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CONVECTION FLOWS IN ROOMS WITH TEMPERATURE GRADIE!
- THEORY AND MEASUREMENTS
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INTRODUCTION

Convection flows are the driving forces for displacement ventilation in transporti:
air within the room. The principle for displacement ventilation is to supply cool 2
low level in the room with a low velocity and exhaust the air at a high level in the
This implies that the lower part of the room will have a better air quality than the
part of the room since the polluted air is transported to the upper region.The flow
within the room is then of great interest as it tells up to which level the polluted
transported and how much air the convection flows are transporting as well as the r
with the surrounding air.

The base for the dimensioning of the displacement ventilation has so far mostly be:
scale experiments. The mechanism for the temperature gradient in the room a
coupling of the convection flows with this gradient has not yet been fully investigat

Some results concerning both these factors was presented in [1] and this paper pr
some more results concerning the convection flows. For the temperature gradient a
lified calculation model was earlier given [1, 2] which gives the temperature gradie
function of supply air/m? floor area. With this model the required amount of vent
air also can be calculated as a function of the cooling capacity for a specified grad
the room. The temperature difference between the supply air and the room air at a ¢
level can also be obtained.

For the convection flows, however, a simplified calculation method, which takes tl
dient in the room into account, has not been given so far. Many factors influencc

flows, the dimension of the source as well as the convective output from the sourc L
play a major role. The gradient in the room is also of great importance as the buoyz *

the flow is dependant on the temperature difference between the plume a
surrounding air at the same level.

Some earlier measurements have been reported by different authors. Reference [3]
a great influence of the temperature gradient on the flow above a heat source and pr
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results where the flow above a human being is reduced by 50% when the gradient is
increased to 1.5°C/m. Reference [4] also presents a great influence of the room temp-
erature gradient on the convection flow above a person. References [5,6] gives a minor
influence of the gradient on the flow above a heat source.

BACKGROUND

The basic integrated conservation equations for an axisymmetric turbulent plume in an
still environment are well known, see e g reference [7].

Continuity equation:
£l R= -
‘d[z =1 (.1(;‘“ oR
Momentum equation:
2.R2 &
dweRY) _ )5 0 ag, R2AZ
dz
Energy equation:
dwoAG,RY) _ d0m A1y, :
dz dz A2

Equations (1) - (3) are valid with the following assumptions
- the entrainment coefficient is proportional to the centre line velocity at the same height
- the profile of the mean vertical velocity and of the mean buoyancy force are of similar
form at all heights and can be described by a gaussian profile
The gaussian profiles are defined by:
w = wg-exp ~(r/R)? €Y
A8 = AB,exp (r/A-R)? (5)

For the plume in 2n environment without 2 gradient the buoyancy force, Fo is a constant.
If the velocity and the voiurme flux ar the source is zero the following sofution is coramed:

; 6)
6 5aG ;

R =

1/3 2/3 )]
I (A2+1)-F, - 213
2n 6-ag
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In2 g:B-A? (G-ag)

The flux in a plume of gaussian shape is:

A6, =

q= ﬂ‘Wo'Rz

The buoyancy force Fqcan be described by

a2
Fo=m-wyA0,R2-2-B- }‘2_+1= Pr-g-Bl(p-cp)

Equation (9) then gives, together with equations (6), (7) and (10) with data fc
normal room temperature

q = 5.5-P13-258 (1/s)

This is the well known formula for the volume flux from a point source. For a line
the following formula is given in the literature:

q = 14-Py1B3.2 (/s m)
Equation (11) and (12) are only valid in an environment without a temperature gra

For the case with a gradient in the room, reference [7] give an alternative solt
which the buoyancy force at the source and the temperature gradient in the room 2
to transform equations (1) to (3) to nondimensional form. The following transfor:
are used where F, is given by equation (10) and G = B-g(d68s0/dz). The temperat:
velocity field are assumed to have the same width (A=1).

-G *Z}

ar
niw

1
z=0.410-0g *Fqo

1 1 o

R=0819-0G%Fo “G “R;

W

1 1 1
i

wg=1158-ag Fq -G “wq;

PR T 1
P-g-AB, = 0.819-ag “Fo“G A6y,
equations (1)-(3) then transforms to
dmy _ dvd _ a1 _
dzy U az; =fim gy

where
mj =R12 woj vy =R wor f1=mj A6p;
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The numerical solution to these equations is given in reference (7] in the form of a table
for my, v; and f1, and in graphical form for R}, wo; and ABp; as a function of z;. In fig 1
the latter is shown, from which can be seen that the density difference ABp; vanishes at
27 = 2.125, but the velocity remains up to z; =2.8, which is the maximum height for the
plume.

The maximal height, as well the height where the temperature difference disappears, can
for a point source be calculated from equation (13), which for ag= 0.093 gives

Zden = 2.85Fo “G

Zmax = 3.76Fo -G

3 22
-3 :

(17 a,b)
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Fig 1. The relation between the nondimensional plume parameters, reference [7].

MODEL

With help of the solution in reference [7] the influence of a temperature gradient on the
convection flow can be studied.

Equation (9) together with equations (14) and (15) gives:

1

A . X 18)
q =7-1.158 -0.8192.ag >F, * !

G mj

If m, can be given as a function of z; the flow in the plume can be calculated when ag is
known. Fitting a polynom to m; as a function of z; gives a polynomial of third degree
with the regression coefficient R=1.
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m; = 0.004 + 0.039-z; +0.380-2;2 -0.062-z,?

The convection flow can then be calculated at different levels with equations (13
(18), for a given gradient and source output.

For extended flat sources, reference [7] gives an approximate method for the calcul.
of the virtual source location. It defines an effective radii where the velocity has decrc
to 1% of the maximal velocity and say that this radii equals the actual radii of the so
In this way, the radii of the source, R}, can be given as a function of R in the plume:

0.01w,=woexp -(Ry/R)2 = Ry= 2.146-R
With equation (6) the location of the virtual source can be calculated from:

5Ky
6-0-2.146

Zyirt =

For vertically extended surfaces it is here suggested to calculate the boundary layer
ness at the top of the source and add to the source radii. The boundary layer thickne
be calculated using the following formula, [8]:

1/4 N
5=1393. (”——’ +P°r'952) BGrrn.

where &= boundary layer thickness (m)
Pr= pcpli,
Gr= g-B-A6-23/v2

With data for air of normal temperature it follows

4 p—
5= 0.048~—\/ 2
A0

The calculation method with this model (for air of normal room temperature) can b
marised in the following steps:

1) Vertical extended sources: Calculate the boundary layer thickness §m
Horizontal sources: =0

4
5=00484 | =
\j A0

where z = height of source (m)
A6 = temperature difference source - surrounding (°C)
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MEASUREMENTS
2) Calculate the location of the virtual source

2, = 4.18:(Ry +6)

where Ry= source radii (m) The convective flows from different heat sources, common in offices, have been

sured in different laboratories. The project has been supported by some Scandin:
manufacturers of supply devices for displacement ventilation, which have made sor
the measurements in their own laboratories.

T Ty ST wetahrs 1 oes e sores Sxicglee
o = TREiz ~ c ERF L
where s = room gradient (°C/m)
Py = convective heat from the source (50% for extended sources; 80% for

lamps) (W)

. All measurements have been carried out under steady state conditions in rooms with «
* lacement ventilation and a temperature difference between supply and exhaust ai
enough to take away all excess heat produced within the room. The excess heat cons
; of the measured object and in some series of an extra radiator to increase the gradie
; the room. The dimensions of the test room was in most cases 3.6x3.6x2.7 m.
Four different objects have been tested in altogether six laboratories. The first o
objects was a simulator of a human being, made of 1 m ventilation duct with a dian
of 0.4 m. The duct was painted on the outside so the emission coefficient would be e
to that of a man and inside four 25 W bulbs were placed (100W). The second object
a desk lamp with a 60 W bulb, placed over the centre of a table. The table was place
the wall opposite the air inlet device. The third object tested was a fluorescent lamp
36 W placed over the above mentioned table. Finally some measurements were done
'a simulator of a personal computer made of aluminium with another box inside.
computer had a source of 75 W placed inside. The measured objects are shown in ¢
T

If 2.125 < z; < 2.8 the density difference has disappeared and the calculations a bit
uncertain; if z; > 2.8 the plume has reached its maximal height.

4) For different z; calculate
m; = 0.004 + 0.039-z; +0.380-z;2 -0.062-z;*
3 5

q= 2.38-sz-s i i-m1 (V/s)

In fig 2 the convection flows for different heat sources and different gf'adients are s!ngwn.
The curves end at the maximal height to which the plumes rise for different conditions.
As can be seen from the figure the influence of a gradient is minor at lower heights but
stronzh influonzes the mexima)l heishis for the plimes

The e Rased op refereece [T sitfogg? sore presooreices witth :z_v‘b:x bz oe
simple are made, gives an easy way to calculate the influence of a gradient on the

In order to obtain the flows above the objects the velocity and temperature profiles
convection flows and the height to which they rise.

measured at two perpendicular directions at different heights. The temperature gra:
in the room was also measured in several locations in the room as well as the supp!

exhaust air temperatures. The temperatures on all the surfaces in the room were rec
Convectlon flow (l/s)

1297 so that the convective heat output from the measured objects could be calculated.
] ! y
100 70 g A ] 0,125
70 W 1{5° lry :( ~
80 50 W 1.6°C 025
50 W 15°C/ ) ) L~ b~ E Lamp in center over the table
60 W -6"C$ng ol ) ¥ p O =Bub
L§°C r
“© il i %7 ~ 1y K= Themoconple Tuse
24 - 0.3 150 x 80 x70
i 025 Supply devier
20 Z = X B ool 07 ®
TN [foxs
g-—( - - v = —
0.0 0.5 1.0 1.5 2.0 boZ.S 3.(0) e
HesRRSboREstess I Fig3 Person simulator (100W) Fig4 Desk lamp (60W)

Fig2 Convection flow above a heat source with 30, 50 and 70 W and different
gradients, o = 0.093.
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T Table 1 Measurement results with person simulator
. Height
ab Ventilation Gradient above Convection w R
Licop ko conter over the table 03m E"&':’ﬁ';fmf“m flow source flow max
(1/s) (°C/m) (m) (1/s) (cm/s) | (m)
o Lab 1 20.8 0.6 0.1 23
«ARARRE" 04 2 19.5 0.23
05 0 x01m0 = o 038 35 207 | 023
= 1.2 46 194 0.27
122 3 iahe ~ a6 0.6 0.1 2
' l 0.4 35 16.4 0.26
) . 0.8 43 19.2 0.26
Fig 5 Fluorescent lamp (36 W) Fig 6 Personal computer simulator (75W) 1.2 60 16.6 0.34
41.6 1.5 0.1 21
0.4 27 17.2 0.22
i ; < . — 0.8 31 15.0 0.25
Tree veioemy Profiies wers To=asur=t Wi, ZSToTn=eT: T It Wpmaars Pros ¥= 12 17 78 026
thermocouples. The centre of the plume was found and a gaussian profile finted, by Lab 2 20.8 0.6 0.1 30
means of the least square method, to the measured values. Equation (9) could then be g.g 2(2) g;.g (0).1;46
used to calculate the convection flow at the measured heights. e s 538 o0
) . 416 0.6 0.1 35
For the first object three different situations were measured, two of them with the person 04 49 222 0.27
simulator as the only heat load and different ventilation flow rates and the third with an (1)3 % %ftli 832
extra heat load in the room in order to increase the gradient. Y3 3 55 = - :
. § g ) . 04 37 19.4 0.25
The other three objects were measured for four different situations, two different 08 43 188 027
ventilation flow mares with and withont the extra heat load. All the obiects gave a nice 1.2 34 11.5 0.31
sy Sae? Tome Zvee fer Zrwet M Tl T sy erees e \MJL 20.8 0.6 01 %
= - - N AP e gl - | 4 - b P
larcrarcries was rather big. This can cam be expimimed by the use of differemt ‘{; i - =
anemometers, but also these types of measurements are very difficult because of the low 12 a8 189 029
velocitics being measured. All the results however indicate the same growth of the 41.6 0.6 0.1 29
convection flows with height and the same influence of a gradient present in the room. 8: 40 18.6 0.26
_ 12 68 179 | 035
. 416 1.5 0.1 26
Person simulator 0.4 37 21.6 0.23
0.8 46 19.5 0.28
In table 1 the calculated convection flows, the centre velocities and the radii for the con- — i 5 12 37 7.1 0.40
vection plume are shown for the person simulator as well as the correlation coefficient for : 6 g:l ii 158 03
the gaussian fit of the velocity curves. For the lowest height the convection flows are 0.8 47 16.9 03
obtained by simply integrating the velocity profile, as the gaussian shape of the profiles Lab § 70 0.9 0.1 2
have not yet been developed at that height. As can be seen from the table the correlation g; ;ls }_772 gg(zl
coefficient is quite high at the lower levels but less good at the highest measured level. It 12 n 170 0.38
is also obvious that the ventilation flow and the gradient in the room both influence the 12 0.1 %
convection flows. An increased ventilation flow rate increases the convection flow and an 04 37 17.8 0.26
increased gradient in the room both influences the convection flow and the maximal 0.8 52 16.2 0.32
height for the plume. With a gradient of 1.5 °C/m the plume starts to disintegrate at 12m 2 —2 119 044
above the source.
In fig 7 the values calculated with the model are compared with all the measured values. disintegrated at this level with the higher gradient in the room. As can be seen from
The virtual source is from the model found to be at floor level. According to the model 1 the flows obtained at this level are rather uncertain, the correlation coefficients |
the maximum height of the plume is 1.2 m above the source when the gradient is 1.5 rather low. In fig 7 t.hc flows calculated with equation (11) are also shown, these |
*C/m. This agrees quite well with the results obtained here. The plumes are almost are calculated for a virtual source 1 m below the actual source.
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Fig 7 shows that the model gives a rather good approximation of the real flows and a
good hint of the height at which the plumes disintegrates.

In fig 8 the temperature difference between the plume and surroundings is shown at
different heights for the different gradients. The temperature profile is very interesting as
it shows that the plume remains rather unmixed with the surrounding air up to the plane
where it disintegrates. At the higher gradient, the plume has an undertemperature relative
the ambient at the higher levels. The buoyancy force is negative and the plume acts like a
jet with a limited reach.

For the higher gradient the temperature difference vanishes around 0.8 m above the

source. Equation (17) gives the relation between zgen/Zmax to be 0.76 which, with a zmax
of 1.2 m, gives zgen = 0.9. This computed result is quite close to the measured value.

Convection flow (Us)

Calculated with [model 50 W 0,4°Cim ¢
50 W 1,5°Qpe%
6 Calculated with t_l!:h_(l]} .’,c
40 - Z 2
- e “'-.‘
20 e
0 T —
0,0 0,5 1,0 1,5

Height n’bove source (m)

Fig 7. The measured convection flows over the person simulator, gradient 0.6°C/m full
lines and gradient 1.5°C/m dotted lines. Calculated convection flows with
model, thick full lines and with equation (11), thick dotted line.

Desk lamp

The measurements conducted on the desk lamp (fig 4) are shown in table 2. Fig 9 shows
a comparison between the convection flows above the lamp calculated from the
measurements as well as the flows calculated with the model and equation (11). The
location of the virtual source has been calculated in the same way as for the person
simulator. The radii for the lamp at the top is 2.5 cm, which gives the location of the
virtual source 10 cm below this edge.
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Temp. difl. plume-surrounding (°C)
3

Lab 3 gradient 0.6°C/im
—"— 0.1 m above source
- 0.4 m above source
==—*== 0.8 m above source
-—s— 12m lubove source

==+0-= (.1 m above source
=== 0.4 m above source
=== 0.8 m above source
—=#-= 1.2 m above source

gl iy
q¥w ™o
1in P
) :
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[

0 3
«33

r
[

b

.1 v - - ™ -
-0.6 -0.4 .02 0.0 0.2 0.4 0.6
Distance from centre of source (m)
Fig8 Temperature difference plume- surrounding at different levels. Ventilation flow
rate 41.6 l/s, gradient 0.6 *C/m and 1.5 *C/m.

According to the model the influence of a gradient for this case is negligible and the
maximum plume height is above the ceiling. From fig 9 it is evident that the flow is not
increasing 0.8 m above the source, which is equal to 0.4 m from the ceiling. The plume
is, however, not disintegrating in the way it did for the person simulator. The velocities
at this level are still quite high and the plume has a well defined gauss shape. The
influence of the ventilation flow rate on the convection flow noticed before was not
evident for this measured object.

Table 2. Measurement results with desk lamp.

Height

Lab Ventilation Gradient above Convection Wmax R C
flow source flow co

(1/s) (°C/m) (m) (I/s) (cm/s (m)
Lab 3 20.8 08 04 6 386 0.07 0
0.6 11 33.0 0.10 0
0.8 12 310 0.11 0
1.0 13 28.4 0.12 0
20.8 - 24 0.4 6 364 0.07 4]
0.5 7 334 0.08 0
0.6 10 30.1 0.11 0
0.8 13 25.3 0.12 0
41.6 0.8 0.4 5 31.1 0.07 (i
0.6 9 31.5 0.10 0
0.8 11 329 0.11 0
1.0 12 29.4 0.12 0
41.6 25 0.4 5 349 0.07 0
0.6 10 320 0.10 0
0.8 13 271 0.12 0
1.0 12 23.6 0.13 (!
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~ rgee—imy Yaw T

3;.
—a— 20,8Vs 0.8°C/m
—8— 41,6Vs 08°C/m
20
==-o--" 20815 24°C/m
=~=®-=* 4161s 2,5°C/m
10 = Model SO W
essssse: Equal.ion 1)
0 v ¥ ¥

0,6 0,8 1,0
Height above source (m)

Fig9 Convection flow over a desk lamp by different ventilation flow rates and
temperature gradients.

0,0 0,2 0,4

Fluorescent lamp

Th- messirements conducted on the fluorescent lamp (fie 5) are shown in table 3. This

7ot S imegryer roosond. syrmeicy. bur bas 10 be megraed i dre piwe. Gy gves
q =wo-R-‘\J1t

Table 3. Measurement results with fluorescent lamp.

Tl

Height . c
’ Lab f Ventilation Gradiest above Conmvection ¥mer R mr'lr'
flow soarce flow coeff.
(1/s) (°C/m) (m) (l/s) (cm/s) (m) -
4 m 78 0.08 ;
e “ 03 8.8 2 7.4 017 | 081
1 7 10.1 004 | 099
“ = 8.4 16 8.1 011 | 063
iy L a5 | 004 | 098
1 ; . i
il 4 04 8:2 25 19 | o012 | 099
0.7 27 102 | 015 069:
5 02 8 107 | 0.04 ;
46 . 03 14 9.8 008 | 098
0.4 15 9.6 009 | 091
0.5 17 9.5 010 | 097
06 21 16 016 | 098
7 g 2 007 | 099
4 16 X ;
08 03 o 73 105 | 012 | 099
0.8 25 9.2 015 | 099
03 1 105 | 006 | 099
208 H 04 15 104 008 | 095
0.5 18 9.0 011 | 097
06 21 78 015 | 099
0.8 0
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Convection flow (I/s,m)
40
—®— Lab10,3°C/m
30 —*— Lab30,4°C/m
~—O— Lab31,1°C/m, 20.
2 . ==O-- Labl1,0°C/m
z ==4-== 1ab31,1°C/m
- ==9=- Lab31,1°C/m,2C
10 N === Equation (12)
| =~
0 v T v v
0,0 0,2 0,4 0,6 0,8

Height above source (m)

Fig 10 Convection flow over a fluorescent lamp by different ventilation flow rates and
temperature gradients.

Table 3 shows that the convection flows could be measured m to 0.8 m for a low e
TOTISUIED Vaires of e convecuon Tiows are snown m Tig 10 together with the vz
calculated with equation (12), valid for a line source. The convective output from
lamp has been set to 80% of the total heat. The model could not be used for this case ¢
is only valid for a point source.

Personal computer simulator

These measurements were performed in two laboratories with different ventilation f}
rates. From table 4 can be seen that the difference between the two is quite large.

Table 4. Measurement results with personal computer simulator.

Height
Lab Ventilation Gradient above Convection Wmax R
flow source flow
(l/s) (°C/m) (m) (1/s) (cm/s) (m)
Lab 2 41.6 0.6 0.4 16 44 0.11
0.8 30 38 0.16
1.2 54 36 0.22
41.6 2.0 04 20 36 0.13
0.8 31 40 0.16
1.2 40 32 0.20
Lab § 70 0.7 04 30 27 0.19
0.8 47 26 0.24
1.2 63 25 0.28
70 1.5 04 25 27 0.17
0.8 45 26 0.24
1.2 64 22 031 |
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The flows measured in Lab 2 are smaller than the ones obtained in Lab 5. The results
conform with the results obtained for the person simulator at different ventilation flow

rates.

Fig 11 shows the measured convection flows as well as the one calculated with the model

and equation (11). The convective heat output is 50% of the total heat output.

Convection fMow (l/s)

80
. / —&— Lab20,6°C/m
60 = --@-- Lab22.0°C/m
: —o—  Lab50,7°C/m
z o -—®-- 1ab51,5°C/m
P 25 Model 0,7°C/m

40 ol el T LILILIL 1L ) MOdC] 1,5°C/I’n
! & 4 'i ====+ Model 2°C/m
g

s Ennation (11

b oA 1.0 VA
Height above source (m)
Fig 11 Convection flow over a personal computer simulntor by different ventilation
flow rates and teroperature gradients.

CONCLUSION AND SUMMARY

The convection flows above different heat sources measured in this project have not
shown the great dependence of the temperature gradient reported earlier. For extended
heat sources with low effects an influence of the ventilation air flow in the room has been
noticed.

The hitherto mostly used equations for the calculation of the convection flows valid in
rooms without a temperature gradient, give convection flows with greater increase with
height than measured here.

A model developed in this paper gives better values for the convection flows in the

presence of a temperature gradient. This model also gives a good approximation of the
height to which the plume rises.
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NOMENCLATURE

p = specific heat at constant pressure (J/(kg-K))

Fo = Pr-g-Bl(p-cp) = buoyancy force at the source (m?/s3)

g = acceleration of gravity (m/s2)

Py = convective effect (W)

q = volume flow (I/s, m3/s, m3/h)

R = radii of the plume (gaussian shape where the velocity equals e-1) (m)

r = distance from centre of plume (m)

s = gradient in the room (°C/m)

Wmax = calculated maximum velocity in the plume (cm/s)

Wo = centre velocity in the plume (cm/s, m/s)

z = height above source (m)

Zy = distance to virtual source (m)

a = entrainment coefficient



