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CONVECTION FLOWS IN ROOMS WITH TEMPERATURE GRADIET
. THEORY AND MEASUREMENTS

Eina¡esi lviunui
Departnrent of Building Services Engineering

Royal lrstitutc of Technology
Stockholm, SWEDEN

INTRODUCTION

Convection flows a¡e the driving forces for displacement ventilation in transporti'
ai¡ within the room. The principle for displacement ventilation is to supply cool a

low level in the room with a low velocity and cxhaust the air at a high level in the
This implies that the lower pan of the ¡oom will have a bener air quality than the
part of the room since the polluted air is transpo'rted to the upper region.The flow ¡
within the room is then of grcat intcr€st as it tells up to which lcvel the polluted
transponcd and how much ai¡ the convection flows are transporting ¡¡s well as the ¡r

with the surrounding air.

The base for the dimensioning of the displacernent ventilation has so far mostly be'

scale cxperimen¡s. The mechanism for the temperatrue gradient in the room a!

coupling of the convcction flows wi¡h this gradicnt has not yct becn fully investigat'

Some resuhs concerning both these factors was prcsented in [] and this paper pr

some mqe rcsults concerning ¡he convection flows. For the tÊmperature gradient a

lified calculation model was carlier given [, 2] which gives the temperaturc gradie

function of supply ai¡lm2 floor a¡ea. \Mith this model thc required amount of vent
ai¡ also can þ calculated as a function of the cooling capacity for a specified grad

the roon The temperatu¡e difrerence between the supply air and the room ai¡ at a t

ler¡el can also be obtained

For the convection flows, howcver, a sinplified calculation mett¡od, which ¡akes tl
dient in the room into accoun! has not been givcn so far. Many factors influencc
flows, the dimension of thc sourcc as well as the convectivc outPut from the sourc

play a major rolc. The gradient in the room is also of great irnporunce as the buoya

the flow is dcpcndant on the temperature difference between the plume ar

surrounding ai¡ at the same level.

Some earlier r¡easurcments have been reponed by difrercnt aulhors. Refercnce [3]
a g¡eat inllucncc of the rcmpcrature gradicnt on ¡hc flow above a heat rcurce and pr
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fesults wherc the flow above a human being is reduced by 50Vo when the gradient is

increased to 1.5'9m. 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 conscrvation equations for an axisymmetric tu¡bulent plume in an

still envi¡onment a¡e well known, see e g refercnce pl'

Cmdnuiry equatiuu

Momentum equation:

Energy equation:

*¿P- = 2.cc.x,o.R

d(woz'R2)
= 2'þ'g'Ã0o'R2'?e

dz

tt_ l

(2)

(3)

ry=-*. I1nz.no

Equations (l) - (3) a¡e valid with the following assumptions

- the enrainment coefEc e same height

- the profile of the mesn are of similar

fqr¡ at all heighs and

The gaussian proñles are defined by:

w = wo.exp -(rlR)2 (4)

A0 = Ago-ery {rl7'R}2 6)

F
Ir

o -6'ac , 
(6)

¡\-

.(À2+ I ).F"
wo=

2tt

U3
2-t13

(7)

wherc

mt =Rf nol vI = Rt wol

Ã00 t

h =mt Ã0ol
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or"=€b),,, (fti,, ,,,,
The flux in a plume of gaussian shape is:

4 = tt'wo'R2

The buoyancy force Fscan be described by

F o = r.wo-Ã0o.n2.g.p. h= 
p*-e.þl(p'cp)

Equation (9) then gives, together with equaÉons (6), (7) and (10) with data f<'

no¡mal room temperatur€

q = J.J.prtß.zsß (lls)

This is the well l¡own formula for the volume flux fro'm a point source. For a line
the following fømula is given in the lite¡ature:

q - l4'P Ltß'z (Vs m¡

Equation (l l) and (12) a¡e only valid in an cnviron¡nent without a temperaturc gra

For the case with a gradicnt in the room, refcrence [7] give an alternative soh
which the buoyancy force at the source and the tcmperature gradient in the ¡oom a

to transform equations (l) !o (3) to nondimcnsional fomr. The following ransfon
a¡e used where Fs is givcn by cquation (10) and Ç =p.g(dù.ldz). The temperat,

velocity ñeld a¡e assumed ¡o havc the samc width (t'=l).

It3
z = o.4lo.cc '.F o'.G 

- i.r 
1

tl3
R = 0.819.ac '.F o'-G '.R t

ltl

*o = 1-158-cc- i-Fo :'G ¡'-o 
,

t
þ'g'A0o = 0'819'øc ''Fo''G

equations (l)-(3) then tra¡rsforms to

=h mI=vl
d^L
dzt

M
dzt

dft
ü=-^t
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The numerical solution Ìo thesc cquaúons is given in refercnce [7) in the form of a table

lorml,vTandfl,andingraphicalform lorR1,wg¡ andA0olasafuncúonof z¡'Infig I

rhe latter is shown, from which can be seen that the densiry difference a0¿¡ vanishes at

zI =2.125,but the velocity remains up lo z7 =l.¿,which is the maximum height for the

plume.

The maximal height, as well the height where the tempenrture difference disapPears, can

for a point source be calculaæd from equation (13)' which for a6= 0'093 givcs

r 3 ! -¿
zm.x= 3.76.Foi'G 

- i z¿"n= 2.85'Foa'G t (tZ a'U)

I
¡

2

0
-t o I 2 t a

Rt ,*ot ,05 a0 o,

Fig l. The relation betwecn the nondinrcnsional plurne parametcrs, rcference [7].

MODEL

With help of the solution in refercncc Fl thc influcnce of a tcmperature gadient on the

convecúon flow can be sn¡died.

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

L r- -5-
q = Í.Ll58 '0.8192'ac ''Fo''G r'

(18)
mI

If m1 canbe given as a function of z¡ the flow in rhe plume can be calculated when øc is

known. Fitting a polynom to tU as a funAion of z¡ gives a polynomial of third degree

with the regression coeffrcient R=1.
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m¡ = Q.Q(þ + O.O39.21 +0.380.2¡r -O.062-z1t

The convection flow can then bc calculated at differÊnt levels with equations (13
(18), for a givcn gradient and source output.

For extended flat sources, reference [7] gives an approximate method for the calcul,
of the vinual souce location. It deñnes an effective radü whcrc the velocity has decre

to l7o of the maximal velocity and say that this ¡adü equals the actual radii of the so

In this way, the radü of the source, Rr, can be given as a function of R in the plume:

0.0lwo= wo.exp -(RilR)2 + Rt= 2.146.R

Vy'ith equation (6) the location of the virn¡al sor¡rce can be c¿lculaæd from:

avu, -
5'R ¡

6.s.2.146

For vertically cxtended sr¡rfaces it is here suggcsted to calculate the boundary layer
ness at Ùre ¡op of the sor¡rce and add to thc soucc radü. The bouttd¡¡y layer thicbre
be c¿lculatcd using the following formula" [8]:

6 = 3.93 lo .(Gr.pr)-'|{.,

wherc f = boundary layer thickness (m)
p¡ = ¡t cplLa

Gr= g-þ-Ae.ztlvz

With data for airof normal teanperaturc it follows

ô= o.o4s.^4/z
Y¿O

The calculation mcthod with this model (fcr air of norrnal roøn æmperanue) can b
Eariscd in ¡he following stcps:

l) Vertical exanded so¡¡¡ccs: C-alculaæ the boundary layer thiclness ôm

Horizontal sources: ô= 0
4r-

6=0.(X8.<la
Y¿O

where z = height of source (m)

¿0 = tcttpemtlJlE diffeænce sotEce - sr¡rrounding (oC)
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2) Calculate the location of the virn¡al source

z' = 4.18'(Rt +ô)

where R¡ = source radü (m)

= --.= ?:¡. -:È$: år- åe æ::lsiae:.-
:,' ::.K"ú - --,ì'a*Fr-lE

where s = roour gnditrn ("Cb)
pr = convõtive heat from the sor¡rce (507o for extended sorüces; 807o for

lamPs) (W)

ß 2.125 < z1 < 2.8 rhe density diffcrence has disappeared and the calculations a bit

uncenain: rf z1> 2.8 the plume has rcached is maximal heigþt'

4) For different z/ calculate

m¡ = Q.Q(þ + 0.039'z¡ +0.380'zr2 'O.O62'zf
l5

q -- 2.38'P ¡a's lmr (Vs)

In fig gradients arc shown'

The c different conditions'

As ca at lower heights but

.srtrrç!. influm-s th¡-m¡xim¡l hiåthts fcr ¡ttr Dltrrpt

i\ nri:i Èìùsf crt Ëf:r:8l' f:l ¡¡ec'qÉÊ s(G' tËssE<'icts s':'ict -y ir r ti: ¡at'

sirrrple are made, gives sn crsy rvay ¡o calcul¡te the influcnce of a gradient on the

convection flows and the height to which they dsc.

Conrællon ftor (l/s)

1.5 2.O 2.5 3.0
Eelght ebovc rourcc (rn)

Fig2 Convection flow abovc a heat sou¡cc wiù 30' 50 and 70 W and different

gradicnts, a = 0.093.
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MEASUREMENTS

The convective flows f¡om different heat sou¡ces, coûlmon in ofñces, have been
su¡ed in different laboratories. The project has bcen supported by some Scandinr
manufacturcrs of supply devices for displaccmcnt ventilation, which have made sor
the measurements in their own labøatories.

. All measr¡rernents have been carried out under steady sate conditions in rooms with ,

I lacement ventilation and a temperature difference between supply and exhausr 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 tesr ¡oom was in mosr çases 3.6x3.6x2.7 m.
i;

For¡r diffcrcnt objecs have been tested in altogether six laboratories. The first o
objecS was a simulator of a human bcing, ma¡ts of I m vcntilation 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 (100\lD. The second objecr
a desk laurp witl¡ a 60 W bulb, placed over ¡he centre of a table. The rable was place
the wall opposite the air inlet device. The rhird object tested was a fluorcscenr lamp
36 V/ placed over the above mentioned table. Finally sonr measurcments werc done
a simulator of a personal computer made of aluminium with another box inside.
coqrutcr had a sor¡cc of 75 \V placcd inside. The mcasu¡ed objeca a¡e shown in I
Ì

In o¡der to obtain the flows above ¡he objecs the velocity and tempcf,atur€ profiles
measu¡ed at two pcrpcndicr¡la¡ di¡ections at diffcrrnr heighs. The æmperanre gra,
in the ¡oom was also measr¡red in scveral locations in thc room as well as the suppì
exhaust air æmpcratures. The rcmpcranrrcs on all the surfaces in the room were rec
so that the convective hear ouput Êom the æ¿sr¡red objecs could be catculate¿

Lqbæært r.lÈ

O=¡s¡u

)(=nm*¡c LbL
ll, ¡ t! ¡?0

sçptyeK
0,7

0,125

0¡5

0¿5

o2s

0,t 25

Fig 3 Person simulator (lü)W)

.rl

Fig 4 Dcsk lamp (60til)
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Fig 5 Ftucnescentt.rT (36 W) Fig 6 Pcrsooal cmputcr simnlatcr (75W)

Tr¿ v.,nrq
thermocoup
means of th
used to calculate the convection flow at the mcasured heights'

For tlre first object thrce diffc¡ent si¡¡ations wcre measured, two of them with the person

simulator as the only heat load and different ventilation flow rates and the third with an

extra heat load in ttre room in o¡der to insrease the gradient

The othe¡ three objccts wcre mcasu¡cd for four diffcrent situations, two different
vendladon flou.ra¡es ç,'itb ¡nd qùbom thc exr¡a heal loa¿ All rhe objecS gave a nice

êñãææátteæ-4*É¿:*tutu
lsðcr¡¡cries
a.tìenlonreaers
vclocitics bc
convoction flows with height and ¡l¡e samc inlluencl of a gradicnt prcsent in the room.

Person simulator

In table I the celculatcd convection flows, the centne velocities and the radii for the con-

convection flows. An increascd vcntilation flowrare incrcascs the convection flow and an

increased gradient in the ¡oom both influences the convection flow and the maximal

height for the plumc. Sy'ith a gradicnt of 1.5 "Clm thc plume starts to disintegrate ât l-2 m

above the sol¡rce.

lnfig7 the valucs calculatcd wittr the modcl are compared with all the mcasured values.

me vim¡¡ source is from the modcl found to be at floor level. According to the model

the maximum height of the plume is 1.2 m abovc the source when the gradient is l-5
'C/m. This agrecs quite well with the rcsults obtained here. The plumes a¡e almosl

=4

R

(m)

0.23
o-23
o 7,7

0.26
0.2ß
ou

o.22
o.25
o-26

0.24
0.26
0.30

0.27
0.30
o-34

o.25
0-27
0.31

r7.8
t7.6
l?0

l?.8
t6.2
Il-9

r5.8
r6-9

l7s

18.6

2r.6
19.5
11

19.4
r8.8
Ir-5

v ¡ar

lcm/s)

19.5
20.7
r9.4

t6-4
t9.2
166

t7.2
15.0
7-8

2t.8
23.8
23.5

22.2
22.8
21,1

n
5l
fi
n
b
37
52
't7,

32
4
A1

t)
40

68
26
37
6
37

D
37
43
4

Convection
flow
(t/s)

23
32
35
46
u
35
43
60
2l
n
3l
11

æ
,()
52
6t6

35
49
62
76

0.1
0.4
0.E
t-2

0.1
0.4
0.8
0.¡
0.4
0.8
t-2

0.1
0.4
0.8
1,7

0.r
0.4
0.E
l^2

0.1
0.4
0.8
17

Height
¡bovc
soúfce

(m)

0.1
0.4
0.8
l-2
0.1
OA
0.8
1.2

0.1
0.4
0.8
t-2
0.1
0.4
0.8
17
o.l
0.4
0.8
t2

0.9

t.2

t.5

0.ó

0.6

0.6

0.6

1.5

0.ó

0.6

1.5

Gr¡die¡t

l"C/m)

?0

41.6

2n.8

4t.6

Vcntil¡tion
flow
(l/s)
20.8

41.6

4t-6

20.E

41.6

41.6

L¡b 5

Lrù 4

L¡b

Lsb I

L¡b 2
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Table I Measurcment resuls with pcrson simulator

disinægratcd at this level with the highcr gradicnt in the room- As can be secn from
I the flows obtained at this level a¡e ¡alher unccrtain, lhe corclation coefÍrcients I

¡ather low. ln Írg7 the flows calculated with equation (l l) a¡e also shown, these I

arc c¿lcularcd fø a vir¡¡al source I m below the acn¡al source'

u
f
q.
48

a¿
II t=

o.23
0.28

0.30
0.32

026
0.32

0.26

0.3
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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 heighs 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 disinægratcs. At the highcr gradient, the plume has an undertcmperature relative

the ambient at the higher levels. The buoyancy force is negative and the plume acts like a

jet witlr a limitedreach.

For the higher gradient the temperature difference vanishes a¡ound 0.8 m above the

source. Equation (17) gives the relation bctween zôe/zmaxto be 0.76 which, with a znr¿.

of 1.2 m, gives z¿s¡ - 0.9. This computed resr¡lt is quite close to the measu¡ed value-

Convectio¡ flow (Us)

FigT

0,0 0,5 l,o 1,5
Hcight ebovc ¡ource (m)

The measr¡red convection flows orrer the pcrson simulaor, gradient 0.6'9m full
lines and gradient 1.5'C¡tn doned lincs. Calculated convection flows with
model, thick full lines and with aquation (ll), thick doned line.

Desk lamp

The measu¡emcnts conducted on the desk lamp (frg  ) ale shourn in table 2. Fig 9 shows

a comp¡rrison between the convcction flows above the lamp calculated from the

measu¡ements as $,ell as thc flows calculated with the model and equation (ll). The

location of the vinual sourcc has bccn calculatcd in the same way as for the person

simulator. Thc radii for the lamp at the top is 2.5 cm, which gives the location of the

virtr¡al sor¡ce l0 cm bclow this edge.

EO

60

,|(l

20

0

50w
50w

'c-4*'-

C¡lcul¡l.d

C¡lculst.d
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T.Dp. dln p¡ED.-¡unouDdl¡B (oC)

lrb 3 mdimt 0.6"C/m

- u-t mlæveslre

- 

0.4mrbovesoùæ
- u.ömlævcsuæ+ l.2mrbovcþuæ

l¡b 3 Srrdiat lJ'Clm
- '+ ' 0.1 m rbovc sowæ
--- 0.4m¡bovcþue
--- 0.8m¡bovctouæ
-+' l2m¡bovc¡ore

.t
-0.6 .0.¿¡ -O.2 0.0 O.2 0.¡l 0.6

I)lst¡ncc frcD GGDF. of þuR. (D)

Fig I Ter¡pcr¿n¡rc difference plurne- swrounding at diff€rent levels. Ventilation flow
rate 41.6 Vs, gradient 0.6 '9m and 1.5 'Om.

According ro the model thc influcnce of a gradicnt for this case is negligible and the
maximum plume height is above the cciling. From frg 9 it is evident that the flow is not
incteasing 0.8 m above the source, q,hich is equal to 0.4 m from the ceiling. The plume
is, however, not disintcgnting in the way it did for the psrson simulator. The velocities
at this level a¡e still quite high and the plume has a well defined gauss shape. The
influence of the ventilation flow rate on the convection flow noticcd bcfore was not
evident for this measured objcct

Table 2. Measu¡ement rezults with desk lamp.

c
co

0
0
0

0
0
0

0
0
0

0
0

H-Às'.2i
Y

á'
T
!

A
ú
,
t

gtci
Þl-,

/

4¡ç

o.o7
0.10
0.t r
0.12
0.07
0.10
0.t2
o-r1

À

0.10
0.1¡
o.r2
0.07
0.08
0.1I
o-r2

vsz¡

lcm/s)
38.6
33.0
31.0
2ß.4

36.4
33.4
30.1
25-1
3l.l
31.5
32.9
29-4
34.9
32.O
27.r
2f -6

6
ll
t2
t1

Convcction
flow
(l/s)

6
7
t0
l3
5
9
ll
t2
5
l0
l3
12

0.6
0.t
lo

(n)
0.4

Hc¡ght
¡bovc
3l,urcc

0.4
0.5
0.6
o-8

0.4
0.6
0.8
l-o
0.4
0.6
0.8
l-o

2-4

0.8

2.5

20.8

Yc¡tll¡tio¡
flos
(l/s)

4t-6

2þ.8

41.ó

L¡b

tlb3
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20,8 Us 0,8"C/m
41,6 Vs 0,8"C/m

20,8 Vs 2.a'Cfn
4t,6Us 2,5"Clm

Model 50W
Eqr¡ation (ll)

o'o o'2 o'4 
"&!60, "oo9¿troo.".tiL)

Fig 9 Convection flow over a desk lamp by different ventilation flow rates and

temperamrc gndicns.

Fluorescenl lamp

Tb:-æssrt-qrlo¡s¡@dültrd trr:b=-f,¡¡tæsccntl.urt (fiS 5ì Ee Shown in fable 3.This

--"r- -e:= !iæ: øt:=ç--æzø'sæ :ã-r::lrælra=æ'==.
:t-r - rnæ¡rci røt6[qrmc+È¿ ãu ùas ¡r Èe uçgæi a ûÊ Fiæ, ãÈ -:ivts

4 = wo'R'lrl ¡¡

Tsble -?. À{ersurerrr¡t rcsults n'ith fluorcscut lamp.
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Co¡vection flow (l/s,m)
¿u)

3t)

20

r0

0

.J4-/.

*
'Éa

-r

-

I¿b 10,3tlm
l¡b 3 0,4q9m
L¡b 3 ¡,l'C/Tn,20.

kb I 1,0'C/m
Lâb 3 I,l "C/tn
låb 3 I,l "Clm,ZC

Equation (12)

0,0 0r2 0r4 016 ¡rt
Hcigbt ebovc sourcc (m)

Fig 10 c-onvection flow ovcr a fluoresccnt lî¡lF by diffcrent vcntilation flow rates and
temPeratlfe g¡adicnts.

Personal computer s¡mutator

These measuremcnts werc pcrformed in two labo¡arøics with diffcrent ventilation fl
ratcs- From table 4 can be sccn rl¡ar the diffcrence betwecn the two is quite large.

Table 4. Measurerrcntrcsuls with personal computer simulatq

tr

(m)

0.1¡
0.16
0.22
0.13
0.16
o.20
0.r9
0.u
o-28
0.17
0.u
0.31

vsax
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44
38
?(,
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32
27
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The flows measured in l-ab 2 a¡e smaller than the ones obtained in Lab 5. The results

conforrn with the results obtained for the penon simulator at differcnt ventilation flow

rates

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

and equation (11). The convective heat ouçut is 507o of the total heat ouçut.

Convection flow (l/s)
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NOMENCLATURE
The convection flows above different heat soufces measu¡ed in this project have not

shown the great dependence of the temPeran¡re gradient rePoned ea¡lier. For extended

heat sourcei with low effects an influence of the ventilation ai¡ flow in the room has been

noticed.

The hirherto mosdy used equations for the calculation of the convection flows valid in

rooms without a temPeranrre gradient, give convection flows with greater increase *'ith
height than measu¡ed here.

A nrodel developed in this pa¡rcr 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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= specific heat at constant pressure (J/(kg'K))

= Pr-g-þl(p-cp) = buoyancy fo¡ce at the source (ma¡53¡

= acceleration of graviry (m/s2)

= convective etrect (w)
= volume flow (Vs. m3/s, m3/h)

= r¿dii of thc plume (gaussian shapc where the velocity equals e-l) (m)

= distance frorn cenre of plurne (m)

= gradient in the roorn ("Cfui)

= calculated maximum velocity in the plurne (cm/s)

= centre velociry in the plume (cry's, m/s)
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= distance tovift¡al rcurce (m)

= entrainû¡ent coeffi cient
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