide, with a  to tal value of $102,000, was 
25 per cent below the 1930 figure.

Among the potassium compounds the leading import 
both in quantity  and in value was the item, argols, tartar, 
and wine lees, whose value of $1,605,000 represented a 13 
per cent decrease. Potassium nitrate, or saltpeter, was 
one of the few items in this group to show a gain, the 1931 
value of $708,000, comparing with S620,000 in the year 
before. Carbonate of potassium fell off about 22 per cent 
in value, totaling $664,000 as against $848,000. Chlorate 
and perchlorate, $439,000, showed about the same rate  of 
decrease; caustic potash, $452,000, dropped only about 
8 per cent.

M ost im portant among the acid imports was th a t of acetic 
acid, whose to ta l value fell from $1,498,000 in 1930 to $803,000 
in 1931. The only others of importance were tartaric, whose 
$447,000 total was about 40 per cent below th a t of the pre­
vious year, and arsenious, or white arsenic, which, with 
$450,000 worth of 1931 imports, recorded about a similar 
percentage of loss. Other prominent industrial chemicals 
were crude iodine, the 1931 value of which was $998,000, 
comparing with $1,798,000 in 1930 and $2,249,000 in 1929 
and thus registering a loss of about 60 per cent in two years; 
crude glycerol, valued a t $515,000 in 1931 and S633,000 in 
1930, and refined glycerol, $142,000 last year and $272,000 
the year before; and cobalt oxide, whose 1931 value of 
$387,000 was barely half th a t of 1930.

The export trade in industrial chemicals is dominated by 
the sodium compounds which together accounted in 1931 
for $9,959,000 out of the to tal of $19,774,000 for the whole 
group, or slightly more than one-half. Sales of these com­
pounds were well maintained in 1931, their total almost 
coming up to th a t of the year before which was $10,627,000. 
Two-thirds of the to tal value of the sodium group of commodi­
ties was contributed by two chemicals—caustic soda and 
borax. Caustic soda exports, although heavier in bulk, were 
about 7 per cent below the 1930 trade in value, the 1931 
figure of $3,465,000 comparing with S3,706,000 in the pre­
ceding year. The 1929 value was $3,516,000. Borax, on 
the other hand, marked up a good gain of 10 per cent in value, 
attaining a to ta l of $3,359,000 as compared with $3,058 000 
in 1930 and $2,935,000 in 1929. Last year’s imports were 
higher in value than  for any other year since the war except 
1928, when they totaled $3,454,000.

Soda ash, th ird  most im portant of the sodium group, 
dropped about 25 per cent in value, registering S858,000, as 
against $1,139,000 in 1930. W ater glass showed a much 
smaller reduction, its $523,000 being about 9 per cent less 
than in 1930. Bicarbonate, w ith 1931 exports of $330,000 
and bicarbonate and chromate with S288,000, recorded losses 
of 10 per cent and 12 per cent as compared with the previous 
year’s trade.

Outside of the list of sodium compounds, no commodity 
classed as an  industrial chemical is exported in sufficient 
volume to  reach $1,000,000 in value, and only a few reach
S500,000. C itrate of lime was sold abroad to a value of
S584,000 (no d a ta  for 1930); aluminum sulfate reached 
$568,000 or practically the same as in 1930; calcium chloride 
exports were valued a t $567,000, a gain of 13 per cent; those 
of nitro or aceto cellulose solutions, collodion, etc., totaled

$536,000, likewise a small increase over 1930; and the alco­
hols together made up $571,000, hardly half the to tal of 
the previous year. M ethanol was the principal alcohol ex­
port, its value dropping from $483,000 in 1930 to $241,000 
in 1931, partly  because of a  reduction in volume of exports 
of nearly 40 per cent and partly  because of lower prices 
received which brought the average valuation of exports 
down from 51 to  41 cents per gallon. This is the lowest 
recorded valuation of methanol exports and is about one- 
half th a t of the last five or six years. Compressed and lique­
fied gases were sold abroad to a value of S826,000, some 17 
per cent less than in 1930. Anhydrous ammonia was for­
merly the chief of these exported gases, and its 1931 value, 
$235,000, was 30 per cent below th a t of the year before. 
Chlorine, w ith $248,000, was first in importance in 1931, 
but it also suffered a  slight reduction from 1930.

P i g m e n t s , P a i n t s , a n d  V a r n i s h e s

The falling off in all lines of im port trade noted in 1930 
continued during 1931. The decrease in imports of chemi­
cal pigments was more noticeable than  th a t in mincral- 
earth  pigments, the former losing 24 per cent and the la tter 
14 per cent of their 1930 values. Iron oxide and iron hy­
droxide fell from S375,000 to $259,000, and ochers and siennas 
from $274,000 to $191,000. The most im portant articles 
entering into this trade are lithopone and zinc pigments. 
These fell off in value 36 per cent, from $670,000 to  $429,000, 
although the quantity , 11,354,000 pounds in 1931, was only 
24 per cent below th a t of the year before. Comparative 
figures are not available for the 2,914,000 pounds of zinc 
oxide and leaded zinc oxide, valued a t  SI89,000, imported 
in 1931. Im ports of paints, stains, and enamels fell from a 
value of $405,000 to  $246,000 and varnishes from $51,000 
to $31,000.

In  the outgoing trade the decline was not quite so much 
in evidence, bu t the returns do not indicate an encouraging 
year. The value of our exports of mineral-earth pigments 
dropped from S535,000 to $429,000, or about 20 per cent. 
The larger part of this trade is made up of ocher, umber, 
sienna, and other forms of iron oxide, whose 1931 value was 
$272,000. Among the chemical pigments, carbon black 
continues to  occupy the dom inant position. Sales in 1931 
were heavier in volume than  in the year before, b u t the value 
was considerably smaller, the figures being: 1931, 96,714,000 
pounds valued a t  $5,079,000; and 1930, 84,260,000 pounds 
valued a t $5,789,000. As compared with 1929, the value of 
this im portant export dropped almost 40 per cent, returns 
for th a t year showing sales am ounting to  $8,271,000.

Both in volume and in value the 1930 trade in zinc oxide 
was cut in half, last year’s to tals being 10,262,000 pounds 
with a value of $717,000, and those of the year before, 21,-
507.000 pounds 114111 a value of $1,447,000. W hite lead,
10.017.000 pounds valued a t  $562,000, felt the dull times 
to a  lesser degree, although the 40 per cent loss in value was 
enough to  be felt severely. Red lead, litharge, and orange 
mineral dropped from $590,000 to  $385,000; and lithopone, 
which m aintained its sales better than any other im portant 
chemical pigment, from $380,000 to  $341,000.

There was an encouraging gain in the foreign sales of 
pyroxylin lacquers. Pigmented lacquers totaling 333,000 
gallons with a  value of $950,000 were sent to  foreign parts 
last year, as compared w ith 256,000 gallons valued a t  $862,000 
in 1930; and clear lacquers am ounting to 94,000 gallons 
valued a t  $198,000 in 1931, compared with 71,000 gallons 
valued a t  $149,000 the year before. A large item  in the 
1931 trade, not separately reported before, was thinners for 
pyroxylin lacquers, which were sold to  the extent of $370,000. 
Ready-mixed paints, stains, and enamels continue to  go
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abroad in large volume, but sales were drastically reduced 
from 1930, the to tal value dropping from S5,757,000 to
S3,309,000. Varnishes, including oil or spirit varnishes and 
liquid driers, suffered even more severely. The flourishing 
trade of 1930, am ounting to a value of SI,442,000 and exceed­
ing even th a t of 1929, was cut to $547,000, a loss of 62 per 
cent. Paste paint, on the other hand, showed up with a 
surprisingly large increase. As against 1930 shipments of
1.785.000 pounds, last year’s returns totaled 4,054,000 pounds, 
a gain of 127 per cent. The value, which rose from S354,000 
to S529,000, returned a smaller percentage gain, bu t one 
which distinguished this commodity from nearly all others 
of the chemical group.

F e r t i l i z e r s  a n d  F e r t i l i z e r  M a t e r i a l s

The outstanding feature of the im port trade in fertilizers 
last year was the manner in which the trade in Chilean ni­
tra te  was m aintained. In  the face of unprecedented low prices 
for farm products in this country and a decline of more than 
20 per cent in the to tal value of imported fertilizers, imports 
of Chilean nitrate practically equaled those of 1930 in value 
and fell bu t little below them in quantity. The figure for 
total value was $21,112,000, and this compared with $21,-
445.000 in 1930, while the quantity  551,000 tons, compared 
with 569,000 tons in 1930. The 1931 im port value, however, 
is the lowest in more than fifteen years and is less than half 
of th a t of five or six years ago, the 1925 to ta l being $52,531,000 
and th a t for 1926, $42,781,000. The average value of Chilean 
n itrate imports in 1931 was about $38, higher than for any 
year since 1927, but much lower than the usual valuation 
prevailing in earlier years.

The effect of the removal of a tariff duty  of $5.60 per ton 
on ammonium sulfate in June, 1930, is clearly shown in the 
heavy increases in shipments since th a t time. Before the 
du ty  was removed on June 18, 1930, imports in th a t year 
had amounted to only 2845 tons. In  the la tter half of the 
year they amounted to 30,939 tons and, in comparison 
with the to tal 1930 shipments of 33,784 tons, shipments in 
1931 reached a figure of 112,215 tons. The figures showing 
value of im ports tell a similar story except th a t the rate of 
increase was somewhat smaller, the 1931 to ta l of $3,142,000 
comparing with $1,160,000 in 1930. A fairer comparison 
would be with the returns of 1929, in which year only 19,000 
tons valued a t  $763,000 were imported. Belgium and the 
Netherlands were the heaviest exporters of ammonium sul­
fate to this country in 1931. Germany sent a considerable 
proportion and in the first p art of the year several thousand 
tons were received from Japan.

Of the other nitrogenous fertilizers, calcium cyanamide 
was the most im portant. Im ports of this m aterial showed 
a heavy falling off, the 1930 shipments of 145,000 tons valued 
a t 84,874,000 being reduced to 51,000 tons valued a t  $1,537,- 
000. Calcium nitra te  dropped from a value of $1,560,000 
in 1930 to $927,000 in 1931, and guano from $1,656,000 to 
$504,000. The decline noted last year in imports of ammo­
nium sulfate nitrate continued through 1931, and the total 
for the year was only $231,000 as against $391,000 in 1930.

Phosphate fertilizers followed the tendency of the times 
and decreased from $1,909,000 in 1930 to  $1,371,000 in 1931. 
Potash imports likewise returned heavy decreases of 30 to 
50 per cent, the figures for the separate commodities standing 
as follows for the last two years:

I m p o r t s  o p  P o t a s h

F s b t i u i e h  .----------- 1 9 3 0 ------------. .------------ 1 9 3 1 -
Tons Value Tons Value

Chloride, crude 273,000 $9,930,000 181,000 $6,518,000
K ainite 112,000 979,000 55,000 505,000
M anure salts 362,000 5,048,000 179,000 2,583,000
Sulfate, crude S6.000 3,947,000 57,000 2,628,000
O ther potash-bearing substances 547 5,000 488 4,000

Fertilizer exports fell off much less than the average for 
other chemical commodities, and a few items showed an 
actual gain. Ammonium sulfate shipments of 67,000 tons 
valued a t $2,220,000 compared with 82,000 tons valued 
a t  $2,910,000 in 1930, a drop of 18 per cent in quantity  and 
23 per cent in value. Other nitrogenous, fertilizer materials, 
chiefly chemical b u t including some organic waste materials, 
were exported to a value of $2,611,000, which more than 
doubled the 1930 figure of $1,159,000. Phosphate-rock ex­
ports of the higher grades totaled 105,000 tons as against 
only 66,000 tons in 1930, and the value, $614,000, showed 
a similar gain over the $447,000 of the previous year. Land 
pebbles, however, dropped from a value of $5,183,000 in 
1930 to  $3,663,000 in 1931, and superphosphates from 
$1,595,000 to $941,000. Exports of potash fertilizers and 
materials doubled in value, the 1931 total of $1,267,000 
comparing with $643,000 in  the year before. Fertilizers 
classed as concentrated chemical fertilizers, and including 
nitrogenous, phosphatic, and potassic materials, were sold 
abroad to a value of $1,281,000 in 1931 as against $1,869,000 
in 1930. Prepared fertilizers decreased from $1,477,000 to 
$224,000 last year.

E x p l o s i v e s , F u s e s , e t c .

Im ports under this heading were of small importance 
and consisted, as usual, mainly of firecrackers. This trade 
was cut in half, am ounting to $349,000 as compared with 
$754,000 in 1930. The chief item of export continued to 
be dynam ite, which fell from a to ta l of 9,090,000 pounds 
valued a t  $1,280,000 in 1930 to 5,656,000 pounds valued a t 
$789,000 in 1931. Smokeless powder sold abroad in  1931 
was less than  one-half in value of th a t of the year before— 
$196,000 as against $439,000. Blasting-powder exports in­
creased somewhat in to ta l value, which was $73,000 as 
against S69,000 in 1930, bu t the quantity , 748,000 pounds, 
was about 11 per cent under the m ark of the year before.

S o a p  a n d  T o i l e t  P r e p a r a t i o n s

All the separate items under this heading suffered substan­
tial decreases in the im port trade in 1931. Cosmetics, 
powders, creams, etc., which reached a value in  1930 of 
$563,000 fell to  $423,000, about 25 per cent less; perfume 
m aterials valued a t  S2,143,000 dropped off to  $1,101,000, 
a  50 per cent loss; toilet soap registered a value of $376,000 
as against $556,000 in 1930, a loss of one-third; castile soap 
fell from $347,000 to $254,000, a 27 per cent decrease; and 
perfumery, bay rum, and toilet water imports were valued 
a t $681,000 in  1931 as against $921,000 in 1930, a drop of 
26 per cent.

Exports likewise furnished b u t two or three exceptions to 
the general rule of substantially lower shipments. The 
best-selling article of the group—dental creams—achieved 
a to ta l value of $2,080,000 in 1931, a  fairly good showing as 
compared with the $2,274,000 of 1930. Laundry soap was 
second in value, to ta l sales for the year am ounting to  $1,756,- 
000, a  30 per cent decrease from 1930. Toilet- or fancy- 
soap exports were valued a t $1,020,000 in 1931 and $1,235,000 
in 1930; scouring soaps and powders a t  $528,000, about 36 
per cent under 1930; and shaving soaps, creams, powders, 
and sticks a t $421,000, about 13 per cent less than  in the 
year before.

Talcum powder sold abroad in 1931 to  a value of $691,000, 
nearly 20 per cent less than  in the year before, bu t sales 
of face powder, $396,000, were practically the same in the 
two years. Creams, rouges, and other cosmetics reached 
a to ta l value in the export trade of $1,890,000, the principal 
items being: cold creams, $512,000; vanishing creams, 
$367,000; other creams, lotions, and balms, $361,000; and
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rouges, §209,000. In 1930 the to ta l for these goods was 
§2,074,000, last year’s sales thus showing a decrease of only 
about 9 per cent. M anicuring preparations fell off 30 per 
cent to a  to ta l of §376,000; depilatories and deodorants, 
§382,000, were nearly three times the 1930 trade; and hair 
preparations, §375,000, were slightly above the to tal for the 
previous year.

MATERIALS RELATED TO CHEMICAL INDUSTRIES
All the articles and groups of articles mentioned above 

are included in group 8 of the government statistics, which 
covers chemicals and related products. In addition to  them 
a number of commodities classified with other industries are 
of commercial or industrial interest to chemical manufac­
ture and trade. Last year’s trade in the more im portant 
of these articles is considered below.

M i n e r a l  O i l s

As was to be expected, world trade in petroleum and its 
products felt the full force of the business depression last 
year. Both in imports and in exports the trade of the 
United States saw heavy reductions, decreases occurring in 
every branch.

Im ports of petroleum last year witnessed not only a drop 
of about one-fifth in quantity  b u t a considerable price re­
duction as well, which brought the decrease in value up to 
much larger proportions. Advanced and refined oils, in­
cluding gasoline, naphtha, kerosene, etc., were as usual well 
ahead of crude petroleum in to tal value, constituting about 
57 per cent of the to ta l imports. Practically the same pro­
portion ruled in 1930. The decrease in the quantity  of re­
fined oils, from a 1930 im portation of 43,381,000 barrels to
38,702,000 barrels last year, or 10 per cent, was much lighter 
than the decrease in  value, which am ounted to  34 per cent, 
the 1931 figure being §52,149,000 as against §78,739,000 in 
the preceding year. Gasoline, naphtha, and other finished 
light products were valued a t §35,069,000, 40 per cent less 
than in 1930. About 90 per cent of these oils came from 
Venezuela b u t were credited to  Curajao, the D utch island 
just off the coast of Venezuela.

Crude petroleum imports, as in previous years, came al­
most entirely from Mexico and northern South America. 
Through direct shipments and shipments through the island 
of Curasao, more than  one-half of last year’s imports came 
from Venezuela. The am ounts and value of our imports 
from the chief sources of supply in the last two years were 
as follows:

I m p o r t s  o f  C r u d e  P e t r o l e u m

- 1 9 3 0 - - 1 9 3 1 -
From :

Mexico
N etherlands W est 

Indies 
Colombia 
Peru
Venezuela 
O ther countries 

T o tal

Barrels Value
1 0 .0 9 3 .0 0 0  $ 8 ,2 3 2 ,0 0 0

9 .7 8 0 .0 0 0  7 ,4 4 2 ,0 0 0
1 4 .2 0 4 .0 0 0  1 9 ,8 6 0 ,0 0 0

1 .2 8 1 .0 0 0  2 ,8 7 8 ,0 0 0
2 5 .2 9 9 .0 0 0  2 4 ,5 1 9 ,0 0 0

1 .4 7 2 .0 0 0  1 ,9 4 1 ,0 0 0

6 2 ,1 2 9 ,0 0 0  6 4 ,8 7 2 ,0 0 0  4 7 ,2 5 0 ,0 0 0  3 9 ,2 2 1 ,0 0 0

In  the export trade the influence of the lower prices was 
everywhere apparent. Decreases in to ta l value were in all 
cases much larger than  those in quantities shipped, and in 
the case of crude petroleum exports an actual 8 per cent in­
crease in quantity  was accompanied by a 35 per cent de­
crease in value. Exports of petroleum and its im portant 
derivatives in the-last two years are shown in the table which 
follows.

In  the trade in crude petroleum the much lower prices 
indicated by the figures in this table were in evidence 
chiefly in the exports to  Europe, where the to ta l value was 
cu t in half while the quantity  remained about the same

(1,152,000 barrels in 1930 having a value of §1,995,000, and
1,005,000 barrels having a value of $993,000 in 1931), and to 
Canada, which took 18,967,000 barrels valued a t  §25,689,000 
in 1930 and 19,209,000 barrels valued a t §14,765,000 
in 1931. Japan increased its purchases from 2,926,000 barrels 
valued a t §3,223,000 in 1930 to  3,606,000 barrels valued a t 
§3,518,000 last year. Cuba was the only other large buyer, 
its purchases of 769,000 barrels representing a 50 per cent 
gain.

E x p o r t s  o f  P e t r o l e u m  a n d  P r o d u c t s

P r o d u c t  -—

Petroleum , crude 
Refined oils:

Gasoline, naph tha , 
and  o ther finished 
ligh t products 

Illum inating oil (kero­
sene)

Gas and fuel oil 
Lubricating oil

, 1 9 3 0  a

Barrels Value
2 3 ,7 0 4 ,0 0 0  $ 3 2 ,1 5 3 ,0 0 0

1 9 3 1 -
Barrd8 Value 

2 5 ,5 3 5 ,0 0 0  $ 2 0 ,8 2 8 ,0 0 0

6 3 ,1 9 5 ,0 0 0  2 5 0 ,6 4 7 ,0 0 0  4 3 ,7 8 7 ,0 0 0  1 0 9 ,3 0 1 ,0 0 0

1 6 .6 9 0 .0 0 0  6 3 ,3 2 5 ,0 0 0
3 2 .3 7 8 .0 0 0  3 3 ,2 2 0 ,0 0 0  

9 ,7 5 2 ,0 0 0  8 8 ,9 3 1 ,0 0 0

1 2 .5 3 4 .0 0 0  3 4 ,7 9 6 ,0 0 0
2 6 .5 8 8 .0 0 0  2 3 ,9 6 6 ,0 0 0  

7 ,9 9 4 ,0 0 0  6 2 ,9 8 6 ,0 0 0

Barrels Value
8 .2 0 7 .0 0 0  $ 6 ,0 6 2 ,0 0 0

4 .1 0 3 .0 0 0  3 ,1 5 9 ,0 0 0
1 2 .3 2 9 .0 0 0  1 2 ,5 0 9 ,0 0 0  

2 2 5 ,0 0 0  4 9 1 ,0 0 0
2 1 .1 2 2 .0 0 0  1 5 ,6 3 3 ,0 0 0

1 .2 6 4 .0 0 0  1 ,3 6 7 ,0 0 0

In  the export trade in gasoline, naphtha, and other light 
products, drastic reductions were the rule among all the 
large buyers except Japan. T hat country increased its 
purchases about 4 per cent in value and 18 per cent in quan­
tity , the increase coming entirely in the last six months. 
As compared with 1930 purchases of 1,067,000 barrels valued 
a t §4,018,000, to tal purchases for 1931 amounted to 1,256,000 
barrels valued a t 84,185,000. By way of contrast, ship­
ments to  the United Kingdom fell from 19,208,000 barrels 
to 13,151,000 barrels and in value from §67,013,000 to 
§28,938,000; to France from 9,331,000 barrels to 6,132,000 
barrels, and in value from §35,355,000 to §12,009,000; and 
to Canada from 4,282,000 barrels to 2,963,000 barrels and 
in value from §15,261,000 to  §8,592,000. The greatest drop 
was in the trade with Cuba. T hat country took 1,179,000 
barrels valued a t §4,073,000 in 1930 and only 288,000 barrels 
valued a t §617,000 in 1931, last year’s purchases being far 
below the normal of earlier years.

The United Kingdom continued to be our best customer 
for bulk kerosene. Shipments to th a t country were almost 
as large as in 1930, but the value was lower by nearly 40 
per cent, last year’s figures of 2,881,000 barrels valued a t 
§5,006,000 comparing with 2,937,000 barrels valued a t 
§8,144,000 in the year before. (These refer to bulk ship­
ments only. Shipments to  Europe in containers were very 
small and were not separately stated.) The largest buyer 
of kerosene shipped both in bulk and in containers was China, 
Hong Kong, and Kwantung (considered as one country), 
exports to which fell from 3,172,000 barrels to  2,249,000 
barrels and from a value of §12,485,000 to §7,255,000. 
Japan’s purchases, 370,000 barrels with a value of §1,413,000, 
were about two-thirds less than in 1930, while shipments to  
British India, 553,000 barrels valued a t §2,007,000, dropped 
off about one-third.

Japan’s purchases of gas and fuel oil, for which th a t coun­
try  is our best customer, were almost the same in 1931 as 
in the year before, last year’s total being 5,437,000 barrels 
with a value of §4,595,000. Trade with the United Kingdom 
fell off heavily, shipments totaling 1,397,000 barrels valued 
a t  §1,536,000, a drop of 53 per cent in quantity  and 65 per 
cent in value. The value of shipments to Germany, §1,421,000, 
was only about one-half th a t of the year before, and 
exports to other leading customers, including Panam a, Chile, 
Canada, and Mexico, showed decreases ranging from 20 to 
50 per cent.

In  addition to  the exports of these oils given in the table 
above, bunker oil was supplied to vessels engaged in foreign 
trade to the extent of 43,714,000 barrels valued a t  §38,845,000, 
as compared with 50,773,000 barrels valued a t §53,576,000
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in 1930. About 46 per cent of the to tal was sold to Ameri­
can vessels.

Lubricating oil exports were almost uniformly lower than 
in 1930, with the United Kingdom, France, Germany, Italy, 
Belgium, and Canada the leading customers. Japan’s pur­
chases were an exception to  the rule, showing a small increase. 
T hat country in 1931 took red and pale lubricating oil to 
the am ount of 171,000 barrels and cylinder oil to  the extent 
of 54,000 barrels, these quantities comparing with 182,000 
barrels and 37,000 barrels, respectively, for 1930.

S u l f u r

Sulfur exports fell off about 30 per cent in 1931, the total 
for the year being 407,586 tons of crude sulfur in lumps, 
valued a t 88,837,000, and 13,599 tons of crushed, ground, 
refined, sublimed, and flowers of sulfur, valued a t 8432,000. 
The three leading buyers of crude sulfur continue to be 
Canada, Germany, and France. Canada’s purchases de­
creased about one-third in value as compared with 1930 and 
those of Germany about 30 per cent, bu t France increased 
its purchases, taking 73,000 tons as against 56,000 in 1930. 
All other countries took decreased quantities, trade with 
Australia showing the largest loss. Only 21,000 tons went 
to th a t country in 1931 as against 65,000 tons in 1930. Total 
exports of crude sulfur in 1931 wrcre ju st about one-half 
those of two years ago in 1929.

V e g e t a b l e , An im a l , a n d  E s s e n t ia l  O il s

Coconut oil from the Philippines, most im portant of the 
vegetable oil imports, enjoyed a trade somewhat heavier 
in volume but about one-fourth less in to ta l value than in 
1930, the 1931 returns standing a t 325,175,000 pounds valued 
a t 815,272,000 as against 317,919,000 pounds valued a t
819.901.000 in  the year before. Palm oil, however, de­
clined both in quantity  and value, the imports of 258,156,000 
pounds last year being 10 per cent less than  in 1930 and the 
value, 810,792,000, 34 per cent less. Inedible olive oil im­
ported for mechanical or manufacturing purposes fell off 
one-half in value and more than 40 per cent in quantity, 
the 1931 imports amounting to 36,924,000 pounds with a 
value of 81,652,000. Carnauba W'ax registered increased 
shipments—7,447,000 pounds as against 7,416,000 pounds in 
1930— but the to ta l value, 81,070,000, was 25 per cent less. 
There was a very marked decrease in the value of imports 
of tung oil, due apparently to lower prices, since the volume 
dropped much less than the value, the 1931 im ports totaling
79.311.000 pounds valued a t 84,426,000 as against 126,323,000 
pounds valued a t 812,487,000 in the year before. Among 
the edible vegetable oils, olive oil wTas the only one to be 
imported in very large volume, shipments reaching 70,394,000 
pounds as against 92,964,000 pounds in 1930. The value,
58.252.000, compared with S l l ,221,000 in 1930. M ost of 
this oil came from Italy, with Spain second. The large 
decrease noted last year in the trade in palm-kernel oil con­
tinued in 1931, the total amounting to  only 12,928,000 pounds 
as compared with 29,104,000 pounds in 1930 and 69,909,000 
pounds in 1929. The value showed an even greater de­
cline, figures for the three years being: 1931, 8637,000; 
1930, 81,771,000; 1929, 85,301,000.

Among the exports, cottonseed oil (edible) uras of greatest 
value. Shipments were somewhat heavier— 12,S45,000 
pounds as against 11,903,000 pounds, bu t the 1931 value,
81.162.000, was slightly under th a t of the year before. Cuba, 
as usual, was the largest buyer.

Im ports of essential and distilled oils dropped sharply 
in to tal value, amounting to  S3,654,000 as compared with
85.643.000 in 1930. Last year’s trade was only one-half 
as large in value as th a t of 1929. Im ports for the last two 
years were as follows:

I m p o r t s  o f  E s s e n t ia l  a n d  D is t i l l e d  O il s

O i l  .---------------- 1 9 3 0 ---------------- - .---------------- 1 9 3 1
Pounds Value Pounds Value

Cassia and  cinnam on 372,000 §373,000 306,000 S218,000
Geranium 189,000 593,000 140,000 416,000
O tto  of roses, ounces 18,000 216,000 20,000 209,000
B ergam ot 176,000 440,000 81,000 136,000
CitroneUa and  lemon

grass 1,097,000 542,000 1,027,000 389,000
Lavender and  spike

lavender 376,000 722,000 280,000 500,000
Lemon 624,000 588,000 347,000 216,000
Orange 166,000 362,000 132,000 230,000
Sandalwood 19,000 80,000 10,000 49,000
All other 3,064,000 1,727,000 2,925,000 1,291,000

T otal 5,643,000 3,654,000

Peppermint oil exports were low'cr in both quantity  and 
value than in 1930, shipm ents reaching 230,000 pounds 
valued a t S438,000, as compared with 233,000 pounds valued 
a t  8700,000.

D y ein g  and  T a n n in g  M a t e r ia l s

Im ports under this heading again declined, the to tal value,
85,126,000, representing a loss of almost 30 per cent from
1930. In  the quebracho trade, however, the loss was only 
in value, as both wood and extracts showed a gain in quan­
tity  of shipments, the returns being as follow's: quebracho 
wood, 55,396 tons valued a t 8587,000 in 1931 as against 
44,114 tons valued a t 8640,000 in 1930; and quebracho 
extract, 90,237,000 pounds valued a t  S2,490,000 as against
87,377,000 pounds valued a t S3,838,000. Logwood, valued 
a t 8384,000, was third in the list and wTas slightly more than 
in 1930, while valonia, 8282,000, w'as nearly 40 per cent 
under 1930 imports.

Exports of dyeing and tanning materials dropped in value 
from SI,898,000 in 1930 to S I,589,000 in 1931, the chief 
export being logwood extract, shipments of which were 
valued a t 8165,000 as against 8193,000 in 1930.

R u b b e r

In  the face of a depression w'hich presumably bears down 
especially on such luxury industries as automobile m anu­
facture, the im portation of rubber (used chiefly in tires) 
showed highly encouraging results in 1931. American im­
porters bought slightly more crude rubber than  in 1930 but 
paid for it only one-half as much. This indeed is b u t a con­
tinuation of a tendency which has been noticeable since 
1926, when post-war im port values reached their peak. 
Since th a t year the quantity  of rubber imports has remained 
fairly steady, surpassing the 1926 to ta l by  about 36 per cent 
in 1929 and about 20 per cent last year, bu t the values have 
descended steeply until in 1931 the to ta l wras only about one- 
seventh th a t of five years before. The following table shows 
this decrease year by year:

I m p o r t s  o f  C r u d e  R u b b e r

Y e a r P o u n d s V a l u e

1926 925,878,000 $505,818,000
1927 954,750,000 339,859,000
1928 978,107,000 244,855,000
1929 1,262,939,000 240,966,000
1930 1,089,830,000 140,642,000
1931 1,124,003,000 73,803,000

Shipments decreased in 1931, as compared with 1930, 
from all the chief sources except British M alaya, which was 
credited w ith 804,152,000 pounds as against 763,411,000 
pounds in 1930, and the United Kingdom, whose to ta l was
55,481,000 pounds as against 8,962,000. From  the N ether­
lands E ast Indies, American im porters received 157,656,000 
pounds as compared w ith 185,743,000 pounds.

N a va l  St o r e s , G u m s , a n d  R e s in s

Chicle, most im portant of imported gums in  point of trade 
value, showed no exception to the general rule of decreased
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trade in 1931. In  spite of the fact th a t chicle was placed 
on the free list in the middle of 1930, free im portations for 
the whole of 1931 were hardly any higher than for the first 
half of the year before, when it was subject to a du ty  of 10 
cents per pound. Last year’s im ports reached a to tal of
8.931.000 pounds valued a t S4,195,000, and those of 1930 
were 13,957,000 pounds valued a t $7,022,000. Shellac, chief 
varnish gum imported, suffered a severe cut in to tal value 
which was only SI,953,000 as against $5,190,000 in 1930, 
but the quantity  made a better showing— 11,962,000 pounds 
as against 18,982,000.

Natural camphor scored notably in competition with 
synthetic, as both the crude and the refined products entered 
in greater quantities than in 1930, while shipments of syn­
thetic were cut down one-fourth. Im ports of natural crude 
camphor were doubled—2,010,000 pounds as compared with
1.058.000 in 1930—with the total value rising from S419,000 
to $716,000, and those of refined rising from 1,032,000 pounds 
valued a t $557,000 in 1930 to 1,152,000 pounds valued a t 
$546,000 in 1931. Trade in synthetic camphor fell from
2.405.000 pounds valued a t $851,000 to 1,798,000 pounds 
valued a t $588,000.

The value of our exports of naval stores, gums, and resins

fell off by 37 per cent, totaling only $14,304,000 as compared 
with $22,698,000 in the year before. The decrease was in 
evidence both in the trade in rosin and in th a t of turpentine. 
Exports of wood rosin, am ounting to 154,000 barrels w ith a 
value of $1,136,000, were reduced 21 per cent in quantity  
and 52 per cent in value from 1930; those of gum rosin,
907,000 barrels valued a t $6,923,000, were less by 15 per cent 
and 42 per cent, respectively, in quantity  and value. All 
the large buyers of gum rosin took reduced quantities, the 
United Kingdom buying 20 per cent and Germany 15 per 
cent less. These are our best two customers for this product. 
Turpentine exports were 12,214,000 gallons last year as 
against 15,142,000 gallons the year before, the to ta l value 
showing a somewhat larger decrease, from $6,612,000 to  
$4,813,000. The United Kingdom is much the largest buyer 
of this product, taking 5,020,000 gallons valued a t $1,839,000 
in 1930. . This represented a decrease of about one-third 
in quantity  and 40 per cent in value from the purchases of 
the preceding year.

R e c e i v e d  F ebruary  4, 1932. All 1931 figures are prelim inary, b u t the final 
figures usually Bhow few changes of im portance. F u rth er details regarding 
the  trad e  in any  particu lar group of articles m ay be obtained through thi& 
publication or by  addressing the  author.

NOTES AND CORRESPONDENCE

Toxicity of E thylene and Propylene 
Glycols

E d i t o r ' s  N o t e .  T he following le tte r was received in June, 1930, b u t the 
publication was delayed in the  hope th a t  fu rther experim ents would be m ade 
by the  au thor. D octor H u n t s ta tes  th a t  he has not been able to pursue his 
s tudies fu rther, and, since the  sub ject is of considerable in terest a t the 
present tim e, the  le tte r is now published.

Editor of Industrial and Engineering Chemistry:
Although comparatively little experimental work with ethylene 

glycol has been reported, the view has long been held tha t the 
substance is practically nonpoisonous; its use as a substitute for 
glycerol in some food and pharmaceutical preparations has been 
suggested. Recently two deaths in man have been reported 
[J. Am. Med. Assocn., 94, 1940 (1930)] from the drinking of an 
antifreeze mixture consisting of ethylene glycol. Hence it seems 
desirable to call attention to certain undesirable and dangerous 
properties of this compound.

I t  has long been recognized that ethylene glycol, like other 
polyvalent alcohols, has little or no narcotic or other immediate 
obvious actions. I t  is this lack of immediate effects of even 
comparatively large doses which has caused a number of experi­
menters to overlook the inherently dangerous character of the 
compound.

A few years ago I performed a number of experiments with 
this substance upon rats, mice, guinea pigs, rabbits, cats, and 
dogs. The compound was administered in various ways—by 
intraperitoneal and intravenous injections, and by mouth. 
I t was also added to the drinking water of the animals, and 
the effects of small doses, continued for several days or weeks, 
were observed. The compound was found to be distinctly 
poisonous. The toxic action was not due to the glycol itself 
but to one of the products of its oxidation in the body—oxalic 
acid. The kidneys were very severely injured by the oxalic

acid, and this seemed to be the usual cause of death. Experi­
ments on man have also shown that some of the glycol is oxidized 
to oxalic acid.

Ethylene glycol proved to be as poisonous as methanol, but 
in a different way. Of course from a practical standpoint it is a 
much less dangerous substance than methanol; it is so slightly 
volatile that there is no danger of poisonous doses being inhaled, 
and there is no evidence that it is absorbed from the skin. Those 
who are so foolish as to endeavor to quench their thirst by drink­
ing antifreeze mixtures ■would probably find other means of 
committing suicide, but manufacturers should (and apparently 
do) abstain from adding ethylene glycol to any food product. 
Used legitimately, this compound is a far less dangerous sub­
stance than aniline, benzene, carbon disulfide, turpentine, 
carbon tetrachloride, and many other chemicals extensively 
employed in the industries.

A considerable number of experiments were performed with 
propylene glycol; the results were strikingly different from 
those obtained with the ethylene compound. I could find no 
indications of a poisonous action. Thus, young rats grew1 a t 
the normal rate and reached maturity when the only liquid 
they received was a 5 per cent solution of propylene glycol; 
rats receiving a similar solution of ethylene glycol died in two 
or three days, and those receiving a 1 per cent solution frequently 
died within a week. The propylene compound was well toler­
ated by animals whose livers and kidneys had been injured by 
various poisons. I t  is possible that this glycol may have a 
true food value in the sense that ethyl alcohol does, and without 
the drug action of the latter.

R e id  H ttnt

H a h v a b d  M e d i c a l  S c h o o l

B o s t o n , M a s s .
June 19. 1930



A M E R I C A N  C O N T E M P O R A R I E S
Charles Lathrop Parsons

“"C "V  TELL, how about a little trip down 
% /% / the river to Portsmouth in our 
T T one-lunger and some broiled live

lobsters at Ham’s?” said Charlie Parsons to 
Mrs. Bogert and me one summer afternoon at 
Durham, N. H., nearly thirty years ago, 
when he was professor of chemistry at the 
New Hampshire College there and we were 
his guests. ‘‘If you insist upon it,” we re­
plied, "lead us to the lobsters and we will show 
you how mean a knife and fork two hungry 
New Yorkers can wield.” So he and Mrs.
Parsons led the way to the creek where the 
boat, a small open-launch, awaited us. Al­
though not a speed boat or much to boast 
about in the way of looks, she carried us 
safely, albeit not very rapidly, down the creek 
and the Piscataquis River to Portsmouth, 
where the lobsters “ ’n’ everythin’ ” were dis­
posed of with gusto, for in those days Ham’s 
lobsters were famous throughout that region.
The night being a beautiful one, we did 
not leave Portsmouth u n ti l  q u ite  la te ,  
a n d , w hen we started, a stiff ebb tide 
was running against us. But our little put-put kept plugging 
along valiantly until we got about one-third of the way home, 
when after one or two despairing consumptive coughs the 
motor inconsiderately died. Fortunately, we wTere not very far 
from the north shore of the river a t the time, so that we paddled 
her in and beached her in a little cove near a group of cottages. 
While Charlie attacked the engine with his best tools and most 
persuasive arguments under the admiring but somewhat sleepy 
eyes of our wives, I  climbed up the bank to reconnoiter. Un­
fortunately it was near midnight, the houses were all dark, and 
every one apparently was in bed and sound asleep. While 
deliberating as to the next move, I was cheered by hearing a few 
feeble coughs from the motor, and, by the time I got back to the 
boat, the future Secretary of the A m e r ic a n  C h e m ic a l  S o c ie t y  
had her going again and we limped slowly home, where wo arrived 
in the “wee sma’ hours” of the morning, after getting stuck in 
the mud once or twice as we struggled along in the low water and 
darkness up the creek.

This was my first chance to get better acquainted with the new 
professor a t Durham and was the beginning of a close and warm 
friendship which I hope will continue to the end.

One of the outstanding characteristics of Doctor Parsons and 
his charming wife is their generous, unselfish, and neverwearying 
hospitality. Every one who knows the Parsons even slightly, 
knows this. No matter where their home may be, Durham 
as it was, or Washington as it is now, the door to that home, 
as to their hearts, is always open to their friends, and no one 
ever knocks on either without receiving a cordial and cheery 
welcome. I  have seen them time and again, when friends 
happened to drop in unexpectedly, put themselves to all kinds of 
trouble and inconvenience to see that these guests were made 
happy, not considering for a moment their own comfort. When 
distinguished foreign chemists visit our capital, the hospitable 
Parsons home is one of the first to entertain them, and in my 
wanderings in Europe I have had many of my foreign colleagues 
who have visited Washington tell me that some of the happiest 
recollections of their trips to our country were the evenings they 
spent as guests of the Parsons.

Intensely loyal to his friends and always 
willing and eager to do everything in his power 
to show that friendship, whether through this 
abounding hospitality or in other ways, 
nothing hurts or grieves him more than in­
difference or coldness on the part of those 
from whom he has the right to expect sym­
pathy and responsiveness. A man of inde­
pendent thought, confident in his own judg­
ment tenacious in his opinions and vigorous in 
their defense, he nevertheless maintains an 
open mind and is ever willing to discuss any 
question, to weigh critically the arguments 
advanced, and to surrender good naturedly 
when convinced that his position is no longer 
tenable. People may and do differ with him, 
but they always respect his judgment and 
the sincerity of his position. Strong in his 
dislikes, as in his likes, he can be, when occa­
sion demands it, an active and resourceful 
antagonist, and two of his pet aversions are 
pomposity and snobbishness; but, if he is 
a hard and fair fighter, he is also a good 
loser and never harbors any grudge as a 

result of such differences of opinion. Undoubtedly to those 
who do not know him well, he may now and then give the 
impression of being too dogmatic. He is endowed with a 
keen sense of humor, and enjoys a good joke immensely, even 
when it happens to be on himself. In his own home life he 
is very happy and an easy mark for his grandchildren. In 
spare moments he loves to putter around his automobile and to 
slip away with Mrs. Parsons for a little tour whenever a chance 
occurs. To him, Washington is the finest place in the world to 
live, and a stranger hearing one of his ardent boosting orations 
on the subject might think that he was listening to a real estate 
agent with property to sell in the vicinity of Cleveland Park. 
To the A m e r ic a n  C h e m ic a l  S o c ie t y , its officers, and governing 
boards, he has always shown the staunchest kind of fealty; and 
no matter how energetically he may debate a question in the 
Council, when the question is once decided, it always receives his 
whole-hearted support, whether or not he originally favored it. 
Not infrequently he may have appeared meticulous and un­
reasonable upon some matters of S o c ie t y  business, when actually 
he was only carrying out explicit instructions received from the 
Council.

I well remember when the question first came up of his becom­
ing Secretary of our A m e r ic a n  C h e m ic a l  S o c i e t y , in succession 
to Albert C. Hale, who felt tha t the burden was growing too heavy 
for one of his years to carry. Professor Parsons was then deeply 
engrossed with his scientific work and very happy in it. With 
his staff and students he was occupied with many interesting 
researches and was particularly enthusiastic about the work in 
rare earths which his colleague, the late Professor James, was 
developing so deftly and yet so modestly. I t  was a real sacrifice 
to give up all this as well as his beautiful home in Durham, and 
move to Washington where the friends nowT without number were 
then but a handful. I know from many intimate conferences 
with him tha t he came to his decision because he ivas convinced 
that as Secretary of the A m e r ic a n  C h e m ic a l  S o c ie t y  he w-ould 
have a better opportunity to advance the cause of chemistry in the 
United States than as professor of chemistry a t New- Hampshire 
College. In all honor be it said that, having put his hand to the
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plow, he has never once turned back but has continued to put into 
the cause of the A m e r ic a n  C h e m ic a l  S o c ie t y  everything that he 
had to give of time, energy, and ability; in season and out, early 
and late, in fair weather and foul, he has striven tirelessly and 
undiscouraged for the upbuilding and development of our 
national society until, after nearly a quarter century of the hard­
est and most loyal kind of service, he has the satisfaction of seeing 
that organization grow from a membership of about three thou­
sand to nearly twenty thousand, and rise from comparative 
obscurity to the exalted position it now occupies as the greatest 
chemical society the world has ever known. Having closely 
followed the progress of our S o c ie t y  for the past forty years, I 
say unhesitatingly and without fear of successful contradiction, 
that what the A m e r ic a n  C h e m ic a l  S o c ie t y  is today it owes more 
to Charles Lathrop Parsons than to any other American chemist. 
Isn’t tha t a monument of which any man may well feel proud? 
Who is there among us who has done more for the cause of 
American chemistry than what he has accomplished in the build­
ing of this great organization? I appreciate that he is not the 
only one who has contributed to this result, but that many have 
participated. Presidents have come and gone, and each has 
contributed what he could; but it has been the accumulated 
experience of Secretary Parsons, his intimate knowledge of the 
many problems of the S o c ie t y  and of the chemists of our country, 
his frank and fearless advice, which has been our chief guide 
throughout these many years of development. As a past presi­
dent I know whereof I speak.

There are those who seem to believe tha t original research is 
not only the highest form of service which any chemist can render 
to his profession, but that everything else is so far inferior as not 
to be worthy of mention in the same breath. The discovery of 
new knowledge is undoubtedly of immense importance, but so 
also is the dissemination of the knowledge we have already gained, 
for discoveries become valuable only as they become useful, cither 
practically or for the assistance of other workers. The A m e r ic a n  
C h e m ic a l  S o c ie t y  is today the most potent agency existing for 
this dissemination of chemical information and discovery. The 
investigator must keep fully posted and up to date on the 
rapid advances in his chosen field, and his research results would

lose much of their value without an opportunity to bring them in 
published form to the attention of the chemical profession and of 
others likely to be interested. Think what Chemical Abstracts 
and our other journals mean to the progress of research, and how 
much that research is aided and stimulated by the inspiration and 
encouragement which comes from the contacts with one’s fellow 
investigators provided by the frequent meetings of the S o c ie t y  
and of its sections. That brilliant investigator, Sir William 
Crookes, is quoted as having said tha t he felt that his founding of 
the Chemical News and its editing for half a century had been 
fully as important a contribution to the progress and advance­
ment of chemistry as his research work.

This outstanding service has been recognized clearly in other 
countries where Doctor Parsons has been the recipient of decora­
tions, of honorary memberships in national chemical societies, and 
of similar tokens of appreciation and esteem. In his own country 
he has received the Nichols Medal of the A m e r ic a n  C h e m ic a l  
S o c ie t y  (1905), and the honorary degrees of D.Sc. from the 
University of Maine (1911), and of D. Chem. from the University 
of Pittsburgh (1914).

Born in New Marlboro, Mass., and educated partly in Massa­
chusetts and partly a t Ilawkinsville, Ga., to which city the family 
moved while he was still a youngster, his collegiate training was 
obtained at Cornell University, from which he received his B. S. in 
1888. Nothing brings him more joy now than to steal away for a 
few days of turkey hunting around his old home town of Hawkins- 
ville, where his brother Will still lives. Those who have been 
so fortunate as to have been his guests on these hunts will not soon 
forget them or their warm-hearted host. When the wild turkeys 
down there hear that Charlie is on the warpath again and is going 
to pay them a visit, they all “beat it” for the deep woods, for they 
know to their sorrow that today he is as much interested in roast 
turkey as he used to be about whether a certain element should be 
called “beryllium” or “glucinum.” In fact these turkeys feel 
as nervous, apprehensive, and ill a t ease, when they know that 
he is scouting around, as though they were chemists who didn’t 
belong to the A m e r ic a n  C h e m ic a l  S o c ie t y .

M a r s t o n  T a y l o r  B o o e r t

[S e e  p a g e  3 1 7 J

T h e  G o l d m a k e h  

by
Pieter Breughel, the Elder

Breughel, a famous Flemish painter 
and a student of Koek, worked in 
Antwerp and Brussels and died in 
the latter city about 1590 at the age 
of 60. He drew a number of pen and 
ink sketches, most of them of a 
humorous nature. The original of 
the “Goldmaker” is in the Staatliches 
Museum in Berlin.
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INDUSTRIAL ELECTROCHEMISTRY. By C. L. ManleU.
528 pages. McGraw-Hill Book Company, inc., New York,
1931. Price, $5.00.

I n  h i s  preface the author states, “  Furthermore, the engi­
neering side of the subject is neglected.............. This volume is a
modest attem pt to fill the gap. I t  endeavors to point out and 
emphasize the technological importance of electrochemical proc­
esses, to stress^ their practical aspects, and to adopt the engi­
neering viewpoint.” This reviewer believes that the author has 
succeeded in his attempt. The volume is excellent from the en­
gineering viewpoint.

The volume is divided into six sections: Theoretical Electro­
chemistry, Technical Electrochemistry, Electrolytics, Electro- 
thermics, Electrochemistry of Gases, and Engineering. The 
first section is a brief introduction, evidently intended for the 
general reader and not for one actively interested in the subject. 
All the misprints in the volume found by this reviewer (four) 
were in this section. In the second section are very good ac­
counts of corrosion, primary and storage cells, rectifiers, and 
electrochemical analysis. The third section comprises over half 
the book, giving an account of industrial applications of electroly­
sis. Electric furnaces and their products are treated in the fourth 
section. The electrochemical reactions in gases are given brief 
treatment in the next section, and the last section treats of ma­
terials of construction and the economics of power as applied to 
electrochemical processes.

The volume is profusely illustrated with photographs and 
diagrams, and contains numerous tables of operating data, as 
well as an appendix of electrochemical equivalents.

Obsolete processes are mentioned only occasionally, and are 
:dways definitely designated as such. Obsolete operating data, 
when given, are also properly labeled and are not likely to be 
misinterpreted.

The b o o k  should b e  v a lu a b le  a s  a  r e fe re n c e  f o r  p r a c t i c a l  d a t a  
a s  w e ll as a te x tb o o k  fo r  s tu d e n t s .  C. N. R i c h a r d s o n

COLLOID CHEMISTRY, THEORETICAL AND APPLIED. 
VOLUME III. TECHNOLOGICAL APPLICATIONS. 
Edited by Jerome Alexander. 655 pages, illustrated. The 
Chemical Catalog Company, Inc., New York, 1931. Price, 
$10.50.

T h is  is the first of two volumes on Technological Applications 
in Alexander’s four-volume series on Colloid Chemistry. The 
first volume, Theory and Methods, and the second volume, 
Biology and Medicine, appeared in 1926 and 1928, respectively. 
The fourth and final volume is promised in a few months. This 
book, to which forty-six people contributed, consists of forty-two 
papers on widely diversified topics. The editor collaborated 
with Professor McBain in the first paper, “Cohesion and Ad­
hesion,” and contributed two additional papers, “Chemical War­
fare” and “The Colloidal State in Metals and Alloys.”

Among the first eleven papers dealing primarily with general 
principles, such subjects are treated as the practical results of 
x-ray researches, wetting of solids by liquids, swelling, catalysis, 
adsorption, and grinding. The next six papers are concerned with 
mechanical processes, such as electrical precipitation of susjien- 
soids, the use of colloid mills and the supercentrifuge, filtration, 
and_ flotation. The remaining twenty-five papers take up sucli 
subjects as the role of colloid chemistry in geology, mineralogy, 
ceramics, cements and mortar, metallography, corrosion of iron, 
petroleum, coal tar, asphalt, graphite, the soil, and wheat and 
wheat flour.

The editor has brought together, in so far as possible, the 
papers dealing with related topics; he has included numerous 
notes and cross references; and he has designated each paper as 
a  chapter, in an attem pt to give the work some semblance of con­
tinuity. In spite of this, however, this volume, like the preceding 
ones, is little more than a collection of articles each written 
without any knowledge of the contents of the others and without 
any special reference to the others. This is not ideal, but it is

probably the best available way of bringing together inrelatively 
few pages the first-hand information of specialists in so many 
widely diversified fields.

Six years or more ago the editor undertook this comprehensive 
compilation. No doubt he found it easy to persuade almost 
two hundred people the world over to write articles dealing with 
their special line of w'ork. But to get the articles v'ritten and in 
form for publication is another matter! From the size of the 
volumes and the number of contributions it would appear that 
the editor has accomplished even more than he started out to do. 
Even though the price is about 1.5 cents per page, every scientific 
and technical library will find these books well worth the cost.

H a r r y  B. W e i s e r

EXAMINATION OF WATER: CHEMICAL AND BAC­
TERIOLOGICAL. By William P. Mason. 6th edition, 
revised by Arthur M. Buswell. 224 pages, 34 diagrams and 
photographs. John Wiley & Sons, Inc., New York, 1931. 
Price, S3.00.

T h e  present edition of this w’ork represents a revision and en­
largement, both in size and number of pages, of a well-known little 
book tha t has served its modest purpose in the field of w'ater 
analysis for many years. In the section dealing with chemical 
analysis, the reviser has adhered in general to the subject matter 
of previous editions, with expansion of topics to include such sub­
jects as hydrogen-ion concentration and its determination, chemi­
cal composition of natural waters, determination of free chlorine, 
and methods of the American Railway Engineering Association 
for estimation of mineral constituents. Other new features hav­
ing to do with chemical analysis are a chapter devoted to exercises 
in water-softening, coagulation, and chlorination, and, in the 
form of an appendix, a chapter on the preparation of permanent 
standards for use in analysis.

In the reviewer’s opinion, the material in the latter chapter 
would better have been distributed under the various deter­
minations it concerns, where one would expect to find the in­
formation. Also, in presenting the various tests, a more logical 
sequence might have been followed that would have brought 
together tests tha t deal with similar forms of matter. There is 
no apparent reason, for example, why hydrogen-ion concentration 
should be placed between the tests for temperature and color.

Only' 17 pages are devoted in a rather sketchy w'ay to the sub­
jects of bacteriological and microscopical analysis. For stu­
dents’ use a broader discussion of the significance of these exami­
nations would have been desirable.

There is a short appendix of “problems in interpretation of 
bacterial tests,” one of rather questionable value containing 
forms for recording purification data, one on the conversion of 
certain metric units to English equivalents, one on temperature 
corrections for specific gravity of brines, and finally one which is 
a 36-page reprint from Public Health Reports and w'hich deals 
with drinking-w'ater standards promulgated for common carriers 
in interstate commerce.

There is failure in places to balance properly the amount of 
subject matter. Some 19 pages are given over to ammonia 
determinations and 6 pages to zinc, while only passing mention 
is given to the subject of carbon dioxide.

The book will be useful in supplementing Standard Methods of 
Water Analysis, which is a manual of procedures. As a com­
plete text on the subject of w'ater analysis, it leaves much to be 
desired. M e l v i l l e  C. W h i p p l e

In the bibliography of the review' of “Benzol (Benzene) 
Poisoning,” by Carev' P. McCord (In d . E ng . C h em ., 24, 253
(1932)], the publisher's address should be the Industrial Health 
Conservancy Laboratories, 34 W. Seventh Street, Cincinnati, 
Ohio.
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POTENTIOMETRIC TITRATIONS. A THEORETICAL
AND PRACTICAL TREATISE. By /. M. Kolthoff and N .
Howell Furman. 2nd edition, 482 +  xiv pages, 73 figures.
John Wiley & Sons, Inc., New York, 1931. Price, $6.00.

T he general style and scope of the first edition of this work have 
been preserved in the new volume, although marked changes in 
content are evident. An idea of the difference may be gained 
from the fact th a t the new text contains approximately' 40 per 
cent more material than its predecessor, although the amount 
of fundamental theory has been noticeably' revised and abbrevi­
ated.

The first section, comprising about one-seventh of the text, 
is devoted to a discussion of the fundamental principles of poten- 
tiometric titrations, including related theory'. These are con­
cisely presented with the aid of exemplary tables and figures.

In the following section, generously "illustrated, the same 
amount of space is devoted to apparatus and technic. Here a 
considerable amount of new and useful material has been added, 
notably on bimetallic systems, differential titrations, and elec- 
tronic-tube applications. In the last-mentioned case, a new and 
quite complete, though noncritical, treatment has been added. 
If properly designed apparatus is used, the reviewer cannot agree 
to the necessity for observing some of the precautions mentioned 
a t the end of the chapter. I t  should be noted, however, that 
here the authors quote other workers.

Most of the remainder of the book is devoted to practical appli­
cations and here again a great amount of new subject matter has 
been introduced. Metal electrodes and the glass electrode re­
ceive increased recognition as do many oxidation-reduction 
methods. Among the last are determinations based on the use of 
eerie, chromous, uranous, nitrite, and fluoride ions.

The work is concluded with an extensive bibliography and 
tables of useful constants.

To one interested in this field the text furnishes an enj'oyable 
and practical source for reading and reference. The subject mat­
ter throughout is presented in a thorough and useful manner and 
should be appreciated by both the student and the practical 
chemist. H. M. P a r t r i d g e

DIE CHEMISCHE BETRIEBSKONTROLLE IN DER 
ZELLSTOFF- UND PAPIER-INDUSTRIE UND ANDER­
SEN ZELLSTOFF VERABERTENDEN INDUSTRIEN. 
By Carl G. von Schwalbe and Rudolf Sieber. 3rd edition, 547 
pages. Julius Springer, Berlin, 1931. Price, 33 marks.

T h i s  is the third edition of an important handbook of control 
methods intended for use in the pulp and paper industry. The 
first edition appeared in 1919 but was speedily exhausted by the 
winter of 1920. The second edition published in 1922 has been 
out of print for some time. All chemists interested in the 
technical control of the processes related to the manufacture of 
pulp and paper, and for cellulose required by the explosive, 
celluloid, and artificial-silk industries, will welcome the appear­
ance of the third edition. The material and methods are com­
plete through the first half of 1931.

The third edition contains much of the material to be found in 
the second, although the treatment of the sixth chapter of the 
second edition on methods for the investigation of pulps has 
been divided into two new sections: one deals with investiga­
tion of half stuffs, the other with investigation of bleached pulp.

The fifth chapter of the second edition on bleaching has been 
inserted between these two new sections. These sections like­
wise have been further subdivided to differentiate between 
wood pulp on the one hand, and jute, hemp, linen, and cotton 
pulps (rags) on the other.

Among the sections which have been rather thoroughly 
revised are those by Sieber on operations in the boiler house, 
on pulp and paper manufacture, and on white water recovery; 
and by Schwalbe on raw-fiber half stuffs, bleaching, and bleached 
pulps.

The inclusion of so many analytical methods without sufficient 
criticism or direction leaves the reader rather bewildered as to 
which to select. The reviewer is of the opinion that new, 
untried, or unsatisfactory material should, a t the most, receive 
relatively short notice in a book of this type, leaving for detailed 
discussion only those methods which are of proved worth. 
This is a minor criticism, however of an extremely' valuable 
book.
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The book is well printed and has been greatly improved over 
the earlier editions through the use of boldface titles for subject 
headings of the various methods. Both paper and binding 
are of high grade. H a r r y  F. L e w i s

FLOTATION. ROTH’S SAMMLUNG CIIEM IE UND 
TECHNIK DER GEGENWART, BAND X III. B y Erwin 
IF. Mayer and Hubert Schram. 593 pages, 175 illustrations, 
7 tables. S. Hirzel, Leipzig, 1931. Price, paper, 33 marks; 
bound, 35 marks.

T h i s  volume contains a tremendous collection of valuable 
information on the subject of flotation. I t  is supplemented by a 
large number of references to the original literature of forty-nine 
different industrial and scientific journals and technical papers. 
Moreover the references are up to date, even including publica­
tions of 1931.

A brief historical section introduces the subject. A portion 
of the volume is devoted to a description of the various machines 
used in connection with the practice of flotation. Then methods 
of procedure are taken up in detail, from the general considera­
tion of the fundamentals of the physics and chemistry' of inter­
faces, to the influence of various factors on the flotation of 
minerals. Some of the factors discussed are pulp density, 
fineness of grinding, temperature, pH of the solutions, and re­
agents used for collectors and frothers. Procedures for the 
treatment of the important sulfide ores are then given, and the 
practice in plants all over the world tabulated. I t  is unfortunate 
that the European policy of secrecy in such matters necessitates 
the omission of many' data that should otherwise have been 
included in a work of this kind. The selective flotation of lead- 
zinc sulfides and of various complex sulfide ores is discussed 
from the theoretical as well as the practical standpoint. The 
possibilities of the floating of a considerable number of non­
sulfide minerals, such as cerussite, malachite, azurite, rhodo- 
chrosite, siderite, hematite, phosphate, barite, fluorite, cryolite, 
talc, micas, calcite, pyrolusite, chromite, scheelite, kaolin, coal, 
and others, are discussed as to methods and commercial appli­
cations.

An appendix with a list of floatable minerals, a list of available 
literature on the subject, and an excellent subject and author 
index make this volume a veritable mine of valuable information 
for either the industrial worker or the theoretical investigator 
in the field of flotation. A. E. K o e n i g

DER KALKSTICKSTOFF IN  WISSENSCHAFT, TECH­
NIK UND WIRTSCHAFT. By H. Heinrich Franck, W. 
Makkus, and F. Janke. xvi +  213 pages. Ferdinand Enke, 
Stuttgart, 1931. Price, paper, 19.20 marks.

T h i s  monograph is No. 6 of the new series of Ahrens’ Sammlung 
chemischer und chemisch-technischer Vortrage. The two senior 
authors are the directors of the Central Laboratory, and of the 
Agricultural Division, respectively, of the Bayerische Stiekstoff- 
Werke A. G., whose plants a t Trostberg and Piesteritz produce 
about six-sevenths of Germany’s “lime-nitrogen,” and about one- 
third of the world’s total. Nevertheless, the subject is treated 
in the main from a broad standpoint, and cyanamide in all its 
aspects—scientific, industrial, agricultural, and economic—is 
adequately' summarized for the first time. The treatment is 
selective rather than exhaustive, but very numerous references 
to the literature are given, many as late as 1931.

The first section (Janke, 134 pages) deals briefly with the dis­
covery and early development of cyanamide, and outlines the 
technical details of its production and transformation into other 
products; this is followed by an elaborate discussion of the large- 
scale development of the industry during and since the War, both 
in Germany and throughout the world. The procedures em­
ployed by every plant are outlined, as are the history, production, 
and financial status of all companies engaged in cyanamide manu­
facture. The numerous and up-to-date tables of German and 
-world production of fixed nitrogen in its various forms should 
prove useful.

The second section (Franck, 38 pages), after a brief r&umfi of 
earlier knowledge of cyanamide chemistry, gives a good summary

I N D U S T R I A L  A N D  E N G I N E E R I N G  C H E M I S T R Y
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of the recent (in part unpublished) investigations conducted by 
the Bayer Company. Several newly patented procedures which 
may prove important in reducing costs are described, and valuable 
thermochemical and thermodynamic data are included.

The last section (Makkus, 36 pages) deals with the utilization 
of cyanamide in agriculture as fertilizer, pest-eradicator, and 
weed-killer. The value of this section for the American reader is 
greatly decreased by the almost complete avoidance of the prob­
lem of cyanamide in mixed fertilizers. In any case, Makkus’ 
discussion is essentially an argument in favor of cyanamide, 
rather than an unbiased treatment of its behavior in the soil and 
the difficulties peculiar to its utilization. A r t h u r  F. B e n t o n

ELECTRICITY. WHAT IT  IS AND HOW IT  ACTS. 
VOLUME II. By Andrew IF. Kramer, xiv +  290 pages, 
13 X 19.5 cm. Technical Publishing Company, Chicago,
1931. Price, S2.00.

T h i s  little book evidently represents a tremendous amount of 
work on the part of the author. He tells (and tells well) in 
nonmathematical language the various ways in which electrons 
are supposed to act, both directly and indirectly.' This causes 
him to touch on the subjects of visible light, x-rays, radio, radio­
activity, cosmic rays, magnetism, crystal analysis, and wave 
mechanics. Abstruse mathematics is replaced by a series of 
analogies which are not taken too seriously by the author. 
It would be asking too much to expect such a treatment to 
completely satisfy a scientific specialist, but the book is evidently 
not written for him. Neither is it written for the casual reader 
who has never had any scientific training. I t  will be a very 
inspiring book for high-school teachers of physics, for electrical 
engineers who wish to get a taste of modern physics and physical 
chemistry, and for college seniors who have taken the customary 
sophomore and junior physics courses and now wish to see their 
subject in perspective. For such readers the author has done 
w'onderfully well. They will forgive him a very occasional 
slip (for instance, “ .. . . sodium chloride, lead sulfide and in 
fact most metals. . . . ”), which they can correct a t once as they 
read, and will love him for his clarity of style and his knack 
of bringing out interrelationships between the topics which 
he treats. If a few of its readers gain the incentive to take up 
the grind of going to the bottom of the subject (mathematics, 
abstractions, and all) the book «nil have justified all the labor 
that has been spent on it. W h e e l e r  P. D a v e y

HANDBUCH DER KÜNSTLICHEN PLASTISCHEN MAS­
SEN. By Oskar Kausch. 353 pages. J. F. Lehmans Verlag,
Munich, 1931. Price, 20 marks; bound, 22 marks.

I n  a d d i t i o n  to the above title, the author states on the title page 
of this book tha t it is a Systematic Review of Patents on the Prepa­
ration and Properties of Plastic Masses and Their Industrial 
Application, and that is exactly what it is.

The book is divided into 14 chapters, each dealing with a dif­
ferent type of plastic material, both natural and synthetic. A 
short abstract of each patent is given, and, for the most part, they 
are arranged in chronological order so tha t the development of 
each plastic industry can be easily followed. Appended to the 
description of the patents is a list of the commercial names of the 
plastic masses, their composition, and the manufacturer, as well 
as a list of the patent numbers and the countries in which they 
were issued. In all, a little more than two thousand patents of 
various countries have been abstracted; these are divided as fol­
lows: Germany, 655; Austria, 106; Switzerland, 96; Great 
Britain, 351; France, 262; Belgium, 2; United States, 572. 
The book is fairly comprehensive, and for anyone wishing to 
find out the patent situation in any given country, it would be 
of great help. As a textbook on the chemistry of plastic masses, 
it is not of great value.

In general, it is a book which should interest all those engaged 
in research work on plastic materials, irrespective of their na­
ture, since it points out practically everything that has been done 
in any given line, and should therefore show the way to future 
research. I t  is a book which will doubtless be of value and benefit 
to all workers in the plastic field. W. J. K e l l y

DER BIERBEREITUNG. By Hans Leberle. 2nd edition, 
642 pages, illustrated. Ferdinand Enke, Stuttgart, 1931. 
Price, 35.50 marks.

T h e  book is a revision of the earlier work published some six 
years ago. The author states that the revision «'as necessary be­
cause of the main' new' developments in the art of brew'ing, par­
ticularly in its chemical and biological aspects. Nearly all the 
chapters have been rew'ritten.

Leberle starts the book with 65 pages devoted to the raw ma­
terials of brewing, including malts, grains, water, hops, etc. The 
second and main portion, some 560 pages, deals with the manufac­
ture of beer in all its aspects. There are 10 chapters in this di­
vision as follows: Grinding of Malt, Preparation of Wort, 
Separation of Wort, Boiling and Hopping, Yield, Cooling of 
Wort, Fermentation (theory, practice, and after-treatment), 
Racking and Clarifying, Shrinkage, Properties of Beer.

Every subject is treated fully and scientifically, and, taken as 
a whole, this is the most up-to-date and complete exposition of 
this interesting subject the reviewer has seen. Search failed to 
find reference to the manufacture of tha t peerless American brew, 
“Heimgcmacht,” but perhaps a resident of Germany feels no 
immediate need of that for himself; as for us, “coals to New­
castle.” J o h n  R. E o f f

DIE ANALYSENMETHODEN DER DÜNGEMITTEL. 
EIN BUCH DER PRAXIS. By Alfred Suchier. 79 pages, 
3 figures. Verlag Chemie, G. m. b. H., Cornelius8tra*ie 3, 
Berlin W. 10, Germany, 1931. Price, 6 marks.

T h i s  volume presents the analytical methods tha t have stood the 
test of years of practical application in the central laboratory of 
the Verein fiir chemische und metallurgische Produktion Aussig, 
Czechoslovakia’s largest fertilizer-manufacturing concern. I t  is 
divided into five sections, captioned Phosphorus, Nitrogen, 
Potash, Mixed Fertilizers, and Lime Fertilizer Materials, re­
spectively. The first three sections, however, are not restricted 
to the determinations indicated by their headings but include all 
the analytical methods that are applied to the various phosphatic, 
nitrogenous, and potassiferous fertilizer materials. Procedures 
are given, for example, for the determination of ferric oxide, 
alumina, magnesia, carbon dioxide, fluorine, silica, etc., in phos­
phate rock. I t  is in such methods tha t the American chemist 
will find most interest, since, for the determination of phosphoric 
acid, nitrogen, and potash, he confines himself customarily to the 
methods prescribed in “Official and Tentative Methods of Analy­
sis of the Association of Official Agricultural Chemists.” A 
valuable feature of the book is a final series of tables giving the 
averages of the results tha t have been found for various fertilizer 
materials. A l b e r t  R. M e r z

CHEMIE UND CHEMISCHE TECHNOLOGIE TIER- 
ISCHER STOFFE. By Georg Grosser. 272 pages. Ferdi­
nand Enke, Stuttgart, 1931. Price, 17 marks, 60 pfennigs.

T h i s  is the twentieth volume in Enke’s Bibliothek fur Chemie 
und Technik. I t  bears the subtitle “An Introduction into 
Applied Zoo Chemistry.” This is an intriguing, but a too-am- 
bitious undertaking to be accomplished in 272 pages, including 
an index. Many would wish tha t in a few hundred pages there 
could be condensed the chemistry of the meat-packing industry 
relating to tanning, gelatin and glue, fats, oils, oleomargarine, 
hormones, enzymes.

The result in the present volume is a very fragmentary treat­
ment of the various subjects. In such fast-moving fields as the 
hormones and enzymes, many of the statements are incorrect 
or several years behind the date of the foreword (summer, 
1931).

For the American reader, much of the information on products 
or processes is inapplicable, owing to the specialized control of 
the meat-packing industry by the Bureau of Animal Industry.

D a v id  K l e i n
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THESE PRICES UNLESS OTHERWISE SPECIFIED ARE THOSE PREVAILING IN THE NEW YORK MARKET, FEBRUARY 15, FOR COMMERCIAL
GRADES IN  CARLOAD QUANTITIES

N e w e r  C h e m i c a l s

A cetaldehyde, drum s, lo-l., wka.. .lb . . 18)4
Acetaldol, 50-gal. d ru m s................... lb. .27
Acetylene te traohloride, see T e tra- 

chloroethane
Acid, ab io tic    lb. .12

Adipio.................................................. lb . .72
Linoleio............................................... lb. .16

Ammonium linoleate, drum s lb . .15
Amyl furoate, 1-lb. t in s .....................lb . 5 .00
Aroclors................................................... lb. .40
B utyl carbitol, see D iethylene gly­

col m onobutyl e ther 
Cellosolve, see E thy lene  glycol 

m onobutyl e ther 
Furoate , teoh., 50-gal. d ru m s . . .lb . 1.00

C arbito l, see D iethylene glycol 
m onoethyl e ther 

Cellosolve, see E thy lene  glycol 
m onoethyl e ther 

Acetate, see E thy lene glycol 
m onoethyl e ther aceta te  

C rotonaldehyde, 50-gal. d ru m s . . .lb . .32
D iohloroethyl ether, 50-gal. d rum s.lb. . 06
Diethylene glycol, d ru m s................ lb. .14

M onobutyl ether, d ru m s lb. .24
M onoethyl e ther, d ru m s............. lb. .15

Diethylene oxide, 50-gal. d ru m s .. .lb . .50
Dioxan, see D iethylene oxide
D iphenyl................................................lb. .30
E thy l acetoacetate, 50-gal. d ru m s. lb. . 65
C arbonate, 90% , 50-gal. d ru m s . .  gal. 1.85

Chlorooarbonate, carboys lb . .30
E ther, absolute, 50-gal. d ru m s . .  lb. . 50
Furoate , 1-lb. tin s  lb. 5 .00

Ethylene chlorhydrin, 40% , 10-
gal. cby* lb. .75

Diohloride, 50-gal. d ru m s lb . .05
Glycol, 50-gal. d ru m s lb. .25

M onobutyl e ther, d rum s, wks.lb. . 24
M onoethyl e ther, drum s, wks.lb. . 17
M onoethyl e th e r aceta te ,

drum s, wks lb. .19)4
M onom ethyl e ther, d ru m s . . .lb . .21
Oxide, oyl lb. 2 .00

Furfuram ide(teoh.), 100-lb. d rum s.lb . .30
Furfuryl aceta te , 1-lb. tin s  lb. 5 .00

Alcohol, tech., 100-lb. d ru m s .. .  .lb . .50
Furoio acid (tech.), 100-lb. d ru m s.lb . .50
Glyceryl p h th a lla te .  lb . .26
Glycol s te a ra te      .lb . .18
Isopropyl ether, d ru m s    .lb . .10
Lead d ith iofuroate, 100-lb. drum s .lb . 1.00
M agnesium  peroxide, 100-lb. cs.. .lb . 1 .15
M ethyl aceta te , d ru m s. . . . . . . . . .  gal. 1 .20

Cellosolve, see E thy lene glycol 
m onom ethyl ether 

Furoate , tech., 50-gal. d ru m s . . .lb . .50
Paraldehyde, 110-55 gal. d rum s, .lb . .20)4
Phosphorus oxychloride, 175 cyl.. .lb . .20
Propyl furoate, 1-lb. tin s  lb. 2 .50
S trontium  peroxide, 100-lb. drum s.lb. 1.25
Suliuryl chloride, 600-lb. drum s,

crude    lb . .15
D istilled   .lb . .40

Tetrachloroethane, 50-gal. d ru m s.lb . .09
Triohloroethylene, 50-gal. d rum s, .lb . . 10 
Triethanolam ine, 50-gal. d ru m s .. .lb . .40
Trihydroxyethylam ine lino lea te .. .  lb. .40
T rihydroxyethylam ine s te a ra te . . .  lb. .35
Vinyl chloride, 16-lb. cyl .lb . 1 .00
Zinc dith iofuroate, 100-lb. d ru m s..lb . 1 .00

Perborate, 100-lb. d rum s lb. 1.25
Peroxide, 100-lb. d ru m s .lb . 1 .25

C h e m i c a l s  P r e v i o u s l y  Q u o t e d

A cetanilide, U . S. P., powd., bb ls .. lb; . 24
Acetio anhydride, 92-95% , cbys.. .lb ; .21

* C on trac t price.

Acetone, drum s, w ks lb. . 10)4
Acetphenetidin, bbls........................... lb. 1 .25
Acid, acetio, 28% , o /l., bbls.. 100 lbs.* 2 .40

56% , o /l., bb ls................. 100 lbs. 4 .60
Glacial, o /l., bbls...... 100 lbs. 8 .10
Glacial, U. 8. P ., c/1., carboys

.......................................... 100 lbs. 8 .85
Acetylsalicylic, bbls lb. .75
A nthranilic, 99-100% , d rum s, .lb . .85
Benzoic, tech., bbls lb. .40
Boric, bbls lb. .06 H
B utyric, 100% basis, cbys lb. .80
Chloroacetic, mono-, bbls., wks..lb. . 18

Di-, cbys lb . 1.00
Tri-, bbls lb. 2 .50

Chlorosulfonic, drum s, w k s .. . .  .lb . .04)4
Chromic, 99% , d ru m s lb. .13)4
Cinnamio, b o ttle s ............................ lb. 3 .25
Citric, U . S. P ., c ryst., bbls lb. .33)4
Cresylic, pale, d ru m s gal. .49
Form ic, 90% , cbys., N . Y  Ib. .10)4
Gallic, U. S. P ., bbls   lb. .74
Glycerophosphorio, 25% , 1-lb.

b o t lb. 1.40
EC, bbls., wka lb. .65
H ydriodic, 10% , U. S. P ., 5-lb.

b o t lb. .67
Hydrobrom io, 48% , cbys., w ks..lb . .45
Hydrochloric, 20°, tanka, wks.

........................................   100 lbs. 1.35
Hydrofluoric, 30% , bbls., wks.. . lb . .06

60% , bbls., w ks lb. .13
Hydrofluosilic, 35% , bbls., wks..lb. . 11
Hypophosphorus, 30% , U. S. P.,

5-gal. dem is lb. .85
Lactic, 22% , dark , bbls lb. .04

48% , light, bbls., wks lb. .11
M ixed, tanks, wks..................N  u n it .07

S un it .08
M olybdic, 85% , kegs lb. 1.25
Naphthionic, tech., bbls lb. nom.
N itric, c. p., cb y s .  lb. .11
N itric, 36®, c/1., cbys., wks.

................................................100 lbs. 5 .00
Oxalio, bbls., wks............................. lb. .11
Phosphoric, 50% , U . S. P  lb. .14
Picram ic, bbls....................................lb. .65
Pioric, bbls., c/1   lb. .30
Pyrogallio............................................lb. 1.50
Salicylic, tech., bbls.........................lb . .33
Stearic, d. p., bbls., c/1.................. lb. .08
Sulfanilic, 250-lb. bbls.................... lb. . 14)4
Sulfuric, 66®, c/1., cbys., wks.

........................................... 100 lbs 1.60
66®, tanks, wks.............................ton  15.00
60®, tanks, wks.............................ton  10.50
Oleum, 20% , tanks, w k s ... .  .to n  18.50

40% , tanks, w k s . . . . .............. ton  42.00
Sulfurous, V . S. P ., 6% , c b y s ... .Ib. .05
Tannic, tech., bbls........................... lb. .23
T artaric , U . S. P., cryst., bbls.. .lb . -24)4
Tungstic, kegs.....................................lb. 1 .40
Valeric, c. p., 10-lb. b o t................... lb. 2 .50

Alcohol, U. S. P ., 190 proof, bb ls .. gal. 2 .57
Amyl, from pentane, ta n k s  lb. . 203
Amyl, Im p. d ru m s...........................gal. 1 .75
B utyl, drum s, c/1., wks................... lb. .148
Cologne sp irit, bbLs..........................gal. 2 .69
D enatured , No. 5, comp, denat.,

c/1., d ru m s....................................gal. .34)4
Isoam yl, d ru m s.................................gal. 4 .00
Isobutyl, ref., d ru m s.......................gal. 1.00
Isopropyl, ref., d ru m s gal. . 60
Propyl, ref., d ru m s .......................... gal. 1.00
Wood, see M ethanol

A lpha-naphthol, bbls............................. lb. .57
A lpha-naphthylam ine, bbls    .lb . .32
Alum, am m onia, lum p, bbls., wks.

............................................100 lbs. 3 .30
Chrom e, casks, wks 100 lbs. 5 ,00

Potash, lum p, bbls., w ks.. .  100 lbs. 3 .35
Soda, bbls., wks.....................100 lbs. 3 .45

Alum inum , m etal, N . Y ............. 100 lbs. 22 .90
A luminum chloride, anhyd ., com­

mercial, wks., drum s extra, c/1, .lb . . 05
Alum inum  steara te , 100-lb. b b l.. . .  lb. .20
Alum inum  sulfate, com m 'l, bags,

wks.........................................100 lbs. 1.25
Iron-free, bags, wks.................. 100 lbs. 1 .90

Aminoazobenzene, 100-lb. k e g s . . .lb . 1 .15
Ammonia, anhydrous, cyl., w ks,. .Ib. . 15)4

50,000-lb. tanks, wks..................... lb. .05625
Ammonia, aqua, 26®, tanks,-wks.,

contained N H i...............................lb. .05)4
Am monium acetate , kegs....................lb. ,33

Bifluoride, bbls   lb. .21
Bromide, 50-lb. boxes..............  .lb . .35
C arbonate, tech., casks................... lb. .08
Chloride, g ray , bbls..................100 lbs. 5 .25

Lum p, casks....................................lb. .10)4
Iodide, 25-lb. ja r s  lb. 5 .20
N itra te , tech ., cry st., bbls.............. lb. .08 )4
O xalate, kegs.......................................lb . .22
Persulfate, cases................................. lb. .26
Phosphate, dibasic, tech ., bb ls ..Ib . . 10)4
Sulfate, bulk, wka.................100 lbs. 1.10

Amyl aceta te , tech., from pentane,
ta n k s .................................................. lb. . 175

Aniline oil, d ru m s................................... lb. .14)4
Anthracene, 80-85% , casks, w ks..lb . .60
A nthraquinone, subl., bbls................... lb. .50
Antim ony, m e ta l.................................... lb . .06)4
Antim ony chloride, d ru m s.................. lb. .13

Oxide, bbls.................. lb. .08)4
Salt, dom., bbls..............lb . .22
Sulfide, crimson, bbls...lb. .25

Golden, b b ls ..   ...................... lb . .16
Vermilion, bbls.......... lb. .38

Argols, red  powder, bbls lb. .07
Arsenio, m etal, kegs  ......... .. .lb . .30

Red, kegs, cases lb. .09)4
W hite, o /l., kegs lb. .04

Asbestine, bulk, o / l ......................   ton  15.00
Barium  carbonate, bbls., bags,

wks...........................................   ton  56.50
Chloride, bbls., wks lb. .03)4
Dioxide, drs., wks lb. .12
H ydroxide, bbls.............. ............... lb. .05)4
N itra te , casks  ....................... lb. .07)4

B arium  th iocyanate, 400-lb. b b ls ..lb . .27
B arytes, floated, 350-lb. bbls., wka.

 ................................................ ton  23 .00
Benzaldehyde, tech., d ru m s lb . .60

F . F . C., cbys.................................. lb . 1.40
U- S. P ., cbys. ............................lb. 1.15

Benzidine base, bbls lb. .66
Benzol, tanks, wks gal. .20
Benzoyl chloride, obys...................... lb . 1.00
Benzyl aceta te , F . F . C . ,  b o ttle s . . .  lb. .75

Alcohol, 5-liter b o t .  lb. 1.20
Chloride, tech ., d ru m s lb. .30

B eta-naphthol, bbls    ,1b. .22
B eta-naphthylam ine, bbls lb . .58
B ism uth, m etal, cases   lb, 1.00
B ism uth, n itra te , 25-lb. Jars  lb. .95

Oxychloride, boxes.........................lb. 2 .95
Subnitra te, U. S. P., 25-lb. ja rs .lb .  1 .20

Blanc fixe, dry , bblB...........................ton  70 .00
Bleaching powder, drum s, wks.

 100 lbs. 2 .00
Bone ash, kegs  lb. .06
Bone black, bbls   .lb . .08)4
Borax, bags lb. .02)4
Bordeaux m ixture, bb ls .  lb. . 11 )4
Bromine, bo t      .lb . .36
Bromobenzene, d ru m s lb. .50
Bromoform, ja r s .................................. lb. 1 .80
B uty l aceta te , drum s, c/1................... lb. ,159
Cadm ium  brom ide, 50-lb. j a r s . . .  .lb . 1.40
Cadm ium , m etal, c a s e s . . . . . . . . . .lb ; .55
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Cadm ium  sulfide, boxes lb. .60
Caffeine, U. S, P ., 5-lb. cans lb. 2 .40
Calcium  acetate, b ag s  100 lbs. 2 .00

Arsenate, bbls lb. .0 5 #
Carbide, d ru m s lb. .0 5 #
Chloride, drum s, wks., f la k e .. .to n  21 .00
Cyanide, 100-lb. drum s lb. .30
N itra te , bags  ton  35 .00
Phosphate, m onobas., b b ls  lb. .08

Tribas., bbls .................................. lb. .11
Calcium carbonate, tech., bags,

................................................100 lbs. 1.00
U. S. P ., precip., 175-lb. b b l . . . . lb .  . 0 6 #

C am phor, Jap ., cases.......................... lb. .49
Carbazole, bbls...................................... lb. .75
C arbon, activated , d ru m s ................. lb. .08
C arbon bisulfide, d ru m s.....................lb. .05
C arbon blaok, oases.............................lb. .06
Carbon dioxide, liq. cyl...................... lb. .06
C arbon tetrachloride, drum s............ lb. . 0 6 #
Casein, s tand , gr., bb ls....................... lb. .07
Cellulose aceta te , bbls.........................lb. .80
Cerium  oxalate, kegs...........................lb. .33
Charcoal, willow, powd.» bbls.......... lb. .06
China d a y , b u lk ..................................ton  8 .00
Chloral hyd ra te , drum s...................... lb. .70
Chlorine, liq ., c/1., cyl.........................lb. .04
Chlorine, ta n k s ...........................100 lbs. 1.75
Chlorobenzene, mono-, d ru m s .. .  .lb . .10
Chloroform, tech., d ru m s .................. lb. .15
Chrom ium  aceta te , 20° sola., bbls. lb. . 05
Coal ta r , bbls., wks............................gal. . 10
C obalt, m etal, kegs..............................lb. 2 .50
C obalt oxide, bbls.................................lb. 1.35
Cod-liver oil, bbls...............................bbl. 30 .00
Copperas, c/1., b u lk ........................... ton  14.50
Copper, m etal, d e c ................... 100 lbs. 6 .25
Copper carbonate, bbls., 5 2 /5 4 % ..lb. . 1 6 #

Chloride, bbls.................................... lb. .22
Cyanide, d ru m s................................ lb. .39
Oxide, red, bbls................................. lb. . 1 5 #
Sulfate, o /l., bb ls...................100 lbs. 2 .75

C otton , soluble, bbls............................lb. .40
Cream  ta r ta r , bbls ................................lb. .19 #
C yanam ide, bulk, N. Y.

.................................. Am m onia u n it . 9 7 #
Diaminophenol, kegs...................  . .lb . 3 .80
Dianisidine, bb ls...................................lb. 2 .35
D ibu ty lph tha la te , drum s, wks.......... lb. . 22«/*
D iethylaniline, d ru m s......................... lb. .55
D iethylene glycol, d ru m s ...................lb. .14
Diethyl ph tha la te , d ru m s..................lb. .23
D iethyl sulfate, tech ., d ru m s............ lb. .30
D im ethylaniiine, d ru m s......................lb. .26
Dim ethylsulfate, d ru m s..................... lb. .45
D initrobenzene, d ru m s ....................... lb. . 1 5 #
D initrochlorobensene, bbls................lb. .13
D initronaphthalene, bbls................... lb. .34
Dinitrophenol, bbls.............................. lb. .23
Diphenylamine, bbls............................ lb. .34
Diphenylguanidine, bbls.....................lb. .30
Epsom  salt, tech., bbls., c/1., N . Y.

.................................................... 100 lbs. 1.70
E ther, nitrous, bo t................................lb. .80
E ther, U . S. P ., d ru m s........................lb. .09
E thy l acetate, tanks, o /l .................... lb. .09

Bromide, d ru m s................................ lb. .50
Chloride, d ru m s.............................. ,1b. .22
M ethyl ketone, d ru m s    .lb . .30

Ethylbenzylaniline, 300-lb. drum s.lb. .88
Ethylene dichloride..............................lb. .05

Chlorohydrin, anhyd ., d ru m s .. .lb . .75
Glycol, c/1., wks................................lb. .25

P d d sp ar, bu lk .......................................ton 6 .50
Ferric chloride, tech., bbls.................. lb. .05
Ferrous chloride, cryst., bbls..............lb. .06
Ferrous sulfide, bbls................. 100 lbs. 2 .50
Fluorspar, 98% , bags........................ ton  31.00
Form aldehyde, bbls..............................lb. .06
Form aniline, d ru m s............................. lb. . 3 7 #
Fuller’s earth , bags, o /l., m ines, .to n  15.00 
Furfu ral drum s, tech., contract,

w orks.................................................... lb. .10
G lauber’s  sa lt , bb ls...................100 lbs. 1 .00
Glucose, 70®, bags, d ry  100 lbs. 3 .14
Glycerine, c. p . ,  dru m s....................... lb. . 1 1 #
Q salt, bb ls . . . l b .  .42
H exam ethylenetetram ine, teoh.,

d ru m s ................................................... lb. .46
H ydrogen peroxide, 25 vol., b b ls ..lb . .0 5 #
H ydroquinone, kegs............................ lb. 1 .20

Indigo, 20% , paste, bbls............... lb .12
Iodine, crude, 200-lb. kgs............. ,.Ib . 4 .20
Iodine, resubl., ja r s ......................... lb 4 .65
Iodoform , b o t.................................... lb 6 .00
Iridium , m e ta l.................................. 160.00
Ivieselguhr, bags ............................. .ton 50.00
Lead, m etal, N . Y ....................100 lbs. 3 .75
Lead aceta te , bbls., w hite............. lb, .1 0 #

Arsenate, bbls............................... ,1b, .10
Oxide, litharge, bbls................... lb .0 5 #
Peroxide, d rum s........................... lb, .20
Red, bbls........................................ lb. . 0 6 #
Sulfate, bbls................................... lb, .0 6 #
W hite, basic carb., bbls ............. lb, .0 7 #

Lime, hydrated , bbls...............100 lbs. .85
Lime, live, chemical, bbls., wks. 

................................................... 100 lbs. 1.05
Limestone, ground, bags, w k s . . . .to n 4 .50
Lithopone, bbls................................. ,1b. . 0 4 #
M agnesite, crude............................ .to n 32.00

Calcined, 500-lb. bbls., wks.. . .ton 40.00
M agnesium , m etal, wks................. ,1b. .30
M agnesium  carbonate, bags........ lb, .06

Chloride, d ru m s.......................... .to n 36.00
Fluosilioate, cryst., bb ls............ .lb. .10
Oxide, U. S. P., light, bbls......... lb, .42

M anganese chloride, oasks............. lb .0 7 #
Dioxide, 80% , bbls.................... .to n 80.00
Sulfate, casks................................ lb, .07

M ercury bichloride, cryst., 50 lbs. lb. 1.59
M ercury, flasks, 76 lbs................. flask 65.00
M eta-nitroaniline, bbls.................. ,1b, .67
M eta-phenylenediam ine, bbls----- lb. .80
M eta-toluylenediam ine, bbls........ .lb. .67
M ethanol, pure, synthetic, drum s,

wks............................................... gal. .3 7 #
T anks, wks..................................... gal. .3 5 #

M ethyl acetone, d ru m s.................. gal. .50
Salicylate, oases........................... .lb, .42

M ethyl ohloride, cy linders............ .lb. .45
M iohler’s  ketone, bb ls .................... .lb. 3 .00
N aphtha, solvent, ta n k s ................ gal. .26
N aphthalene, flake, bb ls................ .lb. .0 3 #
Nickel, m e ta l..................................... ,1b. .35
Nickel salt, single, bbls.................. lb .10

Double, bbls.................................. .lb. .10
N iter cake, b u lk .............................. .ton 11.50
N itrobenzene, d ru m s...................... lb, . 0 8 #
Oil, castor, No. 1 .............................. .lb. .10

C hina wood, bbls ......................... .lb. . 0 7 #
Coconut, Ceylon, ta n k s ............ ,1b .0 4 #
Cod, N . F ., ta n k s ........................ gal. .25
Corn, crude, tanks, m ills.......... ,1b. . 0 3 #
Cottonseed, crude, ta n k s.......... .lb, .04
Lard, edible, b b ls ......................... .lb. . 1 1 #
Linseed, bbls .................................. .lb. .07
M enhaden, orude, ta n k s ........... gal. .20
N e a t’s-foot, pure, bbls............... .lb, .0 9 #
Oleo, No. 1, bbls.......................... .lb . .0 7 #
Olive oil, denat., bbls................. gal. .75

Foots, bbls ................................. .lb .0 4 #
Palm , Lagos, casks..................... .lb. .04
P eanu t, crude, bbls ..................... .lb. .07
Periila, bbls .................................... ,1b . 0 6 #
R apeseed, bbls., E ng lish ........... gal. .39
Red, bb ls ........................................ .0 6 #
Soy bean, crude, bbls................. ,1b .043
Sperm, 38°, bbls........................... gal. .68
W hale, bbls., n a tu ra l, w in te r.. . gal. .56

Ortho-am inophenol, kegs............... ,1b 2 .15
Ortho-dichlorobenzene, d ru m s .. . .lb . .08
Ortho-nitrochlorobenzene, d rum s.lb . .28
O rtho-nitrophenol, bbls.................. .lb. .85
O rtho-nitrotoluene, d ru m s............ .lb .16
Ortho-toluidine, bbls....................... .lb .20
Palladium , m e ta l.............................. 19.00
Para-am inophenol, k egs................. lb .78
Para-dichlorobenzene..................... .lb. .1 5 #
Para-form aldehyde, cases............. .lb. .38
Paraldehyde, tech., d ru m s ........... .lb. .2 0 #
Para-n itraniline, d ru m s................. .lb. .48
Para-nitrochlorobenzene, drum s.., .lb. .25
Para-n itrophenol, bbls.................... .lb . .45
Para-nitro8odim ethylaniline, bbls..lb. .92
Para-n itro to luene, bbls................... .lb, .29
Para-phenylenediam ine, bbls....... .lb . 1.15
Para-toluidine, bbls......................... .lb. .40
Paris G reen, 250-lb. kegs.............. .lb . .25
Phenol, d ru m s................................... .lb. . 1 4 #
Phenolphthalein , d ru m s ................ .lb. .80
P henylethyl alcohol, 1-lb. b o t . . . .lb . 7 .00

Phosphorus, red, cases...................... lb. .46
Phosphorus trichloride, oyl..............lb. .35
Phthalic  anhydride, bbls...................lb. .15
Platinum , m e ta l   oz. 37.00
P otash , caustio, d ru m s ......................lb. .0 6 #
P otassium  aceta te , kegs....................lb. .28

B icarbonate, casks.......................... lb. .0 9 #
B ichrom ate, casks........................... lb. .08
Binoxalate, bbls............................... lb. .14
B rom ate, cs........................................lb. .35
C arbonate, 80-85% , calc., casks.lb. . 0 4 #
C hlorate, kegs   lb. .08
C hloride.............................................ton  34.55
C yanide, cases..................................lb. .55
M eta-bisulfite, bblB.........................lb. .11
Perm anganate, d ru m s................... lb. .16
Prussiate, red, casks.......................lb. .3 7 #

Yellow, casks............................... lb. .1 8 #
T itan ium  oxalate, bbls..................lb. .21

Pyridine, d ru m s ..................................gal. 1.50
Resorcinol, tech., kegs...................... .lb . .66
Rochelle salt, bbls., U. S. P ............ lb. .16
R  salt, bb ls ............................................. lb. .42
Saccharin, cans   lb. 1.70
Salt oake, b u lk .....................................ton  14.00
Saltpeter, gran., bbls.......................... lb. .06
Silica, ref., bags ...................................ton  22.00
Silver n itra te , 16-oz. b o t...................oz. .2 3 #
Soda ash, 58% , light, bags, con­

trac t, wks............................... 100 lbe. 1.15
Soda, caustic, 76% , solid, drum s,

contraot, wks.........................100 lbe. 2 .50
Sodium  aceta te , bbls.......................... lb. .0 4 #

B enzoate, bbls..................................lb. .42
Bioarbonate, bb ls . ......... 100 lbs. 1.85
Bichrom ate, casks...........................lb. .05
Bisulfite, bbls.................................... lb. .04
Bromide, bbls., U. S. P  lb. .31
C hlorate, kegs................................... lb. . 05 #
Chloride, bags ................................. ton  12.00
Cyanide, cases   lb. . 16 >4
Fluoride, bbls.................................... lb. .07
M etallic, drum s, 1 2 # -lb . briok9.1b. . 19
N aphth ionate, bbls......................... lb .52
N itra te , crude, 200-lb. bags,

N. Y .................................... 100 lbs. 1 .7 6 #
N itrite , bbls ....................................... lb. .07
Perborate , bbls................................. lb. .18
Peroxide, oases................................. lb. .21
Phosphate, trisod ium .........100 lbs. 3 .20
P icram ate, kegs............................... lb . .69
P russiate, bbls    .lb . . 1 1 #
Silicate, drum s, tanks, 40®. 100 lbs. .75
Silicofluoride, bbls........................... lb. . 0 5 #
S tannate , d ru m s...............................lb. .18
Sulfate, anhyd., bbls.......................lb. .02
Sulfide, cryst., bbls..........................lb. .0 2 #

Solid, 6 0 % .....................................lb. . 0 3 #
Sulfocyanide, bbls........................... lb. .28
Thiosulfate, reg., oryst., b b ls . . . .lb . .02>4
T ungstate , k e g s . . . . . . ....................lb. .70

S tron tium  carbonate, tech., b b ls ..lb . . 0 7 #
N itra te , bbls...................................... lb. .09

Sulfur, bulk, m ines, wks.................. ton  18.00
Sulfur chloride, red, d ru m s................lb. .05

Yellow, d ru m s.................................. lb. .03>4
Sulfur dioxide, commercial, oy l.. . .  lb. .07
Sulfuryl ohloride, d ru m s....................lb. .10
Thiocarbanilid , bbls ............................ lb. .2 6 #
T in ............................................................ lb. .2 2 #
T in  t e t r a c h l o r i d e ,  anhydrous,

drum s, bbls   lb. .1 6 #
Oxide, bbls......................................... lb. .2 3 #

T itan ium  dioxide, bbls., wks........... lb. .21
Toluene, ta n k s ....................................gal. .30
Tribrom ophenol, cases....................... lb. 1.10
T riphenylguanidine, d ru m s............. lb. .58
Tripheny l phosphate, bbls................lb. .60
T ungsten, pow der................................lb. 1.65
Urea, pure, cases..................................lb. .11
W hiting, b ag s ........................... 100 lbs. 1.00
X ylene, 10°, tanks, wks.................. gal. .26
Xylidine, d ru m s................................... lb. .36
Zinc, m etal, E . S t. Louis........ 100 lbs. 3.17
Zino am m onium  chloride, bbls......... lb. . 0 5 #

Chloride, g ranu lated , d ru m s. . . .  lb . . 05 #
Oxide, A m er., bbls lb. .0 6 #
S tearate , bbls.................................... lb. .20

Zinc dust, bbls., c/1.............................lb. .06
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M  ake better fuel oil and less of it — 
th a t’s the w ay to get a better price for it

The w ay to do that is to Dubbs crack 
straight-run fuel oil

Dubbs cracking gives you a big yield 
of anti-knock gasoline — octane num ber 
as high as you need—plus fuel oil th a t 
meets the strictest specifications in the 
world (U. S. Navy)

And Dubbs operating costs are low

To m ake prize products from cheap 
charging stocks at low cost is to make 
profits

U niversal Oil P ro d u c ts  Co D ubbs C racking P rocess
Chicago Illinois Owner and Licensor
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LaBour Can Help You 
Handle the Tough Ones

W h eth er  y o u r  p rob lem s in v o lv e  su lp h u r ic  
acid , fo rm a ld eh y d e , or oth ers o f  the m an y  
corrosive  liq u id s  u sed  in  m od ern  process  
w ork , yo u  w ill find  th at L a B o u r  can  h e lp  you . 
L aB ou r p rod u cts are n o t o n ly  b u ilt  o f  sp ec ia l 
a llo y s or o th er m ateria ls  b est su ited  fo r  the  
w ork  in  h a n d , b u t h a v e  b een  d esign ed  w ith  
th e  req u irem en ts o f  ch em ica l serv ice  ever  in  
m in d . P u m p s and  acid  v a lv es  h earin g  th e  
L aB ou r n am e are recogn ized  as h ig h ly  d e­
p en d a b le  w h erev er  they  are u sed — and th ey  
are u sed  in  h u n d red s o f  ch em ica l p lan ts, 
u n d er  the eyes o f  th e  m ost ex p ert tech n ic ia n s  
in  the cou n try .

I f  yo u  are n o t a lread y  acq u a in ted  w ith  the  
L aB ou r lin e  w e s in cere ly  b e lie v e  it  w ill  be  
to your advantage to in v estig a te . O ur ex ­
p er ien ce  in th e  h a n d lin g  o f  liq u id s  in  the  
process in d u str ie s  is  at y o u r  serv ice.

The Labour company, Inc.
301 STERL IN G  AVE.

Elkhart, Indiana

l a b o u r  P u m p s
NEVER LAY DOWN ON THE JOB

For H igher L iquid Purities

USE DARCO!

"7------- ----- -- ~
1849

 .......... 4 4 4  W .G rand  Avjl
N e w  Y o r k  C h i c a g o

ÎY-THE EtfENCE OF QUALITY

SPECIALTIES
C itr ic  A cid Io d in e  R e s u b lim e d
T a r ta r ic  A cid C a lo m el
C re a m  T a r t a r  C orrosive  S u b lim a te
R o ch e lle  S a lt  R ed P r e c ip i ta te
T a r t a r  E m e tic  P o ta s s iu m  C i tr a te
B is m u th  S u b n i t r a te  S o d iu m  C itr a te
B is m u th  S u b c a rb o n a te  S tr y c h n in e  & i t s  S a lts  
P o ta s s iu m  Io d id e  C in c h o p h e n
P h e n o lp h th a le in  C h lo ro fo rm

DARCO effectively removes from liquids and 
solutions, final traces of impurities that can­
not be eliminated by filtration, distillation, 
crystallization, etc.

Try DARCO on your process liquids and 
note the ease and simplicity with which higher 
purities may be attained. The cost is surpris­
ingly low.

A liberal sam ple is yours fo r  the  ashing.

“ IT  GOES F U R T H E R ”

D A R C O  S A L E S  C O R P O R A T I O N
45 East 42 n d  Street 

N e w  York, N . Y.
T e le p h o n e : C a b le  A d d ress

V A n d c rb llt  3-1592 D A RC O SA LE, N ew  Y o rk

T his Trade-Mark On Every Carton
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L o w e r  Y o u r  P a c k i n g  Co s t  
I n s t a l l  a  V i b r o x

FURNISHED COMPLETE WITH MOTOR 
AND TEXROPE DRIVE

The VIBROX Packer will reduce your packing 
cost. With this packer none of the operator’s time 
is required to jiggle or shake the material down into 
the barrel. It is easy to install and easy to operate. 
The operator has nothing to do except place 
em pty containers on the platform and remove 
them when filled.

W R I T E  F O R  C I R C U L A R  V - 2 I

M IXING, SIFTING an d  PACKING EQUIPMENT 
415-423 S. CLINTON ST. CHICAGO

.^OTASW^
It r o n a I

^■SALXS^

“ Three E le p h a n t ”

BORAX
AND

BORIC ACID
PURITY GUARANTEED OVER 99.5%

ST O C K S C A RR IE D  BY T H E  FO L LO W IN G  D IS T R IB U T O R S :

A. Daigger & Co...................................................Chicago, 111.
Detroit Soda Products Co. . . . Wyandotte, Mich.
Arnold, Hoffman & Co. . Philadelphia and Providence 
Thompson Hayward Chemical Co.

St. Louis and Kansas City 
Marble Nye Co. . . . Boston and Worcester, Mass.
Innis, Speiden & Co................................................ New York
St. Lawrence Trading Company, Ltd.

Montreal, Toronto, Vancouver

“ T R O N A ”  
M U R IA T E  OF PO TA SII

AMERICAN POTASH & CHEMICAL CORP. 
233 BROADWAY, NEW YORK

A new  
indicator for 

titrating
IRON

CHROMIUM
VANADIUM

B A R I U M  D I P H E N Y L .  

A M I N E  S U L F O N A T E

T h e  b a r iu m  s a lt  o f  d ip h e n y l-  
a m in e  su lfo n ic  a c id  r e c e n tly  
w as d escr ib ed  b y  Sarver an d  
K o lth o ff  in  J . A . C. S . 53 , 2902-9  
(1931). I t  i s  r e c o m m e n d e d  a s  a n  
in d ic a to r  fo r  t h e  t itr a t io n  o f  
ir o n , c h r o m iu m , a n d  v a n a ­
d iu m , s in c e  i t s  co lo r  c h a n g e  is  
very sh a rp  a n d  c o m p le te ly  r e ­
v e r s ib l e .  U n l i k e  d i p h e n y l -  
a m in e , i t  c a n  b e  t ise d  in  th e  
p resen ce  o f  tu n g s te n ,  m a k in g  
i t  p a r tic u la r ly  v a lu a b le  in  th e  
a n a ly s is  o f  a llo y  s te e ls .

E a s tm a n  B a r iu m  D ip h e n y l-  
a m in e  S u lfo n a te , in  t h e  r e q u i­
s ite  h ig h  d eg ree  o f  p u r ity , is  
lis te d  in  t h e  n e w  1932 c a ta lo g  
o f  E a s tm a n  O rgan ic  C h e m ic a ls  
as N o. 3104'— 10 g ra m s, $2.50.

E A ST M A N  
KO DAK  COM PANY

Chem ical Sales D ept. R ochester, N. Y.

E2=
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THE K INET ICS  OF
HOMOGENEOUS

C H A P T E R  C O N T E N T S

IN T R O D U C T IO N
P A R T  I .—T h e o ry

1. E le m e n ta ry  R e a c tio n s  a n d  T h e ir  E n e rg y  of A c tiv a tio n  
The types of e lem entary reactions. O rder and  mechanism. 
S ta tis tica l m echanical in te rp reta tion  of tem pera tu re  coefficients.

2. S ta t i s t i c a l  M e c h a n ic a l I n te r lu d e
The M axw ell-Boltzm ann d istribu tion  law. D istribution  of 
velocities. N um bers of collisions. Applications to  quantized 
system s. M icroscopic reversibility . D istribution  law for groups 
of harm onic oscillators.

3. B lm o le c u la r  R e a c tio n s
Bimolecular associations. Bim olecular m etatheses involving free 
atom s; applications of quan tum  mechanics. O ther bim olecular 
metatheses.

4. T r im o le c u la r  R ea c tio n s
T he  in term ediate  com pound theory . > The num ber of triple 
collisions in a  perfect gas. T riple collisions in a  real gas. Triple 
collisions vs. in term ediate compounds.

5. U n im o le c u la r  R e a c tio n s
General form of the theory  of collisional activation . Detailed 
developm ent of a single form. V arian t forms. Q uantum  m echan­
ical in terp reta tions: th e  radioactive analogy; the  Auger effect
analogy. T he effect of ine rt gases.

6. C o m p lex  R e a c tio n s
Complex mechanism s th a t  do no t involve a  chain. N on-branching 
chains. B rand ling  chains.

P A R T  I I .— E x p e r im e n t

7. E x p e r im e n ta l  M e th o d s  o f R e a c tio n  R a te  M e a s u re m e n t  
General m ethods. Hom ogeneity. O rder of a  reaction. T em pera­
tu re  of coefficient. M ethods of calculation and  accuracy.

8. S eco n d  O rd e r  R e a c tio n s
Review of the  theory . T he  occurrence of second order associa­
tions. R eactions of a tom ic hydrogen, oxygen, sodium , potassium , 
halogens. D ecom position of hydrogen iodide. Synthesis of 
hydrogen iodide. D ecom position of nitrogen dioxide. D ecom ­
position of nitrosyl chloride. F orm ation  of hydrogen sulfide. 
Form ation  and  decom position of n itr ic  oxide. Homogeneous 
catalyses.

9. T h i rd  O rd e r  R e a c tio n s
T he oxidation of n itric  oxide. T he  reaction of n itric  oxide with 
chlorine. _ T he reaction of n itr ic  oxide w ith  brom ine. T he  reduc­
tion of n itric  oxide by  hydrogen. T h e  ra te  of recom bination of 
atom ic brom ine; of atom ic chlorine; of atom ic hydrogen. The 
ra te  of form ation of sodium  dioxide.

10. F i r s t  O rd e r  R e a c tio n s
Review of the theory . T he  decom position of nitrogen pentoxide. 
The decom position of azo com pounds: azom ethatie, azoisopro
pane, m ethylisopropyl diimide, dim ethyltriazene. T he decom po­
sitions of d im ethyl, m ethylethyl, m ethylpropyl, d iethyl, d iiso - 
propyl and  dipropyl ethers. T he rearrangem ent of pinene. T he 
decom position of n itry l chloride. T he decom position of n itrous 
oxide. T he  decom positions of propionic aldehyde, acetone, s a tu ­
ra ted  hydrocarbons and alkyl amines. T he isom erization of 
dim ethyl m aleate. F irst order heterogeneous reactions.

1 1. C o m p lex  R e a c tio n s — P a r t  I
T he form ation of hydrogen bromide. T he decom position of 
ozone, including the cata ly tic  action of nitrogen pentoxide and  of 
chlorine. T he  reactions between ozone and bromine. T he re ­
actions between hydrogen and chlorine, including the  cataly tic  
action of w ater vapor, and  th e  negative catalysis by  oxygen and 
other substances. T he  m ethods of highly dilute flames, and of 
diffusion flames, and  applications. T he decom position of ethylene 
oxide. T he oxidation of hydrocarbons and aldehydes. The 
oxidation of ethylene. Polym erization reactions. T he decom posi­
tion  of acetaldehyde.

12. C o m p lex  R e a c tio n s — P a r t  I I — B ra n c h in g  C h a in s
T h e  oxidation of phosphorus vapor. T he oxidation of phosphine. 
T he  reactions of hydrogen and  oxygen, and the  sensitization by 
nitrogen dioxide and by  free atom s; th e  Alyea in terp reta tion . 
T he  oxidation of carbon disulfide.

A P P E N D IX E S — T h e  R a d ia t io n  H y p o th e s is  H e a ts  o f D is so c ia tio n

GAS REACTIONS
b y  L O U I S  S. K A S S E L  Ph. D.

A ss o c ia te  P hysical Chem ist, U . S . Bureau o f M in es 

E x p e r im en t  Station

A. C. S. M ONOGRAPH  NO. 57 

330 Pages $6.50

HI  homogeneous  gas reactions  h ave  a t t r a c t e d  the 
a t te n t io n  o f  an increasing n u m b e r  of  w orkers  du r in g  
the  last few years, largely because th e y  ap p e a r  to  be 
the  m ost fertile field for the  deve lopm en t  o f  a  really 
fundam en ta l  u n d e rs ta n d in g  of  reac tion  kinetics.

Until now, however, there has been no book avail­
able devoted to a complete and critical discussion of 
this field. This monograph is designed to fill the need 
for such a book.

In the arrangement of material, the requirements 
of all classes of readers have been kept in mind. Theory 
and experiment are presented separately; in the 
experimental part, in particular, every effort has been 
made to provide in non-mathematical language a 
statement of all the essential features o f the theoretical 
developments.

The recent work on chain reactions is treated in 
great detail. Reactions for which the chains start or 
stop at the walls, but are propagated in the gas phase, 
are included.

A considerable amount of photochemical work is 
discussed, since in many cases the combination of 
thermal and photochemical data permits much clearer 
interpretation than would otherwise be possible.

In the theoretical treatment there is included a 
rather detailed discussion of the applications which 
have been made of the new quantum mechanics; this 
treatment is designed to be understandable by chemists 
whose knowledge of the recent developments in physics 
is quite meager.

THE CHEMICAL CATALOG COMPANY, Inc.
419 FOURTH AVENUE NEW YORK, U. S. A.
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Weather-
Ometer

T F  YOUR products are subject to 
weather exposure they should 

have more thorough testing than is 
possible with variable outdoor tests.
U se the scientific W E A T H E R ­
O M ETER instead— the accepted 
“yard-stick” for weather-testing. 
This device enables you to duplicate 
in the laboratory ordinary outdoor 
weather exposure. Gives accurate, 
dependable results in days where 
outdoor tests take years. Another 
thing: Any W EATHER-OM ETER  
test can be exactly duplicated at 
any time or at any place.
Bulletin IC-3 contains m any facts about the 
W EA TH ER -O M ETER . Send for copy now!

ATLAS ELECTRIC DEVICES CO.
361 W. SUPERIOR ST. CHICAGO, ILL .

NEW Y O R K  BO STO N LONDON

A tlas m anu­
factures the 
F A D  E - O -  
M E T E R ,  
L A U N D E R - 
OMETER,  
a n d  A R C  
LA M PS for 
i r r a d i a t i u  g 
food stuffs.

N E W A R K ’S n e w e s t !
Removable, protected bottom

N e w a rk  W ire C lo th  C o. 
354-368 V e ro n a  Ave.

N e w ark , N . J .

I am  particu larly  in te r­
ested in the  following:—
□  Rem ovable Protected  

B ottom  Strainers;
O  T he "N ew ark" Cor- 

nerless Testing  sieve—  
— U. S.—A. S. T . M. 
standard ;

□  T he  finest wire cloth 
In the world—400 
mesh— 160,000 square 
openings per sq. in.;

□  "N ew ark" M etallic 
F ilte r  C lo th ;

□  G asketed M etallic 
F iltered  C loth;

□  D o u b l e  C r i m p e d  
H eavy Steel W ire 
Screen;

□  C entrifugal Cloths;]
□  Steel Wire C loth;
□  Stainless Steel C lo th ;
□  M onel M etal C loth;
□  "N ichrom e” C loth ;
□  Bolting C loth;
□  B ran D uster Wire 

C loth;
□  D utch  C loths:
□  T inned M illed Screen 

Cloth;
□  Brass, Copper and 

Bronze C loth;
□  C o a l  a n d  S a n d  

Screens;
□  M arket G rade Brass 

and C opper W ire 
C loth;

□  E x tra  F ine Phosphor 
Bronze W ire Cloth:

□  Foundry  R iddles;
□  F ru it T esting  Sieves,

strainer.
Chemists, engineers and op­
erating men who have tried 
this new strainer are enthusi­
astic about it. They like the 
“quickly removable bottom” 
— a time saver. They can 
accomplish more per screen. 
The doth  is easily cleaned. 
One frame and a wide variety 
of cloths will take care of as 
many uses. The lower rim 
protects the wire cloth 
bottom.
Whatever your problems may be 
in the wire cloth line, put them 
up to us. We make wire cloth 
and wire cloth products for all 
industries, which, of course, in­
cludes the great chemical industry. 
Expert advice is cordially given 
on all separation, filtration and 
kindred problems.

We will be glad to have you check 
over the list a t the right which 
includes our principal products 
used in chemical laboratories and 
plants. Mail to us and your 
request will be given prompt at­
tention.

"NEWARK” Cloths are pro­
duced in every weave; every 
mesh; every length; every width; 
and of every malleable metal— 
monel, aluminum, brass, copper, 
bronze, phosphor bronze, nickel, 
plain steel, manganese steel, stain­
less steel, silver, gold, platinum, 
“Nichrome,” tinned metals, 
special alloys, etc.

NEWARK WIRE 
CLOTH COMPANY

354-368 Verona Ave., 
Newark, N. J.

W est C oast R ep resen ta tiv es :  
T h e  P ac ific  M e ta ls  C o. L td ., 'E o s  

A ngeles a n d  S a n  F ra n c is c o , C alif.
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Every industrial chem ist, chemical engineer, and 
metallurgist will find useful inform ation in the 
following A. C. S. Monographs.

PROTECTIVE METALLIC 
COATINGS

By H E N R Y  S. RAW DON  

277 Pages Illustrated Price $4.25
An up-to-date survey o f the field of corrosion 

prevention, or retardation, particularly o f iron 
and steel, especially useful to the engineer, 
manufacturer, metallurgist and chemist. The 
various coating methods— hot-dipping, cementa­
tion, metal spraying, electroplating, alloying, 
chemical treatment, etc.— are described in detail, 
as are the coatings produced by these methods us­
ing zinc, tin, copper, nickel, chromium, and other 
metals. Methods of testing such coatings are 
given and an extensive bibliography is appended.

BEARING METALS 
AND BEARINGS

By W. M. CORSE 

383 Pages Illustrated Price $5.25
A practical study of the fundamental principles 

and practices involved in the selection o f bearings 
and bearing metals, together with a bibliography 
of reference literature from 1900-1928 inclusive.

TIN
ITS M IN IN G , PR O D U C T IO N  

TEC H N O LO G Y , A N D  
APPLIC A TIO N S

By C. L. M ANTELL, Ph .D.

366 Pages Illustrated Price $5.25
A comprehensive survey of the various phases of 

the production of tin from its ores to its commer­
cial application. The history, physical and chem­
ical properties, and the production, distribution, 
and consumption of the metal have been pre­
sented and discussed from the viewpoint of the 
chemist, the metallurgist, and the chemical engi­
neer rather than from the viewpoint of the mining 
engineer or the mechanical engineer. Secondary 
tin and detinning o f tin plate scrap has been 
treated from the economic as well as from the 
metallurgical and chemical viewpoint.

THE CHEMICAL CATALOG COMPANY, Inc. 
419 F o u rth  Avenue, New York, U. S. A.

Is Your Compressed 
A ir System

M any  compressors, vacuum  pum ps, Diesel engines and 
blowers th a t  keep on running, ough t to  be on th e  "sick lis t.”  For 
th ey  w aste compressed air and  oil and  do n o t operate  efficiently 
when carbon causes th e  valves to  stick and when cylinders, 
pistons, etc. a re  worn and  scored by  th e  billions o f sharp , g ritty  
d u st particles th a t  get in to  m achines w ith  unfiltered air.

Feed your m achines a ir th a t  has been filtered th rough  a 
P ro tectom oto r and th ey  will operate  3 to  5 tim es longer before 
overhauling is needed. P ro tec to m o to r A ir F ilte rs  rem ove 999 of 
every 1,000 particles o f d u s t and  g rit from  th e  a ir. C onsequently  
th ey  reduce w ear 75 to  85%  and reduce carbon 60 to  70% .

T he P ro tecto m o to r is a  d ry  filter. N o cleaning solution or 
tan k s  a re  needed. C an be qu ickly  cleaned w ith compressed air 
w ith o u t rem oving th e  filtering un it. I t  operates from  six m onths 
to  one y ear before cleaning is necessary.

M ore th an  350,000 P ro tecto m o to r F ilte rs in use.

W rite  for catalog.

Staynew Filter Corp.
17 Leighton Ave.

Rochester, N. Y.

Air  filters

Your April advertising copy with 
cuts should be forwarded so that 

it will reach us by the 
10th o f March.

April Forms 
Close

March 15, 
for Press

A dvertising D epartm ent

Industrial and Engineering Chemistry
419 Fourth Avenue New York


