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THERMAL PLUMES IN VENTILATED ROOMS - AN EXPERIMENTAL
RESEARCH WORK
Summary. The velocity - and temperature distribution in thermal

plumes above different heat sources (circular plate, heat source
in vertical tube, rectangular plate)jhas been measured at different
vertical temperature gradients, heat source temperatures and heat
supplies.

Measurements show that the vertical temperature gradient has a
great influence on the entrainment in the plume. The form and size
of the heat source have also an influence on the plume.

The location of heat source in relation to the walls in the room
has a great influence on the entrained air in the plume. The en-
trainment flow close to a single wall or corner is reduced to 70"
and 60% respectively of the entrainment in the (corresponding
free plume. o

The change from a vertical to a horizontal flow in the free
plume takes place at a constant Archimedes number in which veloci-
ty, temperature difference and characteristic length are local
values.

INTRODUCT ION

Ventilation systems with vertical displacement flow have been
used in industrial areas with extensive heat loads for many
years. Hot and contaminant air is carried directly from the
occupied zone towards the ceiling by hot processes and other
activities which create a natural convection flow as shown in
fig. 1.

Quite recently the vertical displacement flow systems have
grown popular as comfort ventilation in rooms with heat loads
e.g. office rooms. The plumes from hot surfaces, from equip-
ment located at different heights and from persons, together
with downdraught from cold surfaces, make a rather complicated
situation as shown in fig. 2, ref.

The displacement flow systems have two advantages compared
with traditional mixing systems.

- An efficient use of energy. It is possible to remove
exhaust air from the room where the temﬁerature is sev-
eral degrees above the temperature in the occupied zone
which allows a higher air inlet temperature at the same
load.
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Fig. 1. Vertical displacement flow in an industrial area with
a hot process. The primary air is supplied in the occup
zone and it is entrained in the hot plume up to a height y

where the flow is equal to the air flow G supplied. A re- s
circulation flow of hot air appears above the height y
graph to the left shows an idealized picture of the vertical
temperature distribution with the temperature T in the

ipied zone and Tgt in the hot zone

ied

. The

occu-

Rys. 1. Pionowy przeptyw w gorecych procesach przemystowych.
Powietrze jest poczetkowo nawiewane do strefy pracy i
w gore do wysokosci
gdzie przeptyw roéwny jest przeptywowi
Recyrkulacja gorecego powietrza wystepuje powyzej wysokosci
y Wykres przedstawia idealny obraz pionowego rozkdadu

z gorecym strumieniem przechodzi

wraz
Yst<

powietrza nawiewanego (

temperatury, gdzie T " - temperatura w strefie pracy i

temperatura w strefie gorecej

- An appropriate distribution of contaminant air. The ver-
tical temperature gradient (or stratification) implies
that fresh air and contaminant air are separated. The .
most contaminant air can be found above the occupied
zone and the air flow supplied can be reduced.

DESIGN

The design of a displacement ventilation system involves de-
termination of the flow rate in the thermal plumes. A reason-
able supply air quantity G is then chosen so that the height

y t of the fresh air is above the head

level.

Tgt -
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Fig. 2. Vertical displacement flow in an office room. The pri-
mary air is supplied in the occupied zone and is entrained in
the hot plumes from the heat sources and in the cold down-
draught. Dependent on the air flow supplied and the vertical
air flow in the room there must be a certain height yS¢C at
which the upward moving air flow is equal to the supplied air
flow. The graph to the left shows the vertical temperature
gradient which is a result of the interaction between the dif-
ferent plumes.

Rys. 2. Przeptyw pionowy w pomieszczeniu przemysdowym. Po-
wietrze nawiewane jest do stefy pracy i rozchodzi sie wraz

z goracymi strumieniami znad zrodet ciepta i z zimnym pradem
skierowanym ku dotowi. W zaleznosci od przeptywu powietrza
nawiewanego i pionowego przeptywu powietrza na pewnej wyso-
kosci vy przeptyw powietrza ptyngcego w goére musi bycé
réowny przeptywowi powietrza nawiewanego. Wykres przedsta-
wia pionowy gradient temperatury wynikty z wzajemnego od-

dziatywania pomiedzy réznymi strumieniami

Baturin (2) states the equations (1) to (@) describing the
axi-symmetrical thermal plume over a concentrated heat source.
The equations are based on Schmidt®s relations for velocity

and temperature over a point heat source, ref. Q). The flow in
the plume is a fully developed turbulent flow for a height ex-
ceeding 2 d, and it is described by:

vy = 0.13 Q1/3 (y+d)"1/3 (1)

AT, = 0.45 a2/3  (y+d)-5/3 2)

G = 0.005 Q1/3 (y+d)5/3 (©)
= 0.44  (y+d) @

Vy maximum velocity s)

ATy maximum temperature (9]

G air volume flow (m3/s)
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w width of the velocity profile m
y vertical distance from heatsource (m)

d diameter of heat source m
Q convective heat emission w

The virtual origin of the flow is located at a distance d be-
low the heat source.

This paper describes measurements on plumes in areas with ver-
tical temperature gradients, which are common for displacement
flow, see fig. 2. It will also describe the flow from different
heat source geometries and the influence from wall surfaces on
the entrainment in the plumes. All the above conditions are
normally not taken into consideration in the design of a dis-
placement flow system and they cannot be expressed by the
equations () to (@), ref. (@ and ref. (5).

MEASUREMENTS AND DISCUSSION

Thermal plumes above different heat sources have been inves-
tigated by measuring velocity and temperature distributions
min the plumes, by measuring the vertical temperature gradient
In the surrounding air and by measuring the heat load.

The following heat sources have been used:

Circular plate d = 112.8 mm A = 0.010m2
d= 225.7 mm A = 0.040 m2
d= 356.8 mm A = 0.100m2

Circular tube d = 100 mm A = 0.008 m2

All the circular plates are silver-coated and they are placed
horizontally in alu-covered mineral wool. The relation between
convection and radiation is dependent on source type, size and
temperature. The silver-coated horizontal plates emit roughly
90% of the heat by convection, while the tube emits a lower
guag;ity by convection. The two types of heat sources are shown
in fig. 3.

circular plate circutar tube

Fig. 3. The different heat sources and the surrounding flow
Rys. 3. Ro6zne zrodta ciepta i przeptywy w ich otoczeniu

Nielsen
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VERTICAL TEMPERATURE GRADIENT

During these measurings the vertical temperature gradient
3T/3y in the surrounding air has varied in the range between
0.09 and 0.27 K/m. Three experiments with the same heat source
and heat load but with different gradients have been carried
out. Th] velocity is described by an equation of the type v

(y+d) where a has the values as shown in table 1: y
Table 1
3T/3y  (K/m) a
0.09 -0.33
0.15 -0.51
0.27 -0.64

The influence of the temperature gradient 3T/3y on the velocity

v is not as significant as the influence on the power a in table

1? In the results described later the temperature gradient
3T/3y has values of approximately 0.2 K/m.
JET WIDTH

In all experiments the width w increases at a higher rate than
expected, as can be seen from fig. 4.

w Cm3

Fig. 4. The width w as a function of the distance y from the
heat source. Circular plate d = 356.8 mm.

Rys. 4. Szerokos¢ w jako funkcja odlegtosci y od zZroédta
ciepta. Okragta ptyta, d = 356,8 mm
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equation (4) shows that the Increase of the width w is di-
rectly proportional to the distance from the virtual origin

of the plume which can also be seen from fig. 4. The straight
line in the figure shows the locations of the virtual origins
and the distance y . The measurements show an increasing growth
of the plume width°w for y > = 1.0 m which indicates horizon-
tal flow and disintegration of the vertical plume.

VELOCITY

The measured velocities are smaller than expected in all ex-
periments, which is shown in fig. 5 and fig. 6. The figures
show three typical areas: An acceleration area, an area with
a velocity decay of the type v Vv (yty ) , and an area with
disintegrating tendencies, (@y{b) and (© in fig. 5 and fig
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Fi?_ 5. Maximum velocity v in plume versus distance y+y . Cir-
cular plate d = 356.8 mm vy °

Rys. 5. Maksymalna predkosc¢ w strumieniu wzgledem odlegto-
Sci y + yQ. Okregta ptyta, d = 356,8 mm
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vy Cm/sJ

y+yOCml

Fig. 6. Maximum velocity v in plume versus distance y+y . Cir-
cular tube d = 100 mm ” °©

Rys. 6. Maksymalna predkosé vy w strumieniu wzgledem odlegto-

Sci y + yQ. Rura o przekroju kotowym, d = 100 mm

Table 2

According to equation (1) the velocity Vy should decrease with
the distance y+d at the power -1/3 and the measurements show
the following power a, table 2.

Heat source Heat load Vert. temp. grad. Power
QW 3T/3y(K/m) a

Circ. plate 10 0.21 -©

d = 356.8 mm 50 0.21 -1.33
100 0.21 -0.98
200 0.09 -0.85
400 0.10 -0.60

Circ. tube 25 0.20 -0.63

d = 100 mm 50 0.15 -0.52
100 0.15 -0.37
200 0.15 -0.33

Table 2 shows that an increase in the heat load will reduce
the numerical value of the power a and the theoretical value
of -0.33 is obtained for the tube at high heat loads. It is
further seen from fig. 5 and fig. 6 and from table 2 that the
heat source geometry is of great importance in the description
of the thermal flow.

27
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VELOCITY PROFILE

The velocity profile can be described as a Gaussian error func-
tion in areas with similar turbulent flow, ref. (@ and (5).
\% -16 In2 2
- = expC =y
Yy
The measurements show that similarity between the profiles

exists in the area where the width w is proportional to theQ
distance y+y and the velocity v is proportional to (y+y)

) (©)

XIw

Fig. 7. Normalized velocity profile
Rys. 7. Znormalizowany profil predkosci

"Fig, 7 shows a typical example of the velocity profile and the
measurements in the area with similar turbulent flow.

VOLUME FLOW

The volume flow G in the plume is found as the volume of the
rotational Gaussian error function:

G = 0.22 « 10 3 w2v

G volume flow (m3/s)
w width m

Vy maximum velocity (WVs)
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The volume flow G is calculated from the plume width w and the
velocity v , and fig. 8 gives an example:

G Cm3/s]

0.200

0.003
0.300.400.50 0.70 1.00 1.5 2.00 3.00 4.00

yE0 Cm]

Fig. 8. The volume flow G as a function of the distance Yty
Circular plate d = 356.8 mm.

Rys. 8. Przeptyw G w funkcji odlegtosci y + yQ. Okregia
ptyta, d = 356,8 mm

The power 5/3 is observed in most cases. The volume flow G is
often equal to the values found in equation (3 although width
and velocity in the plume are larger or smaller, respectively,
than the values found from equations (@) and (4).

The vertical temperature gradient will disintegrate the plume
at a certain height as indicated in the fig. 8, area (c)-

29
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TEMPERATURE DIFFERENCE

ATy K]

y*y0 tmi

Fig. 9. Temperature difference AT versus distance v+v  Cir-
cular plate d = 356.8 iWnmr y Jo

Rys. 9. Réznica temperatur T wzgledem odlegtosci y + y
Okregta ptyta, d = 356,8 mm

Fig. 9 shows some measurements of the temperature difference
ATy. All the measured temperatures are small compared to equa-
tion <2), but the power -5/3 is obtained in most cases.

LOCAL ARCHIMEDES NUMBER

A local Archimedes number Ar may describe the flow in the
plume. y

Nielsen
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—3"

o] gravity

»/ width

(;ITy temperature difference; ATy: Ty - TSur
Ty maximum temperature in the plume

Tgur temperature of the surrounding air

V. maximum velocity

y <€
It has been observed by smoke experiments that the vertical flow
becomes horizontal in some cases due to temperature stratifica-
tion. Measurements show that the vertical flow leaves the area
with similarity at the same value of the local Archimedes number
Ary = 1.0 and it is fully horizontal at Ar =0.0 because AT
will be equal to 0.0 at that height. n N

ENTRAINMENT IN PLUMES CLOSE TO WALLS

The entrainment in a thermal plume can be influenced by the
surrounding walls. Two experiments have been carried out to
illustrate this. In the Ffirst experiment the heat source is
placed close to a vertical wall surface so that a kind of

0.300.400.50 0.0 10 15 2.00 3.00 4.00
y+y0oCmJ

Fig. 10. The volume flow G versus the distance y+y in a free
plume, in a plume located close to a single wall, 8nd in a
plume located in a corner between two walls

Rys. 10. Przeptyw G wzgledem odlsgtosci y + yQ w strumie-»

niu swobodnym, w strumieniu w poblizu pojedynczej $ciany
1 w strumieniu w rogu pomiedzy dwiema Scianami
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wall-jet appears, in the second experiment the heat source is
placed in a corner between two vertical wall surfaces. The
measurements are carried out with a high thermal load Q =

500 W) from the most concentrated heat source (tube d = 100
mm) to reduce the influence by the vertical temperature gradi-
ent.

Fig. 10 shows the measured results for three situations. The
volume flow G increases with the distance y+y at the power
5/3 and the entrainment is reduced to 70% when the heat source
is placed close to a single wall. It is reduced to 60% when
the heat source is placed in a corner.

CONCLUSION

The traditional equation system for thermal plumes (egs. 1 to
4) does not take the vertical temperature gradient in the sur-
roundings, the heat source geometry and the location of the
heat source close to walls into account.

The measurements show that the plume width increases at a
higher rate, the velocity decreases faster and is less influ-
enced by the convective heat emission compared to the results
from eq. 1 and eq. 4. The measured volume flow in the plume
will often be equal to the values from equation 3 but the ver-
tical temperature gradient may dissolve the plume in a certain
height.

The experiments with circular plates and circular tubes show
that the heat source geometry is decisive for the thermal flow.
The flow from the tube is more stable than the one from the
Iplates at the same heat emission.

It is a general conclusion that equations 1 to 4 can be re-
garded to be valid in the border-line case with a concen-
trated heat source and a large heat emission.

The entrainment in the thermal plume is influenced by the sur-
rounding walls. Compared to a free plume the entrainment is re-
duced to 70% close to a single wall and to 60% when the heat
source is placed in a corner.

In several cases it is observed that the similar turbulent flow
in the plume disintegrates at a constant local Archimedes number.
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STRUMIENIE CIEPLNE W POMIESZCZENIACH WENTYLOWANYCH
- EKSPRERYMENTALNE PRACE BADAWCZE

Streszczenie

Przeprowadzono pomiary rozk#adéw predkosci i temperatury w strumie-
niach cieplnych ponad réznymi zroédtami ciepta (okragta ptyta, zrodio
ciepta w pionowej rurze, prostokatna pdyta) przy réznych pionowych gra-
dientach temperatury, temperaturach zrédda i ilosciach dostarczanego
ciepta.

Na podstawie pomiaréw stwierdzono, ze pionowy gradient temperatury ma
duzy wpdyw na unoszenie w strumieniu. Réwniez posta¢ i wielkos¢ zrédta
ciepta wptywaja na strumien.

Unoszenie powietrza w strumieniu zalezy tez od po#ozenia Zrédta ciepta
wzgledem $cian pomieszczenia. Przeptyw w poblizu jednej $ciany lub w rogu
pomieszczenia stanowi odpowiednio 70m i1 60% przeptywu w odpowiednim stru-
mieniu swobodnym.

Zmiana z przeptywu pionowego na poziomy w strumieniu swobodnym wyste-
puje przy statej liczbie Archimedesa, przy ktérej predkosé, roznica tem-
peratur i dtugos¢ charakterystyczna sa wielkosciami lokalnymi.

TEIUIOBHE 110TCKH B HEHTmiHPOBAHHHX nnmttomBHFY _
3KCI1EPHMEHTAJIbHHE HCCJIETOBATEJIbCKHE PAEOTH

J e a sui e

11poBefleHO H3MepeHHH pacnpesejteHua CKOpocm u TeMnepaTypH b TemnoBHX no-
Toicax nan pa3HHMH hotovHHKaMH Temia Kpyrjian rniHTa, hctohhhk Temia b Bep-
THKajiBHOft Tpyde, npfIMoyroJdibHaa rnima ripn pa3Hux BepTHxajiBHnx rpaflneHTax
reMnepaiypu, TeMnepaTypax zctOHHHKa a KonavecTBe nocTaBJiaeMoro lenna.

Ha ocHOBaHHH H3MepeHnit ycTaHOBzeHO, n o aepTHKajibHLiii rpaAzeHT TeMnepa-
iypa OKa3HBaeT 6o0Jif£moe BJiHHHne Ha KOHBeKumo b noioKe. Ha hotok bjihhiot tsk-
xe i1JopMa h BejiHHHHa hctOHHHKa Tenjia.

KoHBeiotHH b noioKe 3aBHCHT TaKse ot noJioxeHHH HcioHHHKa Temfa no otho-
meHHD k cieHaji nouemeHHH. TeneHHe b6zh3h o0ahoS creHH hjth b yray nowecie-
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huh paBHO co0oTseTOTBeHHO 70% h 60% TeaeaiiH b cooTBeTCTBjraneg cBoBojHoa
OTpye.

nepexos o BepiHKajitHoro b ropn3 0KTajiBHoe b cboboahoji oxpye Ha~
cTynaeT iipn nociohhhom racxe ApxHMefla, npa KoxopoM cKopocib, pa3HOGTL TeM-
nepaiyp h xapaKTepnaa “jiHHa sto l4eoTHHe 3HaieHM.



