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Summary. In recent years, mathematical models for Ildescription
and prediction of air flows appear more frequently in science and
technic. By use of these models in ventilation technic the hope is
to conduct studies of parameters quicker and more simply and to
attain a deeper understanding of the details of air flow mechanics.
Presently the application of such mathematical models is still
limited by the capacity of existing computers. With some success it
should be possible to use these models for problems which can be
simplified to two-dimensional arrangements. The mathematical model
described in this paper will be used for the prediction of air flow
mechanics with diffusion in closed room.

For that purpose the coupled conservation equations of mass, mo-
mentum, energy and concentration, which describe this problem, will
be solved with numerical methods. The influence of turbulence on
the exchange-mechanismus is analysed using the k-turbulence model
with additional terms for the inclusion of buoyancy effects on
turbulence.

Lateral exhaust systems are considered as a possible application
of the computer program based on this theory. These are used in
industrial application over dipping processes at open vessels to
reduce the environmental load of harmful substances. The intention
is to create a more reliable and physically well-founded basis for
the planning and determination of convenient operating conditions.
Initial results from the influence of bath temperature and geometry
of the pull slot will be presented. In addition to these investiga-
tions, measurements will be performed on an experimental set-up to
verify the validity of the mathehematicallmodel.The possibility to
use similar numerical methods will be discussed by the comparison
of numerical prediction and measurements.

INTRODUCTION

In recent years, mathematical models for the description and pre-
diction of air flows appear more frequently in science and tech-
nique In addition to experimental investigations. Caused by the
increased demands on the accuracy of such models and supported by
the speed in the development of greater and faster computer sys-
tems more and more complex and extensive mathematical models are
going to be developed. This is also valid for research in venti-
lation technique. At the example of lateral exhaust systems used
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in industrial application at open vessels to reduce the emission
of harm ful substances evaporated from the liquid surface a physi-
cal and mathem atical model for the description of bouyancy affec-
ted flows in closed rooms w ill be presented.

The purpose of these exhaust systems is to collect and to .exhaust
the harm ful substances (solvents etc.) - arising from the liquid
surface during the manufacturing process - directly at their
origin. In this way the diffusion of harmful substances into the
surroundings can be prevented and the health of people will be
protected. The 3 types of lateral exhaust systems used in indus-

trial application are shown in principle in fig.I.

I'l's;s; ;12r]
single-sided double-sided push-pull system
exhaust system exhaust system

Fig. 1. Various types of lateral exhaust systems
Rys. 1. Rézne rodzaje uk#adéw odciegéw bocznych

There are a lot of american and german publications /1/,/21/,/31,
that <deal with recommendations on the quantity of the exhaust
flow rate being necessary for the.total capture of the harmful
substances. These recommendations based on empirical relations or
determined from a small number of experimental results are
deficient in several respects:

- They give no information about concentrations at points
near the wvessel if the recommended flow rates are satis-
fied; especially the maximum height of the plume of harmful
substances above the vessel is not known.

- They crudely account for the influence of bouyancy effects

- The recommendations are imprecise and the tolerance is too
Idaart%e because of the small number of reliable experimental

Because of these shortcomings there exists an increasing demand
to improve these design criteria. These improvements should in-
clude 7all parameters that affect the air-flow conditions and the
diffusion of the harmful substances such as:

- exhaust flow rate

- temperature of the liquid surface

- type of liquid

- room air current (direction and velocity)

- geometry and arrangement of the exhaust slot (width of the

slot, height above the liquid surface etc.)

- height of existing flanges

- bath arrangement

- blowing flow rate

- geometry of the blowing slot
Because of the large number of relevant parameters affecting the
problem a systematic experimental investigation varying all these
p:%;amteters is not possible. There would be too much experimental
effort.
Therefore the relevant dependencies should be predicted nu-
merically with a mathematical model describing the air-flow con-
ditions and the phenomena of diffusion over the liquid surface
and the exhaust opening.
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To support the numerical results and to improve the mathematical
model, if necessary, a number of experiments for specific geo-
metric arrangements have to be carried out. The purpose of these
experiments is to compare the flow , temperature and concen-
tration fields with those obtained from calculation.

M athematical models developed in this way can be applied to pre-
dict the distribution of harmful substances for varying
geometries or all other process parameters. In this way it should
be possible to predict the capture efficiency for the chosen geo-
metric arrangement and to optimize the exhaust system already
during the planning phase.

MATHEMATICAL MODEL

The numerical treatment of the problem described above is compli-
cated by the fact, that the evaporation at the liquid surface and
the bouyancy effects lead to a strong coupling of the transport
mechanisms for mass, momentum, energy and concentration. There-
fore a complete description of the physical processes using em-
pirical methods (e.g. jet-laws) is not possible.

In this investigation the coupled transport equations for mass,
momentum, energy and concentration are solved numerically using
suitable formulations for the turbulent properties of the flow.
These properties are described by a bouyancy extended k-e-tur-
bulence model, which includes additional terms for the influence
of bouyancy effects on the production and dissipation of the tur-
bulent kinetic energy k. The stress-flow model was applied for
the determination of the additional terms.

In this way a new model arising from the exact transport
equations for the turbulent correlations is developed, in which
the density fluctuations itself - and not the temperature ,
enthalpy or concentration fluctuations - describe the effect of
bouyancy on the turbulence properties. This yields a turbulence-
model, that can be wused more generally than the standard k-r-
model. 1t is able to simulate the asymmetrical influence of the
bouyancy forces on the turbulent fluctuations. A more detailed
description of these extensions may be found elsewhere /4/.

In spite of the development of more and more large and efficient
computer-systems it is not possible to solve such problems com-
pletely, i.e. in their real 3-dimensional structure. The coupling
of the individual differential equations and the influence of the
bouyancy-forces require an extremely large computer memory and
very long computation time. For this reason current computer sys-
tems restrict the treatment of lateral exhaust systems to 2-dim.
arrangements.
using the following assumptions

- 2-dim. steady-state flow

- cartesian coordinate system

- temperature and concentration dependend properties

- no chemical reaction

- no dissipative effects
the system of coupled differential equations can be put into the
general form:

fx (put) +H <pv$)

convection diffusion + source

The general variable 4 in this equation represents the velocity-
components u and v, the enthalpy h, the mass-fraction £ and the
turbulent quantities k(turbulent kinetic energy) and c (turbulent
energy dissipation) whereas the variable represents the
diffusive transport coefficients belonging to these quantities.
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The source-term St summarizes all terms of the individual trans-
port equations, that cannot be written as convective or diffusive
terms.

In addition to the assumptions made before it is furthermore as-
sumed, that the mixture of air and harmful substances fulfill the
ideal gas law.

In solving the system of coupled, non-linear elliptic differen-
tial equations numerically a finite difference method introduced
by Pun and Spalding /5/ ("Simple-Algorithmus") is used.

In the present investigation the problem is described on a grid
of up to 35x35 points. The method of the staggered grid arrange-
ment is applied. This results in' 3.various grid arrangements, one
for each of the velocity-components u and v and one for all other
transport quantities (h,£,k,e). The advantage of this staggered
grid arrangement is the possibility to predict the convective
fluxes through the cell boundaries directly from the field values
without any interpolation.

Near the walls “"wall-functions™ are applied to describe the
transport phenomena between the wall-next grid points and the
wall itself. These "wall-functions" originally developed for an
one-dimensional Couette-Flow can also be used approximately for
flows with regions of recirculating eddies /4/. Using this method
it is possible to reduce the number of grid lines close to the
wall in spite of the large gradients in this region. This is of
great importance because of the described restrictions in
computer-storage. Without wusing this method too few grid lines
remain for an adequate description of the main flow.

For the numerical solution of the finite difference equations the
UPW IND-difference scheme developed for convection affected flows
is applied. The significance of this scheme is a high numerical
stability in connection with a satisfying behaviour of con-
vergence. In spite of the choice of this relatively stable dif-
ference scheme for the calculations of the actual flow conditions
a special underrelaxation method introduced by Neuberger /6/ has
to be used. This is necessary to reach a convergent solution be-
cause of the great influence of the gravity forces.

Neuberger determined an allowed local relaxation factor in
analogy to the allowed time step At for stability in parabolic
problems using a disturbance formulation. When this local re-
laxation factor is not exceeded no kind of divergence can occur
during the iteration process. For some of the calculations con-
vergence of the solution ~could only be achieved using these
locally different relaxation factors. The relaxation method is
described in more detail in /4/.

The calculations of the present problems require a typical com-
puting time of about 4000 CPU-seconds on the computer-system
CYBER 175 of the RWIH Aachen Computer Centre. Typically about
3000 iterations are necessary for a convergent solution.

GEOMETRY AND PHYSICAL BOUNDARY” -CONDITIONS

With the methods described above the relevant transport equations
can be solved for the various geometric arrangements taking into
account the different thermal and flow boundary conditions. For
the example of the push-pull system the calculation domain is
shown in fig.2.

The push flow enters the field above the open vessel at the
righthand boundary of the calculation domain. Along the liquid
surface the mass fraction of harmful substances in the jet in-
creases and at the lefthand corner the contaminated air will be



Numerical calculation...

Fig, 2. Geometry and boundary conditions
Rys. 2. Geometria i warunki brzegowe

captured by the exhaust air flow. This air flow is superposed by
a room air flow over the push- and pull-opening.
The liquid surface, the source of the contamination, is located
at the bottom of the domain, see fig.2. The rate of evaporation
at the liquid surface will be first predicted applying the
analogy between heat and mass transfer. The local thermal heat
transfer coefficient a at the liqguid surface depends on the air
conditions near the interface and may be predicted from the
solution of the differential equations at this interface.
An adaption of this evaporation rate to the total amount of
evaporated substances - given from experiment under the same con-
ditions - can be carried out later without difficulties, if that
seems to be nescessary. There are 4 different types of flow
boundaries in the calculation domain:

- solid walls

- liquid surfaces

- free-stream boundaries

- exhaust and blowing openings
The boundary conditions for the individual transport equations at
these boundaries are also shown in fig.2.
The exhaust flow rate is given as an inlet condition for the cal-
culation. The wvelocity of the exhaust flow follows from this
taking into account the slot geometry. For all other field values
at the exhaust opening and at all other interfaces to the en-
vironmental flow boundary conditions of the second order are
assumed. Inlet conditions are assumed for all field values at the
inlet boundaries (room air flow, push flow). The transport
phenomena near solid walls are described by using the "wall-
functions" as explained before.
As thermal boundary conditions at the solid walls both adiabatic
insulation and local heat transfer can be assumed. Taking heat
transfer at the wall into account the temperature of the wall has
to be prescribed from experimental data.
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3e)

Fig. 3: a) Streamline contours
b) Velocity distribution
c) Distribution of concentration
and d) Temperature distribution
in the vicinity of an open vessel ventilated with a single-sided
lateralexhaust system (partial view)

Characteristic data: Qexhaust =200 m8/h ®iiqui<3 = 40°C
“room =0.2 m/s sexhaust= 0.067 m
e) Distribution of concentration for
®liquid =60°C sexhaust= °-088 m

Rvs. 3. a) Linia pradu, b) rozktad predkosci, c) rozktad gestosci,
d) rozk#ad temperatury. W poblizu otwartego zbiornika wentylowanego
za pomoca jednostronnego bocznego ukdtadu odciggowego (widok cze-
Sciowy )

Charakterystyczne dane: ~Nodcigg = 200 m Z¥1 ~cieczy = 40°c

=0,2 m/s S » 0.067 m

u ~
pomieszcz.

e) rozktad gestosci dla Qcieczy = 60°C Sod'ciag.

odciag.
= 0,088 m

i

o,
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RESULTS

Fig-3 gives Tfirst numerical results for a single-sided exhaust
system showing streamline contours and graphical descriptions of
the velocity , temperature and concentration fields. The graphs
are printed as velocity-, temperature- and concentration classes.
Symbols of higher density represent higher velocities,
temperatures and concentrations, vrespectively. Fig.3a shows a
large recirculating eddy appearing in the righthand corner of the
vessel. The recirculating eddy is caused by the obstructed
entrainment of air from the regions above the liquid surface
(region between pull slot and liquid surface).

The air flow velocities in this region are very low in comparison
to those in the region above the slot as is clearly shown in
fig.3b. The major part of the total amount of exhausted air flow
will be captured from the regions above the rim of the vessel.
The recirculating eddy is substantially involved in the
generation of the concentration field above the liquid surface
(see Tfig.3c). Due to this eddy the plume of harmful substances
generated at the liquid surface can rise into the room and is
captured by the room air current over the vessel. In this way the
harmful substances reach the exhaust slot at the lefthand corner.
In the actual configuration the total ammount of evaporated sub-
stances will be captured in spite of the low flow rate of exhaust
air comparing with the recommendations /1/,/2/,/3/. A comparision
between fig.3c and fig.3d shows a good qualitative agreement bet-
ween temperature- and concentration-fields.

A first study of parameters deals with the influence of the tem-
perature of the liquid surface on capture efficiency and air-flow
conditions. The major effect of the increased bath temperature is
an increase of the total amount of evaporated substances as shown
in fig.3e (see the Ilarge region of high concentrations in the
righthand corner). An increase iIn bath temperature of about 10 K
leads to an increase of the evaporated amount of about 100%. All
other conditions were the same in both cases. The influence of
the bath temperature on the maximum height of the plume is very
low (see fig.3e and 3c) as well as the influence on the velocity
field above the vessel. Only the bouyancy-affected velocities at
the righthand corner of the vessel increase a little bit.

Because of the increasing height of the plume under these con-
ditions cross drafts, which cannot be investigated under 2-dim.
conditions, may prevent a total capture of the plume.

For the configuration under consideration and for a bath
temperature of about 60 °C total capture cannot be obtained with
an exhaust flow rate of 200 mVh.

Another study deals with the influence of the geometric arrange-
ment of the exhaust opening.

There was no significant influence of both the shape of the
exhaust opening (sharp or well rounded edges) and the velocity
profile assumed in the opening on the air-flow conditions, on the
evaporation rate, and on the capture efficiency. Only the
velocities iIn the region near the opening change a little . The
major reason for this phenomenon is the limited domain of
suction-systems.

Changes in the width of the exhaust opening leads to similar re-
sults. In spite of reducing the width of the slot from 0.106m
down to 0.053m ( corresponding an increase in the velocity of the
exhaust slot from 0.5 up to 1.0 m/s ) there were no significant
changes regard to the velocity and concentration fields.

For both the test of the mathematical model and for the check of
3-dim. effects, which cannot be investigated with the
mathematical model, experimental investigations will be carried
out in the near future. With the experiences made in similar
investigations /7/ a good qualitative and with restrictions also
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quantitative agreement between measurement and prediction may be
expected as long as the air flow conditions are approximately
two-dimensional. Quantitative disagreement can only be produced
by the numerical diffusion on the predicted flow field and by the
bouyancy effects, which generate 3-dim. effects in the
experiments.

An important progress would be obtained if the development of
computer systems made it possible to investigate the problems in
their real 3-dim. structure.
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OBLICZENIA NUMERYCZNE UKELADOW BOCZNYCH NAWIEWNIKOW
DLA NACZYN OTWARTYCH W ZASTOSOWANIACH PRZEMYSLOWYCH

Streszczenie

99

Modele matematyczne sduzgce do opisywania 1 przewidywania przeptywow

powietrza pojawiaja sie ostatnio coraz czesciej w nauce i technice.

W technice wentylacji modele te stosuje sie w celu przeprowadzenia badan

parametréw w sposob szybszy i prostszy, a takze aby umozliwi¢ lepsze zro-

zumienie szczeg646w mechaniki przeptywédw powietrza. Ciagle jeszcze zasto-

sowanie takich médeli matematycznych ograniczone jest pojemno$cia

istnie-

Jacych obecnie komputeréw. Powinno by¢é mozliwe stosowanie tych modeli dla

probleméw, ktére moga by¢é uproszczone do dwuwymiarowych. Model matema-

tyczny opisany w referacie uzyty zostanie do programowania mechaniki

przeptywu powietrza przy dyfuzji w pomieszczeniach zamknietych. w tym

celu zostanie metodami numerycznymi rozwiazany uk+ad réwnan zachowania

pasy, pedu, energii 1 stezenia, ktdére opisuje ten problem. Przeanalizowa-

ny zostanie wpdtyw turbulencji na mechanizmy wymiany z zastosowaniem mode-
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lu turbulencji k-£ z dodatkowymi sktadnikami uwzgledniajacymi oddziatywa-
nia wyporu na turbulencje.

Rozwazane se boczne uktady nawiewnikéw jako mozliwe zastosowanie pro-
gramu komputerowego opartego na tej teorii. Uktady te uzywane se w zasto-
sowaniach przemysdowych w procesach zanurzania w zbiornikach otwartych
w celu zmniejszenia zanieczyszczen Srodowiska szkodliwymi substancjami.
Dezy sie do stworzenia bardziej wiarygodnych i fizycznie uzasadnionych
podstaw dla planowania i wyznaczania odpowiednich warunkéw pracy. Przed-
stawione zostane wstepne wyniki badan wpdtywu temperatury kepieli 1 geo-
metrii szczeliny odciegowej! Bako uzupednienie tych badan przeprowadzone
zostane pomiary na stanowisku doswiadczalnym w celu zweryfikowania stusz-
noséci modelu matematycznego.

Przedyskutowana zostanie mozliwos¢ uzycia podobnych metod numerycznych

przez pordwnanie wynikéw programowania numerycznego 1 pomiarow.

HSICJIEHHHB PACHETH CHCTEH, EOKO3HX 3EHTHJIHTOPOB
T.CT OTKPHTH1 COCyjlOB B 1EPOn UOJIEHHOM ITPHI/IEHEHIra

P e 3 jom e

3 tiocjieniiee BpeMH b Hayice h TezsHze Bce name noas-iHioTCH MaieMaTHHecKHe
MO”eJm AM onncaHHH a npeACKa3UBaHHa .npoteKanna B03Ayxa. B TezHiiKe BenTH-
aaitHH eiH Mo"ejTK npHMeHaioT 0 gejibjo Sojiee OticTporo u npocToro HCcjie"oBaBHH
napaneTpoB, a Tanace htoOh oSjiernuTh jiynniee noHHMaHrie noApoGHOcieS wexaHHKH
npoTeKamia BO03flyxa, llpHMeHeHHe tbkhx mhtewaTuneckhx Mo”ejiea orpaHKHHBaeTCH
eMKOCTbK) CymeCTBy»3gHX KOMUbIOTepOB. 3TH MOflejlH AOMHH npHHHTbea AM npo-
GjieM, kotopne mo.*ho ynpociHTb a° AByxMepHHX. OnHcaHHan b jOKiaje MaTeMain—
necKaa MOflejib npHMeHHTCH am nporpauMHpoBaHHa MexaHHKn TeHeHHH 303flyxa irpn
LEH!?Y3iiH. b 3aMKHythx noMemeHHax. sToro ¢ noMonbn HHcjieHHhix MeiOAOB 6y-
fleT pemeHa OHCTewa ypaBHeHHii coxpaHeHHH MacCH, KOAHHecTBa RBm-iema, BHeprnH
u KoHiteHipauHH, KOTopne onHCHBaioT 3iy npoSjieMy. Ey”ei Tarace npoaHa.ra3npoBa-
ho BOTHHHe TypSyjieHTHOCTH Ha MexaHH3MH oOMena o npsiMeHeHHeM Mo”ejiH Typoy-
JietHTHOOTH K - O Ao0OaB OHHbiMf COOTaBHIIMH SlieMeHTaMH yHHTbIBaramHMH B037e:3cTBne
rHApocTaTHnecKoro no”nopa Ha TypSyjieHTHOCcTb.

PaOCMalpHBaiOTCH SOKOBbTe CHCTeMH BeHTHJIHT 0p03 flJIH KOTOpbDC EBM eiCS BO3—
mozchhm npiiMeHeHHe KOMnbK>TepH02 nporpauMn, ochobhhhoii Ha sioii TeopiiH. CncTe-
hh 3TH HaiwiH npoMumJieHHOe npHMeHeHHe b npoueocax norpysceHHH b otkphthz pe-
3epByapax c itejibio yMeHbmHTb 3arpa3HeHne ope”H Bpe”HUMH BegecTBaMH. CTpeMHT-
CH K CO3flaHHIO OO.tee AOCTOBepHHX H $H3HHeCKH 060CHOBaHHHX OCHOBaHHIi am mia-
HHpoBaHHH h onpeAe.ieHHK cooTBeTOTByKnnHx ycaoBHii paOoTH. EyAyi npeACTaBjieHH
npeABapHTejibHue pe3yjibTaTu HCClieAOBaHHfi bjihhhhh TeMnepaiypu BaHHH H reoMe-
TpilH OTTH3CHOM gejlH. .EoilOJIHHTejloHO K 3THM HCCAeAOBaHHHH npOBeAyTCK H3Mepe-
hm Ha HcnHiaTejibHOM CTeHAe, htoOh npoBepaib i:paii3-1b?ioc.Tb MaTematHhecko?
MOAeAH. OOCyAHTCH B03MO:tHOCTb HpHMeHeHHH n0X03KHX HHClieHHhaC MeTOAOB, CpaBHH-
saa pe3yjibiaiH HHCJieHHoro nporpaMMHpoBaHHH h pe3yxbiaTH n3MepeHHTI,



