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TlllMAL PLUlllS Ill Vllft'ILATID 80<*8 - lleaaurements in Stratified Sur
ro•dings and AnalJ'&is bJ' use of an b:trapolation Method. 

Peter Kofoed and Peter V. Nielsen 
University of Aalborg 

Aalborg, Denmark 

The design of a displacement ventilation syste• involves determination of 
the flow rate in the thermal plumes. The flow rate in the plumes and the 
vertical temperature gradient influence each other, and they are influenced 
by many factors. This paper shows so•e descriptions of these effects. 
Free turbulent plumes from different heated bodies are investigated. The 
measurements have taken place in a full-scale test room where the vertical 
temperature gradient have been changed. The· velocity and the teaperature 
distribution in the plume are measured. Large scale plu•e axis wandering is 
taken into account and the temperature excess and the velocity distribution 
are calculated by use of an extrapolation method. 
In the case with a concentrated heat source (dia 50•m, 343W) and nearly u
niform surroundings the model of a plume above a point heat source is ve
rified. It represents a borderline case with the smallest entrain•ent fac
tor and the smallest angle of spread. Due to the aeasuring method and data 
processing t~e velocity and temperature excess profiles are observed more 
narrowly than those reported by previous authors. 
In the case with an extensive heat source (dia 400mm, lOOW) the model of a 
plume above a point heat source cannot be used. This is caused either by 
the way of generating the plume including a long intermediate region or by 
the environmental conditions where vertical temperature gradients are pre
sent~ The flow has a l~rger angle of spread and the entrainment factor is 
grea~her than for a point heat source. 
The exact knowledge of the vertical temperature gradient is essential to 
predict the flow propagation due to its influence on the entrain•ent, e.g. 
i .n an · integral method of plume calculation • Since the flow from different 
heated bodies is individual full-scale measurements seem to be the only 
possible approach to obtain the volume flow in: thermal plumes in ven
tilated rooms. 

Nomenclature. 
. z 

Ar Archimedes number, Ar = fJgATR/v 
cp specific heat at constant pressure 
E kinetic energy flux 
Fo buoyancy flux 
G air volume supplied 
H enthalpy flux 
I momentum flux 
m velocity distribution factor 
n air change rate in room 
p temperature distribution factor 
r radial distance from plume axis 
R profile width where 1/e of the 

maximum value is obtained 
Qo convective heat from source 
AT mean temperature excess, AT = T - T 

Cl) 

x vertical height above source 
V volume flux 
v vertical mean velocity 
dT/dx vertical temperature gradient 
-gAp/p

00 
buoyancy in plume, Ap = P - P

00 

Greek Symbols. 
a entrainment factor 
~ thermal expansion 

coefficient 
A ration between pro

file width, A = Rr/Rv 
p local plume density 

Subscripts. 
0 source condition 
F floor 
M maximum value 
oo ambient condition 
R return 
ST stratification 
T temperature 
V velocity 
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1. Introduction. 

1.1. Thermal PlU118B in Ventilated Rooms. 

During the last 10 years vertical displacement systems have grown popular 
as comfort ventilation in rooms with heat loads e.g. office rooms. The plu
mes from hot surfaces, from equipment located at different heights and from 
persons together with cold downdraught from cold surfaces make a rather 
complicated situation as shown in fig.1., ref. (17,18). 

G 
x $-------

G -
Co TF CR 

TR 

Fig.1. Vertical displacement flow in an office room. The primary air is 
supplied in the occupied zone and is entrained in the hot plumes from the 
heat sources and in the cold downdraught. Dependent on the air flow suppli
ed G and the vertical air flow in the room there must be a height xsr where 
the upward moving air flow is equal to the supplied air flow. This is expe
rimentally shown by Heiselberg & Sandberg (4). The graphs to the left show: 
I. the vertical temperature gradient created by interaction between the 
different plumes and by radiation between the surfaces in the room and II. 
the contaminant distribution created only by the plumes. 

The design of a displacement ventilation system involves determination of 
the flow rate in the thermal plumes so that a reasonable suppiy air quanti
ty G can be chosen. In practice simple formula systems based on plume mo
dels above a point heat source have been used. However, the flow is much 
more complex and is influenced by many factors, e.g. vertical temperature 
gradients. Experiments and literature study show this, ref. (1,2,5,6,7,12, 
17). At the present moment no satisfactory description of the flow is 
given. It is the purpose of this work to verify a possible approach. 

1.2. Previous Works. 

Turbulent buoyant axisymmetric plumes have been investigated for around 50 
years. Turbulent plumes in a uniform environment are treated by Schmidt 
(16) in 1941. Schmidt •akes basic assumptions about the flow from a point 
heat source extending Prandtl's m1x1ng length theory. For the axial vel
ocity and excess temperature and the width the results are: 

( 1 ) 

( 2 ) 

v 

flT 

-1/3 
I'll$ x 

-5/3 

- x 

(3) r "'x 
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Rouse, Yih and Hu•phreys (15) in 1952 introduce a similarity hypothesis. 
The result is consistent with Schmidt's and the following expressions for 
volume flux V, momentum flux I and kinetic energy flux E are obtained: 

a> 

( 4) v = 27t J vr dr ·"" 
5/3 

x 
0 
Ill 

( 5 ) 27t J 
2 

dr 
4/3 

I = pv r fllf x 
0 
a> 

( 6) E 27t J 1 3 
dr = -pv r ""x 2 

0 

Traditionally the dimensionless radial velocity and excess temperature di
stributions ft and fz, respectively, are approximated by Guassian curves: 

( 7) 

( 8 ) 

2 
= exp(-m( r/x) ) 

= exp(-p(r/x) 2
) 

Popiolek (12) in 1981 gives an analysis of the plume above 
and also takes up the similarity hypothesis, The following 
the velocity and buoyancy are obtained: 

a heat source 
functions for 

( 9 ) v = ( 2! ) t / 3 ( : 2 + m )t/3 F~/3 x-1/3 exp(-m( ~ )2) 
p(m + p)2 ) 1/3 FZ/3 -5/3 ( ( r )2) -....._m_____ o x exp -p x 

where Fo is the buoyancy flux connected with the convective heat output Qo 
from the source in the following way: 

( 11) Fo = Qol3g/cp p 

If equation 11 together with the values cp=l005 J/kgK and p =1.205 kg/m 3 

are assumed, Popiolek gets: 

(12) ( P
m2 ) 1/3 I ( ( ) 2 ) v = 0.023 + m Q~ 3 

x-
113 exp -m ~ 

( 1 3 ) .1T = 0.011 ( p(mm+ p)2 )1/3 Q~/3 x-5/3 exp(-p( ~ )2) 

Morton, Taylor and Turner (8) in 1956 consider plumes also in stratified 
surroundings. Integral forms of the continuity, momentum and buoyancy equa
tions together with similarity variables for velocity and density are used. 
The problem is closed by adopting Taylor's entrainment assumption - simply 
that the entrainment is proportional to the mean centerline velocity: 

( l 4 ) VENT RA I NMElfT • <XV 

Fox (2) and Morton (9) in the beginning the 1970'es suggest some im
provements of the entrainment assumption. Fox finds that the entrain•ent is 
a function of the Reynolds stresses a 1, form of the similarity profiles a 2 and the local Archimedes number Ar: 

( 1 5 ) a = a + a Ar 
1 2 

J 



4 

Popiolek and Knapek (13) in 1982 analyse the integral method of plume cal
culation. Popiolek and Mierzwinski (14) present some calculations in 1984. 
The flow is strongly dependent on stratification, and the problem of the 
entrainment has not been completely solved yet. 

In the 1970'es differential turbulence models are used to predict the flow 
in turbulent buoyant plumes. The level of sophistication is high and the 
drawback of this approach lies in the increased complexity of the formula
tion and consequent increased computer time required. A rewiev is given by 
Chen, ref. (1). The modelling of buoyant flows still presents uncertainties 
and additional work is necessary. 

Many quantitative experiments are performed to confirm 
dictions, ref. (l,3,5,6,7,8,ll,12,15,16). The most 
Rouse et al. (15), where the velocity and temperature 
in equation 9 & 10 are: m=96 and p=71 respectively. 

2. Experimental Technique. 

the theoretical pre
ci ted experiment is 
distribution factors 

The measurements have taken place in a full-scale room - 8 x 6 x 4.6 m. A 
displacement ventilation system with 2 wall-mounted diffusers and 2 exhaust 
openings in the ceiling are installed, so that the room can be ventilated 
and different vertical temperature gradients created, if required. A pic
ture of the room is given in fig.2. 

Fig.2. Full-scale room with wall mounted diffusers, heat source and measu
rement equipment. 

The velocity measurements are carried out using a Dantec 54Nl0 low velocity 
multiflow analyser with Dantec 54R10 temperature compensated sphere probes. 
The temperature excess in the plume is measured with termocouples. 17 ve
locity probes and 17 termocouples are located in the flow. Additonal 33 
thermocouples are used to get information about the surrondings. 
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2.2. lxperiMDtal Procedures. 

In plume experiments large scale flow instability is often present. Rouse 
et al. (15) measure•ents show that the velocity and temperature profiles 
are symmetrical about the maximu•. Rouse et al. (15) and Mierzwinski (6) 
observed that the maxi•um value often occurs at a point situated away from 
the vertical centerline to the source. Popiolek (12) presents a measuring 
method and data processing which take the pluae axis wandering into 
account. In this paper it is called the extrapolation method: 

The extrapolation method. The probes are placed in a coordinate system - in 
this work 9 velocity probes and 9 termocouples on each axis. The co•mon 
probe or origin is located in the symaetry axis to the source. For each of 
the axes the temperature measurements are approximated by a Gaussian di
stribution curve. The symmetry axes of the 2 curves are found and thereby 
the position of the plume axis. Next the measuring points distances from 
the plume axis are calculated. On this basis it is possible to extrapolate 
the true temperature excess and velocity Gaussian curves. 

The vertical temperature gradient in the room is held at different values 
by changing the inlet temperature. Measurements without mechanical ventila
tion also have taken place. 

2.3. Calibration. 

In general the flow velocity and temperature excess in thermal plumes are 
small - often less than 0.10 m/s and 0.5 K, respectively. Velocit7. The ef
fect of the natural convection around the hot sphere of the velocity probe 
has to be taken into account, therefore calibration in vertical flow is 
carried out. Temperature. To eliminate the accuracy of cold junction tempe
rature stabilization as well as calibration accuracy the temperature excess 
in the plume are measured as a difference between temperatures in 2 points. 
Here the exact knowledge of the thermocouple sensitivity is essential. 

3. Jleaaurement Results and Discussion. 

3.1. Preli•inaey Remarks. 

The sampling time of measuring is 180 seconds. The treatment of the data is 
done using the extrapolation method. One single experiment has been perf or
med several times to make sure the reproducibility of the data and constant 
values obtained. If account were not taken to the axis wandering the axial 
velocity VM and temperature excess ATM would be lower and the width of the 
profiles Rv & Rr greather. The plume axis wandering observed is of the 
order 25 % Rr. 

3.2. Plume in Uniform Environment. 

The aim of this •easurement series is the experimental verification of the 
point heat source model. In general the flow in the plume above a heat so
urce propagating in environment without a vertical temperature gradient 
(dT/dx=O) can be divided into 3 zones as shown in fig.3., ref (7). The mod
el of a plume above a point heat source is characterized by flow in zone 3. 

In ventilated rooms environment with zero stratification very seldom 
occurs. During this measurement series the vertical temperature gradient 
dT/dx is less than 0.05 K/m in the measuring zone 0.75 to 3.50 m above the 
floor - the closest to uniform environment that is obtained. The heat sour
ce is concentrated - a 343 W dia 50 mm vertical tube with heating coils. 
The source is placed in mineral wool and the air is sucked through the 
source from below. The measurement results are shown in table 1. 



Vertical tube dia=50 .. h=150 .. Q=343W Recircl,flow G=Oa3/s n=Oh- 1 Ver.teap.grad. dT /dx= 0, 05 K/a 

Height above source x • 
Pluae Notice 

para.aeters 0.75 1.00 1. 25 1. 50 1. 75 2.00 2.25 2.50 2.75 3.00 3.25 

vM a/s .874 .607 .625 .624 .631 .615 .587 .572 .557 .535 ,517 Gaussian fit 
by aini-

Rv • .106 .154 .186 .207 .231 .254 .284 .309 .331 .367 .391 aizing a sua 
of .. quares 

ATM c 13.3 11.7 7.6 5.3 4.1 3,4 3.0 2.4 1.9 I. 5 1.3 

RT • .085 .099 .129 .164 .214 .2u .273 .284 .319 .354 .376 

ff w 195 187 206 208 241 240 232 223 210 202 191 Integral plu-

ae para.aeter 

v •3/s .031 .045 .068 .084 .106 .125 .149 .172 .192 .226 .249 values 

I kga/sz 16 16 25 31 40 46 52 59 64 73 77 

Ar .062 .162 .124 .095 .080 .076 .075 .075 .068 .066 ;065 

A .80 .64 .69 .79 .93 .95 .96 .92 .96 .96 .96 

• 281 96 125 125 94 95 94 112 112 117 124 Local approx-

i-tion by a 
p 440 233 261 200 HO 105 102 134 121 126 134 aodel of a 

pluae above a 

0: .050 .085 .074 .075 .086 .086 .086 .078 .078 .077 .075 point source 

Table 1. Measureaent results. 
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Zone 3, the zone of complete similarity: 
The flow is fully developed, the plume 
spreads linearly, the local Archi•edes 
number Ar and the ratio of temperature 
and velocity profiles widths l are con-

stant. ). = ( ~ ) 112 Ar = ~ +, 
m 

Zone 2, the intermediate zone: The plu•e 
is turbulent and axisymmetrical, the vel
ocity and te•perature distribution curves 
are of Gaussian type, the plume spreads 
non linearly, the local Archimedes number 
Ar and the ration of temperature and vel
ocity profiles widths l change, 

RT 
). = -

RV 
Zone 1, the boundary layer zone. Transi
tion from boundary layer to a plume form, 
laminar flow becomes turbulent. 

Fig.3. The flow regions in the plume above a heat source without vertical 
temperature gradient, dT/dx=O K/m, ref, (7). 

The flow in a plume above a point heat source is characterized by complete 
similarity. In the area x = 1.75 to 3.25 m constant ratio between the ve
locity and temperature excess widths is observed, the mean ratio is l = 
0.96. The velocity and temperature excess distribution factors in equation 
12 and 13 are: m = 110 and p = 115. The mean enthalpy flux H which equals 
the convective heat supplied is Qo = 221 W. 

3.Z.1. Axial Distribution. 

Width. The axial increase of the width is shown i fig.4. 

The measurements have taken place in: Zone 2, intermediate zone, where the 
plume spreads non-linearly and the ration ). of the temperature and velocity 
profiles changes. Zone 3, the region of complete flow similarity, where the 
plume spreads linearly and the ration ). between the velocity and 
temperature excess profiles is constant. The experimental temperature width 
values in zone 3 are reduced to a strait line by means of a least mean 
square method. Note that the widths do not become zero at the top of the 
heat source. In this case the virtual point of plume propagation is 
situated below the heat source, xo = -0.22 m. The strait line representing 
the velocity width values is drawn through the virtual point. The excess 
temperatur width spreads with an angle of 7.6 degrees. The spread of the 
velocity width is greather. 
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0.40 ZONE 1 ZONE 2 

0.30 
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Fig.4. Increase of plume width Rr & Rv. 

ZONE 3 

2.0 

o Rr 

• Ry 

3.0 x [mJ 

Velocit7. The velocity measurements do also indicate that the flow can be 
divided in regions: Zone 2 with acceleration and zone 3 with a velocity 
decay of the type v ~ (x-xo)k as shown in fig.5. 

1.0 

0.9 

0.8 

0.7 

0.6 

0.5 

0.4 

-~ 

1.0 

ZONE 2 

................ 
................ 

0 0 0 

, .5 

ZONE 3 

-·- eq . 12 

2.0 3.0 4.0 
x-x0 (m] 

Fig.5. Distribution of maximum mean velocity VH along the axis of the 
plume. 
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The power k = -1/3 as indicated in the similarity hypothesis is verified in 
zone 3. But the velocities are about 7 % lower than the values obtained by 
equation 12. The flow shows no disintegration tendencies. For the practical 
use it is worth mentioning that the flow up to x = 1.75 m (2.00m above the 
floor) still is in the intermediate zone, zone 2, where the flow cannot 
completely be described by the model of a plume above a point heat source. 

Excess Te•perature. 

Fig.6. shows that the mesured temperatures are close to the values given by 
equation 13. They are below the values given by equation 13, and the power 
is numerically greather than -5/3 as given by the similarity hypothesis. 
This may indicate the influence of the vertical temperature gradient, 
though it is very little, and it is further indicated by the fall in heat 
flux H in table 1. 

6.TMCKl 

15.0 

0 .\ 0 

ZONE 2 ZONE 3 

10.0 \ 
-·- eq.13 

9.0 
. . , 

. 
8.0 \ 
7.0 . 

\ I 6.0 . 
~. I 

5.0 

. 
4.0 I\. 
3.0 I '· I \. 

I o\. 
2.0 I ', 

I 
. 

1. 5 \ 

I 
., 
. 
\ 

1.0 .___.__.__.__.__._..__. __ _.._._ _ _.._ _ _.__....._........_ _ __, 

1.0 1.5 2.0 3.0 4.0 
x-x0 Cml 

Fig.6. Distribution of maximum mean temperature excess ATM along the axis 
of the plume. 
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Vol1111e flux. The volu•e flux V in the plume is found as the volu•e of the 
rotation Gaussian distribution function. Eq. 4, 12, • = 110 • p a 115 give: 

(16) V = 0.0051 Q~13 (x-x0 )
513 
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-·- eq.16 t 

I 

If 
;r 

o . I 
I I 

I I 

I I 
I I 

1.0 1.5 2.0 3.0 

Fig.7. Distribution of volume flux V 

I 

4.0 

x-x0 [m) 

z = nvMRV along the plume axis. 

The measurements show good aggrement with equation 16. The power 5/3 is. ob
served in both zones, though the flow in zone 2 does not fulfil other ele
ments of the flow in a plume above a point heat source. The explanation is 
that the width Rv of the velocity profile is greather than indicated by the 
strait line in fig.4, which compensates for the lower velocity v" in fig,5, 
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lllomentua Plux. Equation 5,12,13, .. 110 A ~115 
for the mo•entu• flux I: 

( 1 7 ) 
2/3 4/3 

I = O. 00043 Q
0 

(x-x
0

) 

give the following foraula 

The measurements show good aggrement with equation 17 in both zones. The 
explanation is the same as before. The slope in zone 3 is a litte smaller 
than 4/3. 

I [kg m/s2] 

0.080 

0.070 

0.060 

0.050 

0.040 

0.030 

0.020 

0.015 1· 

ZONE 2 

-·- eq. 17 

I 
I o 

lo 
lo 

ZONE 3 

0. 010 ..__......__.__._....._ ................. __ __.._ _ ___. _ __.. _ _.___._ _ ___, 

1.0 1.5 2.0 3.0 4.0 

x-x0 (m] 

Fig.8. Distribution of momentum flux I = ~npv=R~ 

3.2.2. Radial Distributions. 

along the plume axis. 

Mean velocit7 and te~perature excess profiles. As mentioned before the si
milarity in mean profiJ.es of velocity and temperature is reached at x = 
1.75 m. The spread of the velocity profile is greather than that of the 
temperature, A= Rr/Rv = 0.96 < 1. In table 2 the velocity and te•perature 
distribution factors m and p from equation 7 & 8 are compared with the re
sults from previous works. 

Rouse et al. (15) indicate as the only author that the spread of buoyancy 
is greather than that of momentum, p = 71 < m = 96 and A= 1.16. This re
sult may be influenced by the fact that Rouse et al. used a wane anemometer 
(3 cm dia) with a lower limit of 6 cm/s. The accuracy of such an instrument 
is less than those reported here. In contrast the results of other authors 
are coincident with the present results. This means it is more likely that 
the spread af momentum is at least equal or wider than that of thermal 
energy, p > m and A < 1. The profiles are compared in fig.9, 

I 
I 
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Velocity & te•perature distribution factors and instru•entation 

m p Author Instrumentation 

45? 45 Sch•idt 1941 (16) 1 HWA 

55 65 George 1977 (3) 1 HWA & 1 RT 

65 70 Nakago•e 1976 (11) 1 HWA & 1 RT 

80 Morton 1956 (8) 1 HWA 

96 71 Rouse 1952 (15) 1 VA & 1 TC 

110 115 Present work 17 HSA & 17 TC 

Abbreviations: HWA hot wire anemometer 
VA vane anemoneter 
ff SA hot sphere anemometer 
RT resistance thermometer 
TC thermocouple 

Table 2. Velocity and temperature distribution factors and instrumentation. 

v/vM ti. T/l!.T M 

1.00 r----------,,_,,....----------..1.00 
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/; 
Jf · It/ I: / 
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I' ! 1'/ / 

/ · : 1/ ! I. ,.· 
I I .... 

I · ! 
I I .... I . .: 

1/ / 
I · : 

I I / J. 
!/ 

I . 

·~ .,, 
\' ., \ 

\\ 
'·\. \ 
\\ \ 
·.· \ 
\ \ 
\ . \ 
\ \ · .. \ \\ \ 

.... \ · ..• \ 
"\ \ 

"·· \ '..\ \ 
"·\ \ 

· .. \ 1/ 
I · 1/ ---- Schmidt 

- ·-·- George 
"\ \ 

I I ... ........... Rouse 

Present profile 

.... \ 
··. · .. ·· .. 

0.75 

0.50 

0.25 

0.00 .__ ___ __._ ____ ....__ ___ ___,1 ____ ~ 0.00 
0.2 0.1 0.0 0.1 0.2 

Fig.9. Distribution of dimensionless mean velocity v/vH and mean tempera
ture excess AT I ATtt in a plume, 
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The results of the present work show more narrow profiles. The explanation 
is due to the measuring method and data processing, which take the plu•e 
axis wandering into account. George et al. (3) mention that the plume •aybe 
has not reached a fully developed state resulting in a larger angle of 
spread. The same thing could be present in the results of Rouse et al. (15) 
because they use a gas burner as source giving a long intermediate zone. 

3.2.3. Entrainment. The entrainment factor a based on a model of a plume 
above a point heat source is constant. In his si•ilarity analysis Popiolek 
(12) presents the following formula: 

(18) 

The entrainment factor a calculated by Morton (8) using data of several 
authors are consistent with the data shown in table 3. 

Entrainment factor: 5 -1/2 
a • 6 m 

Author: Schmidt George Nakago. Morton Rouse Pr.Work 

a . 0.124 0.112 0.103 0.093 0.085 0.080 . 
Table 3. The constant entrainment factor a in the model of a plume above 
a point heat source calculated on the base of results from several authors. 

The results are calculated using equation 18. The measuring method and data 
processing of the present work shows that the entrainment is smaller than 
previous assumptions. This is interesting, because the correct formulation 
of the entrainment factor is the closure of the integral method of plume 
calculation. More work has to be carried out in this field. 

3.3. Pl119es in stratified surroundings. 

The measurements have been carried out to evalute the effect on the flow by 
vertical temperature gradients and by ventilation in a room. In ventilated 
rooms complex vertical convection flow from extensive heat sources such as 
human bodies will occur. Mierzwinski (6) has investigated the plume above a 
human body: The flow is too complex and influenced by too many factors to 
be described by the model of a plume about a point heat source, but quasi 
Gaussian profiles have been observed 0.5 m above the head. Kofoed and 
Nielsen (5) reported that the entrainment in a thermal plume can be influ
enced by the surrounding walls. And many author show the importance of ver
tical temperature gradients, ref. (1,2,5,6,7,12,13,14,17,18). 

In general the flow in a plume above a heat source propagating in strati
fied surroundings is different from the one without stratification. A 
description af the flow is given in fig. 10., ref (7). 

3.3.1. Measurements. 

The source is a 1 m high black painted cylinder (dia 400mm) covered with 
plates in both ends directly placed on the floor as shown in fig.2. Inside 
the source 4 lamps are placed and the total power supplied is Q = 100 W. 
The source is equal to the one in Mundts project (10). The measurement 
results are shown in table 4,5 & 6. Table 4 represents a case without 
ventilation and a recirculation flow is present. Table 5 & 6 represent 
cases with displacement ventilation which could be expressed as a "co-flow" 
situation. 



Vertical cylinder dia=40o .. h=lOOO.. Q=lOOW Recircl.flow G=0•3/s n=Oh-1 Ver.temp.grad dT/dx=0.07 K/• 

Height above source x • 
Plu.e Notice 

parameters o.oo 0.25 o.50 0.75 1.00 1.25 1.50 r. 75 2.00 2.25 2.50 

VPf •Is .205 .247 .254 .258 .223 .203 .254 .236 .221 .202 Gaussian fit 
by •ini-

Rv • .164 .202 .221 .253 .282 .326 .336 .351 .383 .431 •izing a SUll 

of squares 
tm1 c 2.1 1.4 .95 .71 .so ,43 .36 .29 .25 .18 

RT • .155 .212 .240 .288 ,355 .388 .417 .460 .429 .432 

ff w 21 27 24 25 21 21 24 20 17 13 Inte1ral plu-

•e parameter 
v •3/s .011 .032 .039 .052 .056 .068 .090 .091 .102 .118 values 

I kp/s2 2.1 4,7 6.0 8.0 7.5 8.3 13.8 13.0 13.5 H.3 

Ar .279 .150 .109 .091 .095 .115 .062 .060 .065 .-064 

l .95 1.05 1.09 1.H 1.26 1.19 1.24 1.31 1.12 1.00 

• 7 16 27 32 20 17 t9 f2 66 108 Local approx-

i-tion by a 
p 8 15 23 25 12 12 32 24 53 107 model of a 

plu.e above a 
a .312 .206 .161 .147 .189 .203 .119 .129 .102 .080 point source 

Table 4. Heasure•ent results. 



Vert.cyl. dia=400- h=lOOO- Q=lOOW "Co-flow" G=0,00f2•3/s n=0.7h-1 Ver.t-p.grad. dT /dx= 0, 09 K/• 

Height above source x • 
Plume Notice 

parameters o.oo 0.25 0.50 0.75 1.00 1.25 I. 50 1. 75 2.00 2.25 2.50 

vH •/s .180 .254 .203 .238 .233 .210 .208 .174 .187 .168 Gaussian fit 
by •ini-

iv • .214 .205 .259 .297 .296 .380 .380 ,414 .472 .510 •izins a sum 
of squares 

Artt c 2.0 1.6 .82 .74 .58 .43 .31 .26 .25 .20 

RT • .198 .196 .305 .298 .336 .385 .564 • 713 .781 .612 

H w 29 31 25 30 25 25 24 22 29 19 Integral plu-- par-ter 
v •3/s .026 .034 .043 .066 .064 .095 .095 .094 .131 .137 values 

I kp/s2 2.8 5.1 5.2 9.4 9.0 12.0 12.0 9.8 14.8 13.8 

Ar .446 .174 .172 .130 .106 .124 .090 .120 .115 .121 

A .93 .95 1.18 1.00 1.13 1.01 1.48 1. 72 1.65 1.20 

• 3 18 8 26 24 27 11 4 5 15 Local approx-

i-tion by a 
p 4 19 6 26 18 27 5 l 2 10 llOdel of a 

plume above a 

a .479 .198 .299 .164 .171 .247 .443 .393 .218 .080 point source 

Table 5. Measurement results. 



Vert.cyl. dia=400 .. h=lOOO.. Q=lOOW "Co-flow" 

Heisht above source x 
Plume 

par-eters o.oo 0.25 0.50 0.75 1,00 

Vlt •/s .180 .221 .226 .200 

Rv • .203 .206 .215 .263 

~Tit c 1.6 1.1 ,75 .54 

Rt • .180 .204 .248 .319 

H w 20 20 17 17 

v •3/a .023 .029 .033 .043 

I kp/s2 2.4 3.8 4.f 5.1 

Ar .369 .160 .106 .us 

~ .88 .99 1.15 1.21 

• 5 18 22 15 

p 7 18 17 10 

a .361 .197 ,177 .218 

Table 6. Measurement results. 

G=0,0042•3/s n=0.7h-1 

• 
1.25 1.50 1.75 2.00 

.192 .204 .IH .159 

.292 .303 .360 .381 

.37 .29 .17 .16 

,404 .347 .508 .567 

15 12 9 10 

.052 .059 .067 .072 

6.0 7.2 6.6 6.9 

.097 .071 .077 .081 

1.38 1.15 1.u I.ft 

13 51 19 H 

7 39 9 6 

.232 .116 .193 .22f 

Ver.temp.grad. dT/dx=0.30 K/• 

Notice 
2.25 2.50 

.158 .119 Gaussian fit 
by •ini-

.363 .n8 •izin& a 8'9 

of square• 
.u .10 

.703 .SfO 

7 8 Integral plu-

•e par ... ter 
.065 .086 values 

6.2 6.1 

.054 .111 

l.9f 1.76 

11 f Local approx-
i-tion by a 

3 1 model of a 
plume above a 

.252 .430 point source 

.... 
en 
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The results show that the zone of complete similarity does not occur in any 
of the measure•ents independent of height. This is caused either by the way 
of generating the plume or by the environmental conditions. The velocity 
and temperature distribution factors m i p are below the values indicated 
in the model of a plume above a point heat source and the entrainment f ac
tor is larger. This means that the plume has a larger angle of spread and 
propagates with a lower velocity. 

dT/dx > 0 

Zone 3, zone of maximum plu•e rise: The 
maximum elevation is reached, the air 
flows out horizontally as a stratified 
layer. 

Zone 2, 
the case 
but the 

intermediate zone: As zone 2 in 
without stratification dT/dx=O, 
effect of stratification is 

significant. 

Zone 1, the boundary layer zone: As zone 
1 in the case without stratification 
dT/dx=O, the stratification affects the 
flow. 

Fig.10. The flow regions in the plume above a heat source, with vertical 
temperature gradient, dT/dx > 0 K/m, ref. (7). (Compare with fig.3.). 

In the case with little vertical temperature gradient dT/dx = 0.07 K/m and 
recirculating flow, table 4, it looks like the plume approaches the 
complete similarity at x = 2.50 m above the source (3.50 m above the 
floor), because the entrainment factor approaches the value a= 0.08 and 
the velocity arid distribution factors are greather than 100. This indicates 
that the intermediate zone is long and extends the height of a normal 
office room. 

In the case with the vertical temperature gradient dT/dx = 0.30 K/m and 
"co-flow" disintegration tendencies are shown, see table 6. The heat flux H 
and the temperature excess ~TM decrease fast. The velocity and temperature 
distribution factors m and p approach zero level and the entrainment factor 
a is often more than 2 times greather than the value a= 0.08. The results 
in table 5 show the same characteristics as in table 6. But it is not so 
clear because the vertical temperature gradient is less dT/dx = 0.09 K/m. 

Fig.11. and fig.12. show the flow rate in the thermal plumes as a function 
of the distance from the top of the heat source. The characteristics repor
ted are observed in more experiments with other heat source geometries, 
e.g. tubes and plates. 
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V [m 3/s] 
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Fig.11. Distribution of volume flux V = nvMRV along the plume axis. Recir-
culation flow and "co-flow" are compared. Table 4 & 5. 
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0.00 l..---L..-.1.---L..-.......___._ _ _.____. _ __,__,..__,__...____._ _ _..._______., _ __.___. 

-1.0 0.0 1.0 2.0 x [m) 

2 
Fig.12. Distribution of volume flux V = nvMRV along the plume axis. "Co-
flow", the effect of vertical temperature gradient is shown. Table 5 & 6. 
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Fig.11. shows the effect of the flow from the diffusers. In the case with 
recirculation flow the buoyancy in the plume is the main driving force of 
the total flow in the room. This is not the case when the entrain•ent is 
supported with flow fro• the diffusers. The flow rate will increase in this 
case, which is called "co-flow" in the tables and figures. 

The effect of the vertical temperature gradient dT/dx on the volume flux 
appears in fig.12. The flow rate V in the ther•al plume decreases when the 
vertical temperature gradient dT/dx increases. It must be emphasized that 
it is i•portant to relate the vertical te•perature gradient to the zone 
where the flow takes place. For the purpose of buoyant plume calculation by 
means of an integral method the exact distribution of the vertical 
temperature distribution in the surroundings is essential. In other 
experiments than those reported here total disintegration tendencies and 
horizontal flow are observed. In this case it is difficult to describe the 
flow. 

Conclusion. 

The model of a plume above a point heat source has been verified as a bor
der line case which only takes place when the flow propagates in surroun
dings without a vertical temperature gradient. The zone of complete simi
larity where the modelling is possible is found above an intermediate regi
on. The length of this region is dependent on the heat source geometry, 
and it is observed longer than the height of a normal office room. Due to 
the measuring method and data processing the width of the velocity and 
temperature excess profiles are found to be more narrowly than that 
observed by previous authors, and the entrainment factor is smaller. 
Even very small vertical temperature gradients make the modelling impos
sible. The entrainment factor strongly depends on the vertical temperature 
gradient. In the intermediate region the entrainment factor is greater than 
observed in the case without a vertical temperature gradient. The exact 
knowledge of the vertical temperature gradient is essential to predict the 
flow propagation due to its influence on the entrainment, e.g. in an inte
gral method of plume calculation. 
Since the flow from different heated bodies is individual full-scale measu
rements seem to be the only possible approach to obtain the volume flow in: 
thermal plumes in ventilated rooms. 
At the present moment the entrainment in thermal plumes influenced by 
enclosing walls is investigated. 
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