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THE EFFECT OF MOVING HEAT SOURCES UPON THE STR,ATIFICATION
IN ROOMS VENTILATED BY DISPLACEMENT VENTILATION

Mats Sandbcrg, Magnus Mansson
The National Swedish Institurc for Building Rcsca¡ch

Gävlc, Swcdcn

SUMMARY

Moving heat sources, c.g. people, arc pr€sent in rooms vcntilacd by displaccment ven-
tilæion. The findings rcported in this paper a¡e from a basic study whcre the cxpcri-
ments s,ctt ca¡ricd out in a physical modcl with waûcr as fluid" Waær was suprplicd at
the bottom of thc model along its whole wid¡h and $,as extractod at the top of the mo
del. Thc plumc flow was gcncratcd by a heat soruce that consistcd of a rod hcaær. This
hcat rcu¡ce crcaæd a nvo layer stratification with lightcr fluid floating abovc a
hcavicr layq. A stratified systcm like this has a natr¡¡al inærnal ftreqrrcncy and it is
known ¡bat wavcs can cxist at ¡hc inrcrfacc bctwccn rwo laycn of diffc,rcnt dcnsitics.

The rod hcatcr could be movcd back and fmth with a givcn snoke urd frequcncy with thc
aid of a mo¡o¡ drivcn bclt.

The following paramctcrs wcre va¡icd

Lcngth of the stroke of thc moving hcat sor¡¡ce

Thc frequency of thc heat source oscillation

Vcntilation flow reæ

Thc vcnical tcmpcr¿tut profilc w¡s rccordcd and thc flow patun wrs obscrrcd by
adding fluøcsccnt dyc illuminarcd by a checr of lascr lighr

Thc rcsults show th¡t thc su¡tificatior¡ msy bc affcctcd in scvcral ways by rnoving the
hcat sor¡rcc. Both lowcring of the inærfacc and sunding wavcs occu¡rud- It is thcrc-
fore suggestcd ¡o conduct rystcmatic expcriments in ñ¡ll scalc of rcsl rcoms.

* 6ir¡t
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THE EFFECT OF MOVING HEAT SOI,'RCES UFON THE STRATIFICATION
IN ROOMS VENTILATED BY DISPLACEMENT VENTILATION

Mats Sandbcrg, Magnus Mattsson
The National Swedish Institute for Building Resea¡ch

Gävle, Sweden

INTRODUCTION

STATEMENT OF THE PROBLEM

Figue I shows a skcrch of the expcrimental apparatus. In this papcr u,e will considcr
the dcnsity suatification indicated as typc a in Fig. l. The space is filled wirh two
layers of the same fluid but with different dcnsities. A laycr with lighrcr fluid is
floating on a laycr of hcavier fluid. Thc laycrs arc scparaæd by an inrcrface (inær-
nal boundary laycr) and the heat sor¡¡ce that crcatcs thc stratification is locatcd
below the inrcrface.
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Fig. l. Skcrch of the modcl with a moving hcat source

That is to say, at a given supply of vcntilation ai¡, the flow ¡atc gcneratcd by the
ance is bascd on conti-
Thc¡cforc a change in
bc due to a change in

flow ratc in the plumc flow ftrom the hcat source.

I-acuion of thc interface

The inærface is the inæmal boundary laycr at hcight 2",,, that dividcs the spacc

into two-zoncs. Onc lowcr zone with unidi¡cctional flow di¡Ëötfd upwards and an uppcr
recirculation zone. Continuity dictaæs that the intgrfacc occurs at the hcight whcre

*îå:ä"ffi"þf¿in 
thc flow gcncratcd by the heat source is cqual to the supplicd

qv = qp(zsay' (i)



Thicbuss of thc interface

The thickncss, ô, is controlled by a balance betwecn the thickcning due to molecula¡
diffusion and convcctive transport to the intcrface. The thickness is proportional to
(r is thc molecula¡ diffusiviry)

,ll2
Ò - (rcE) (2)
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whcrc t is thef'ru're dmc scale ovcr which the boundary laycr dcvclops.

Intcrfacial u/aves may be prescnt and affect the thickness of the inærfacc. The move-
ment of thc cylinder may changc this time scale and thercby changc thc thickness.
The pcrtincnt stability parametcr for the interfacc is the Riðhardson numbcr

o = 
ff 

based on the thiclness of the interface or rhe Richa¡dson numbcr, Rig,

based on thecheight (H - d) of rhe uppcr mixing zone (u. is the velocity of source).

Internal frequcncy

Figue 2 shows a box filled with':a'fluid consisting of two laycrs with differpnt dcnsi-
ties. If the inrcrface bctwecn the two laycrs is diso¡bed ryavcs arr produced.

z .!:"

I

Fig.2. A box filled with nvo laycn of a fluid
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After as¡uming irroutional motion, in each layer, continuity of prcssure acloss the

intcrface and linea¡iz¡d boundary conditions applied at z = 0 instead of at z = (, the

angular frequency lor the oscillation of the interface becomes

tn

û)=
D,D P¡

*..n (01- o2)

P,1

tangh( *,,,,nU) + tangh (km¡ (Hd))

(3)

wherc the wøverumberk ish'l

t 2 2xl[2
u'nr=[rft *tt"r, 

J

The possible wavelengths are

)
./rÇl'+ tþ'l

Tlrcperiodr of the wave is

t=h
ct m,n

Thc phase vclocity C - rük is a function of the wavcnumbcr so the wavc is dispenive
because wavcs of diffe¡ent lcngth propagatÊ at differ€nt spceds. Thc group vclocity
C, = âny'àk is cqual to half thc phasc vclocity.

\Vhen sodying the cffcct of a moving hcat source it is natu¡al to at first considcr thc
cffect of the movemcnt of a cold cylindcr. '

CoId cylitúer

Oscillation of a body in fsrm of a vcrtical circula¡ cylinder wi¡lt dianæter D is cha-
racteriscd by its strokc A and period of oscillation T. Thc mcan velocity of thc cy-
ändcr is cqr¡ai to ü ^ = 2Ãíî.

c
rii

rilhcn the relative flpw past a cold cylindcr is undcrgoing harmonic oseillation the
structu¡e of thc flow gensratcd dopcnds mainly on two paramcæn [3] :

T
m,n

2n
kD'l

(4)

(5)

(6)

Keugelan-Cørpentù rutnber which is the ratio (A/D) betwcen thc stnokciand thc
diameær of the cylindcr

'a

Stotæs number, S =U., , whcrc f =|i, tt" frequency of the cylindcroscillation
and v is the kincmatic'viscosiry of thë fluid.
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Heated cylinder

vy'e considcr the heat source as a source of buoyancy with specific buoyancy flux B:

1

l= 80P
oc'p

ryhere P is thc total power output from the cylinder, p is coeffrcient of thermal expan-
sion and cO is the specific heat at constant pressufe. 

r . ..,, ,

rùy'hen the cylinder is at r¿sr an axisymmetric plume is generated. The flow rate frorD an
axisyrnmetric plume is r ..

o = C(a)Bßzs.(8);
wherc C is a constant dependcnt on the cocffrcient of cntrainment, c.

Bascd on thc spccific buoyancy flux and the height h" of thc cylindcr one can dcrivc
thc following time scalc.

.1' :

B -h".t, 
r:' r

.; =h--- (9)
i: ''r " '' 

it takes for a fluid panicle to be ttans:
indcr. In ¡claúon to the pcriod of oscilla-

Fast oscillatiors ¡n rf, << I ¡

(7)[^r]
s

At fast oscillations thc sourcc is surroundcd
by the source. One can thcrpfore surmise the
bar with,lcngrh A. Long srrokes (A/D. >>,1)
The flow rate from z lirc sou¡ce with length A

q- = C'(a)Bß4232 :, , (lo).-P

For z < l0A the flow rate in an axisymmetric plumc is lcss than the flow from a linc
sor¡¡ce.
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Slow oscillatio¡s (Ttr\>> t)'c
At the combination of long strokes and slow oscillations therc is an inflow towa¡ds the

sou¡ce of non-heated ambient fluid. It is natu¡al to assume that induced flow rate, q/ì,

is proportional o the velocity ofthe sou¡ce times the horizontally projected arca. v

90= il.h.D (l l)

This amount of fluid is transportcd upwarrds along thc cylinder and a plumc flow is
established at the top. The plume is bent (see Fig. 3) by the ambient velocity U-. The
plume trajecory is gäverneá by the equatio c

dz =lU e2)dx-U
c

Afær some distance thc rising fluid loscs its connection with the sou¡ce which produc-

cd it and buoyant elements, thcrmals [4], are produced snd a bent over plume is csta-

blishcd. Thc cha¡actcristic lcngth scale, 2", for a bent over plume is

z _-B- (13)3-ç
c

This is ¡he thcrmal ris¿, i.e. the vertical distancc the plumc rises bcfore it is af-
fecæd by the ambient velocity.

The vertical velocity, W, in a twodimcnsional thermal is proponional to W - Z'rn.
Dimensional arguments give that the vertical flow rate becomes

%=c"qo e4* ØrzB) (14)

The effect of thc curvcd trajectory has not been considered in the above formula.

EXPER,IMENTAL RESULTS

The tcsts wcre canicd out in a modcl built of plexiglas and with a side length cqual
to L = 0.5 m. Figure I shows a skerch of the model.

Thc supply rcmperatr¡fc could be controlled very accurately by means of a microprocessor
based PD conÍollcr. The buoyancy was gcnerated by a hcat sou¡ce that consistcd of a
rod heaær (Height = 96 mm, Diameter (D) = 20 mm). The cxpcriments were ca¡ried out
within the following paramcter range (Rbis thc cylindcr Reynolds numbcr):

A/D =0 - 19.9, Ri =0.068 - 428, Ri' =0.61 - 2010, R5 =24G610, S = 1.52- 305
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GENERAL INFLT,IENCE ON THE STRATIFICATION

Figue 3 shows a scqucnce of phoos of a case where the stratification was affcctcd by
the movcment of thc. source. At fint cquilibrium conditions ar€ cstablishcd with the
source at.r€st. Whcn thc cylindcr starts to movc (A/D = 19.9) the dcnsiry discontinuity
bcgins to move downwards. As a"result two fronts arc dcveloped Onc front of warm
(light) fiuid movcs downwards into coldcr (hcavicr) fluid- A sccond ft,ont is formcd by
the plume that now canics coldcr (hcavicr) fluid upwards and a f¡ont of cold fluid is
forrned on the top of thc plume flow.

:i

ri
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Build up of upward moving front of heavier fluid (A/D = 19.9, T = 66 s,
a - lt ^-\Lþ - L I t,ttt)
Töp: Source at rest. Plume goes to the top of the enclosure
Centre: Source starts to move. Front is being formed
Bottom: Front has been established
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Figurc 4 shows a skctch ofhow the nno fronts a¡e dcvcloped.
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Moving short rylinder. Numerical simulation.
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Whcn the source is stopped a rtvcrse proccss is cstablished. The dcnsity discontinuiry
moves upwards entraining lighter (warmcr) fluid into the plume. Therefore thc plumc
flow now pcnetratcs the whole height and impinges upon the ceiling.

INFLI,JENCE ONTHE PLUME FLOW

Figure 6 shows lhe reco¡ded flow in the plume as a function of the height above the

source. The data was obtained by varying the supply flow rate 9., and obsening the

height of the centrre of density discontinuity (rel. (l)). The data ù.e given in Appcn-
dix 2.
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Fig. 6. Rccordcdplume flow vcrsus hcight P = 600 W, tE = 6.5 s

If one scts the induccd flow ¡atc as the flow rate at the top of the cylindcr the

measurcmcnts showcd that at long strokcs thc factorlin rcl. (ll) smountcd to 1.14.

Figurc 7 shows for long stnokcs (A/D = 19.9) the lowering of the interface 
", " ^*-tion of the sourcc oscillatton @uency.
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Frequency-Height diagram, P=600 W, long stroke (A/D=19.9)
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Fig.7 The height of the inrcrface as a function the oscillation fircquency of the
source. Long strrokes (A,q = 19.9). Constanr heat supply (p = 600 W).
9v = I room-volume/h, Ë = 6.5 t

The ¡elative change of height Âdld was proportional to Ri03s.

INFLTJENCE ON THE INTERFACE

Oscillation of tlu interlace

Appcndix 3 summarizcs thc resull The lcngth of thc sroke is me¿surcd to.,thc ccntc of
the heat souroe. The thcoretical wave pcriod is the pcriod calculaæd from (z) for the
values ofm and n corresponding to the obscrvcd wave.

Although the moving sou¡re is locatcd bclow thc i s a
coupling bcnvcen thc two layen. Hcncc oscillation of
thc source oscillation is closc to thc natural fte4ucn
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Fig. 8. Visualization of oscillating interface

The motion gsnsrated rep¡Esents standing waves oscillating vertically between fixed
nodes. Sloshing was generated in both di¡cctions and not only in thc direction of the
cylinder's movement. Figure 9 shows the type of standing waves that was obscrved when
looking perpcndicular to the direction of thc cylinder's movement.
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CONCLUSIONS

Depending on the vclocity of the heat (buoyancy) source a numbcr of plume flow t1',ps
are generated. At vcry low velocitics a;risymmetric plumcs ar€ gçncratcd. with insrpas-
ing velocity the plume bccomes bentover and at high velocities the flow is cntering
the wake of the cylindcr.

The movcmcnt of the sourcc influcnccd the stratificatiön in two ways.

lowering the interlace betwecn the lightcr and hcavier fluid. The lowering of thc
inte,rface occr¡rred in all cases with long sEokes. This is caused by an increase

of the flow ratc in the plumc. At a givcn cylinder stroke, a highcr"vclocity
(i.e. higher cylinder fre4uency) will lower the interface cvctì ûlort; 'Thc tests
with very short cylinder srokes indicaæd that if thc cylinder catchcs up with
some previously heated fluid the inærface will bc less lowercd.

Oscillation oî the interlace. Tlrc oscillations occur despite the fact that the
moving hcat soufce is locatcd bclow the inærface. Thc motion gcnerated rcprc-
scnts s¡anding wave oscillation bctween fixed nodes. Sloshing was generated in
both dircctions and not only in the direction of the source movcment. These os-

cillations occurred only for long stokcs and when the fre4uency of lhe sou¡ce was

closc to the sysæm fre4uency inroduccd by thc stratification. Thc mechanism
that gives risè to the óscillãtions is probably thc coupling bcnveen the two
layers that the'plumc flow introduces.
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APPENDD( T

conscrvation of heat within the volume,v(t), between the two fronts leads to a rate of
mearfl.tcmperaturc,.T, change (Notation, sce Fig. 4) within the volume:

t

[rtocowl=P+PcoguTrfcpAUdT, ] (1)

The rate of volume change is. cqual to .,

$¡-nCuo+uu) : e)

The downwa¡d moving front is caused by an increase of flowrate into the plumc whcrcas
the ùpwards moving front,is governed by rhe ner Eansport through ¡he model

U-- = q-,/A (3)u'v

Insening (9) into (l).and (2).(AT = T - Ts)

f,*=;& i*,or-rrruuor

frv=eu;*q" (5)

In ordcr to be able to solve thc cquation thc evolution of UU mustþknowl.

.il

': -'' .t



APPENDX 2 p¿ìrrimeters in Fig. 6
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APPENDIX 3

A
D

Oscillation of iqterface. Listing of experimental parameters

P = 6(X) Watr, { = 6.5 s, n=LD2roo-m-volurnes/h (Except AQVIO7)
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