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COIIpUTATION OF AIR FLOW AND CONVECTM HEAT TRANSFER I,IITI{IN SPACE-CONDITIONED' RECTANGULAR

ENCLOSURES.

F. ÀLAI'ÍDARI' G.P. ITAMMOND and W.S. MOHAMMAD

Applted Energy Group, School of Mechanlcal Englneerlng, Cranfleld lnstlEute of Technology, Bedford

MK43 oAL, U.K.

Computer slnulatlons are reported of the airflow and convectlve heat
excñange wlthln a ltarm-ai; heated, rectangular (three-dimenslonal )

enclosure for r¡hlch buoyancy effects are slgniflcant. Enphasls !s placed
on meetlng Ehe needs of bulldlng t.hermal slnulatlon programs for accurate
lnpu! data on convectlve heat Eransfer. The computatl-ons are perforned
usìng the rlnternediate-1evelr convectl-on model of Àlandarl and Hannond

(198i)r and a recently developed high-leve1 re11lpÈfcr finlte-donain flow
oode1. Comparlsons are also nade wlth the desfgn recommendatlons given
fn some of the establlshed gufdes. These alternaE.lve calculatlon úethods
are assesaed fn terrns of the balance they provide between accuracy and

economy.

TNTRODUCTION

It has been estlnared that builrtlng servlces account for about 40-50 per cent of prlnary energy

consumpELon ln lndustrlallsed countrles (Carrol1 (l)). The need for efflclent use of energy 1n

bulldings ls Èherefore obvlously lmportant, partlcularly when vlewed againsE a background of
depleting oil and gas reserves. In order to develop reallstic nethods for the energy-conscLous

design of buildings, it is necessary Eo simulete Èhe dynanic t.hermal response of the system

(Cfa-rte (2), Day (á) ana Wiltshlre (4)). Thls requires quiEe sophlstlcated computaElonal
techniques, and has led to an enphasis being placed on nodelllng Ehe translent performance of Ehe

bullding fabric. In contrasÈ, the air flow and convecEive heat exchange ln and around Èhe

"tr.r"t,rt" 
are slmulated using only rough approximaÈlons' Indeed' a survey of the neqt generatl-on

of builiting Ehermal models for the InEernaEional Energy Agency (Irvlng (5)) concluded that their
accuracy is presently llmited by uncerEalnties ln t.he lnput datar partlcularly for alr
lnffltraÈlon and convectlve heat transfer raÈes'

In order to obEaln Lmproved ways of deterninlng convecElve heat transfer data approprlate Eo the

needs of bulldtng therúal slmulatlon prograDs, a hlerarchy of lnteractlng and lnterdependenE

calculatlon methods have been developed by the authors and their co-vtorkers (see' for exanpLe,

Àlandari et al (6)). These were orlginally developed for mechanlcally-ventllated enclosures, such

as warm-aLr heat.ed roorns or aLr-conditioned offlces, ln which thetforcedrconvecElve notlon
induced by Ehe air supply -ieE predominaÈes. The calcu1âE1on nethods Uhemselves ranged from
r lower-1eve1 t approaches , {-ncludlng analytical solutions and elaborate daEa correlations for
llniting câses, to Ehe developmenE of a rhlgh-leve1t flow model thaE solves a discreEized form of
fhe governing partlal dlfferenElal equatl,ons for uhe complex, leE-lnduced room airflow' Both the

hlgher and lower-1eve1 nodels have been used to develop and verlfy an tlntermediate-leve1t

.orprra". code (A1amdar1 and Hanmond (7)), which formed the basls for generaElng lnput convecEive

heat transfer data for dynaruic building models. This code' known as the ROOM-CHT (noom qonv9991ve

Heat Transfer) program, appears to offer the best Prospect of úeetlng the needs for bulldlng
thermal s{mulagfon l-n Eerms of accuracy, economy and user friendllness (6 and 7). The success of
this aporoach led to the developnent of an analogous lnEermedlate-1eve1 compurer code for
wl-nd-índuced, external convecEion from bufldings (6)'

The lnterrelaElonshlp betr.reen rhe varlous calculaEion meEhods developed by the auEhors for
compuEing convection data 1s ll1usrratêd by the schenaElc diagran shown ln Flgure l' The

classlficatlon scheme arlopterl for differenr 'Ievelst vras lntended Eo reflect the potentlâl
generality of their range of appllcaElon, rather than Ehelr sclentiflc sophisticaElon (see (6) for
a fuller explanâElon of th" cholce of cerrns). The lueracfve process of developing and verifylng
LnEermedlate-level methods ls represenced in Figure I by rhe blocks wlchln the dashed line' Both

experlmental daEa, obtained from ful1 and model-scale EesEs ' 
and the computed resulEs of a

hlgher-leveI corûpuEer code have been used for verlftcaELon purposes' Thls was concelved as a

feedback process fron which ad hoc correcElons wou1rl be made Eo Ehe lntermedlate-leve1 conputer
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codes where necessary. ; -

;;.É
In the presenE contrlbutlon a comparatl-ve assessm
calculaEfng convecÈf.ve heaE exchange wlthin
(chree-dimenslonal) enclosure for which buoyancy effe
eurployed for thls rmixedr convecELon problem incl
computer cories developed by Èhe auEhors, togethe
establlsherl guldes (ASHRAE (8) and CIBSE (9 and l0
use of a hlgh-level flow nodel (Alandari eE al (6
non-buoyanE flows in t two-dímensionalt enclosures ;
cornpuEatlonal cask. the presenE. evaluaÈfon of the
requirenenEs of building Èhermal sirnulat.ion progra¡ns

SPACE-CONDITIONED ENCLOSURE

The warm-air heaEed room prevlously used to dem
verslon of che ROOM-CHT program (7) was adopEed
ground-floor domestlc llvlng room (illustrated I
n ¡¡idEh and 2.45 m helghc. l,lodern pracElce I
Èhrough a tlow slde-wal1 regisÈert (lZ), wÍt.h
sysEem (Plmbert ( l3 ) ). Such a conflguraLio
housíngr (7 ), lnclurllng good energy efficienc
control wfEh rapld response to load changes.

A notional (reference) occupatlon zone air temperaEure of 231 0.5oc was adopted for the sirnulatedenclosure, while ,h" :utl:3: tenperaEure of the lnternal walls and ce{ling were sfnilarly assumedEo remaln constant aE 2l"c over Ehe heatlng seeson. The rwo externál walls, tncorporatrigsingle-glazed windows (t.45 rn x 1.00 n ln che far-walL and l.B0 m x 1.00 n in Ehe side-wall), andÈhe floor were glven lnside surface Eemperatures esElnated on the basls of besE currenE BrfÈlshpraclíce u-values (t+¡. These tenperatures are g1-ven ln Table I as a funcEion of threerepresentative heaE loa¿ls. The fuI1 load conditlon corresponds to a supply warm-air ventilatl.onrate of 3 alr-changes per hour (ACH).

the slze of che warn-air supply reglster was decernined by uhe requirements for full loadoperatlon, with face verocities and temperaÈures wiEhin Èhe llmits recomrnenderl ln Ehe Brlclshdesign manual for gas flred sysEems (t2). Thls suggesEed a recEangular grille (200 mm x 120 rnm,7o7' free area) locateri at the bottom centre of the lnterior wall, as shown in Flgure 2. Such anarrangement glves ríse to the fornacion of a three-dinensionaltwall-jec'(Ra.jararnan (15)), whlchlnttiâ1ly spreads ouE from the Èerninal devlce across the floor. Three room aLr exEracE grlllesare positioned at high-level above the supply regisEer, and Ehese are also illustrated in Figure2' The supply alr condltlons would be regulaterl by the nodulatlng cont.rol sysÈen, which adjus¡s avariable-speed fan. Thls normally operates continuously to glve a consÈânÈ face velociey, whosevalue depends on the heat 1oad. In conErast, the supply air temperature nodulates very sllghtlyabout its load-dependenE mean value, although Ehis $ras neglecce,t for Ehe purposes of Ehe presen¡computatlons. The supply conditions Ehat correspond to the three represåncative heat loads are

=:aGè
a

F

ç
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TABLE I - Dernand-rJeÞendent Supply Alr Conditions and Surface lemperatures
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ageln glven 1n Table l, where the ÈenperaEures are t.hose suggested by nodern practlce (7).

HIGI{ER-LEVEL MATHEMAÎICAL MODEL

Backg round

Alr flow and convectlve heat Eransfer wlthin an enclosure are governed by Èhe principles of
conservatlon of mass, momentun and t.herrnal energy (or enthalpy). These tconservatl-on lawst nay
each be expressed 1n terms of relllpcicr partlal dlfferentlal equaELons, the solutlon of whlch
provfdes the basls for a high-level flow nodel. A dfscretlzed form of the governlng equaElons nay
be obtained bv dlvidlng the flow donaln lnto a flnlte seE of snall sub-domains, each surroundlng a
node of the computatlonal gr1d. The dlscretlzed equatlons âre then forrnulated ln such a way that
lntegral conservaElon requlrements are sat.lsfled for lndfvldual sub-domalns or control volunes.
Thls approach has been called Ehe rcontrol-volume meEhodr by Patankar (16), and Èhe discrettzed
equatlons mighE preferably be distlngulshed by the preflx ?finite-domaln' or 'finLt.e-volume',
raEher than Èhe Eern rfinlte-dlfference' comnonly enployed. The descrlptlon rflnlÈetonafn
equatfonsr, suggesEed by Spaldlng (17),1s adopted here. They are solved 1n Ehe present
hlgher-level mathenaElcal nodel by met.hods slmllar t.o those used iir the TEACH and CHÀMPION farnlly
of finite-domain programs developed by Gosman and Pun (18) and Pun and Spaldlng (19) respecÈ1vely.
Both Èhese codes employ the SIMPLE (tsemi-inplíclt nethod for pressure llnked equat,fonsr)
algorlEhn of PaÈankar and Spaldlnç QO), but are restricted to two-dlnensLonal geornetries. Ihe
auÈhors and thelr co-workers have Èherefore used their past experience in applylng the CHAMPION
code to mechanlcal ventilation problerns (6 and ll) 1n order to develop a rnore general conput.er
progranr capable of slmulatlng three-dlmensl-onal flow flelds (Alandari et a1 (21)). Thfs ls called
the ESCEAT (E1lipttc EquaÈlon Solver for ConvecElon and Heat lransfer) code, and was orlginally
enployed to conpute convectfve heat transfer ln developlng, square ducc-flow (21). In addltlon to
lts abfllty to handle complex geoneErles, the progran incorporates a nunber of Lmproverûents
(described below) ln the numerfcal solution procedure for the flnite-donaln equatlons.

Several authors have reported high-leve1 flow rnodel conputatlons for three-dfnensional
mechanfcally-ventllated enclosures wlch both buoyant. and non-buoyant condit.lons. HJertager and
Magnussen (22) developed a flnlte-donaln conputer code based on Ehe SIMPLE algorlthn (20) which
Èhey used Eo predict the flow and therrnal field ln a room with a high side-wa1l regfster and
ad-jacent celllng exÈracts. Buoyancy effects were lntroduced by way of heated panels 1n the floor
and far $rall, togeEher wl-th a cooled air supply. Closure of the flnite-donal-n equatlons for thls
turbulent flow was obtained using the Þopular rtwo-equaÈ1-onr, renergy-dLssipatlont turbulence
model (Laun<ler and Spaldlng (23)), an extended form of whfch has been adopced for Èhe present
study. The authorsr comparl-sons with experlmental data (22) dlsplayed good agreement for the
isothernal case, although not for the buo¡lanÈ one. They appear to have nade an allowance for
buoyancy effects ln the mean-flow equatlons, but noE ln rhe turbulence nodel ones. It 1s
therefore noE surprisLng thaE thetr computatlons rrrere less satlsfacEory for sÈrongly buoyant
flows. A subsequent sÈudy by Sakamoto and Matsuo (24) using an early flnlte-dlfference technlque
exanlned the lsoEhernal flow ln a rect.angular roon wl-Ëh a square, cefling-mount.ed supply aírrdiffuser' and a 1ow sl-de-wal1 extract. They enployed two dlfferent turbulence closure
approxlmatlons: the standard energy-dLsslpâtlon nodel (23) and a Dore advanced 'large eddy
slmulationr approach. Conparl-son wlth rhelr own experlmentål mesurements (24) displayed falrly
good agreement. for the rnean-f1ow field, alEhough not for sone of Ehe turbulence propertfes.
Discrepancies r4tere equally apparenÈ vtlEh both E.urbulence closure assumptlons, and the auÈhors
therefore recommended the use of Ehe slnpler energy-dissipaElon nodel on grounds of cornputatl-onal
economy. Gosman eE aL (25) used this model, together r¡lt.h a t.hree-dimensional versLon of the
ÎEACH program, to compuEe Ehe l-soÈhermal flow field in a rectangular enclosure havlng a square
hlgh side-wa11 register. They report comparlsons r^7ith riean-flor{¡ deÈa thaÈ they obEalned using
Iaser-Doppler anenomeEry 1n a small-scale tesE tig. This factllty had an essentiallyIthrough-flow'geometry wlEh a large low-leve1 sloÈ. extract tn Èhe far wall. The JeE supply
condiElons were speclfierl uslng wall-JeE ernplrlcal llata (15) to prescrlbe the flow properEies
wit.hin an inlet cell. Thls obviaEed the need for the very finely-spaced grld that $rou1d have been
required 1f computaÈlons inclrrrled che reglon near the inlet reglster. The practlce also helps to
ensure good agreeurent. wlt.h Èhe experlmental rnean-f1ow measuremenls. None of the authors of these
prevlous sEudl-es (22,24 and 25) utlllsed Eheir cornputer codes to calculate surface heat exchange,
as is done 1n the presenE one. Each study lnvolved a recÈ.angular ce1l wlrh no provision for Ehe
reallstlc simulatlon of windor¡ effects. The influence of wlndow downdraught on room air flow ls
usttally very signlficant, even wilh forced conveclfve heating or coollng sysE.erns.

MathemâEical Framework

The governing Elme-averaged, ellloÈlc equations for the Eurbulent fl-ow and thermal fleld nay be
r"¡riEten ln a conmon form, ustng tensor notatlon (25):
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S <o',0)
J-

(1)

CONVECTION SOURCES OR SINKS

Here u; (ur, u2, u3) are Ehe tlme-averaged ponent.s ln Ehe coordfnaÈe directlons
xi(xr,*2,x3 : see Ffgure 2), 0 are any of bles [u¡, H-(=CpT), k or e]rfo are
the effectfve (larnfnar plus turbulenE) dlf for Ehese 0's, SO are che sciurces
or slnks for each 0 , and 0 ls the fluld densi of the equat.lon det t¡as achieved 1n
the presenÈ. etudy by uslng an extended versLon of the energy-dissipatlon Eurbulence model (23) tn
order Ëo conpute an lsoErofrLc teddyt vlscoslÈy, or turbulent exchange coefffclent for momentun
( Ut ). Thts requlres che sfrnulÈaneous solut.lon of E!¡o additional transporE equatlons for Ehe
Ëurbulence klnetlc energy (k) and lts dlss{parlon raue (Ê ). The extenslon t.o Ehe sEandard k - e
nodel (23) lnvolved Èhe lnclusfon of buoyancy generaclon or source terms (G n) tn these equatlons,
using a rnodlfled form to thau suggested by Rodl (26). MathemaÈfcal expressLons for Ehe dlffusfon
coefficient and source Eerns for each varlable are gfven ln Table 2 and its accompanying noEes.
The Ehermal energy equaÈlon was modelled using t.he effectlve Prandtl number ( oeff ) approach
(Hanmond (Zl¡¡, and uhe fluld propertLes for alr were assLgned values correspondlng-to those at
the reference EemperaÈure.

In order to bridge Èhe st,eep dependent varlable gradients close to the room surface, the ESCEAT
code enploys so-cal1ed twal1-funcEl-onst (Z:¡. These are sinply based on the well-known
bllogarlthnlc behavlour of the mean veloclÈy and tenperature near solfd walls. The resultanÈ
velocfÈy fn planes para1le1 and close to any surface nay therefore be obtalned fron che followlng
expresslon, which utfllses conventLonal near-v¡al1 scaling (23 aîd 27);

a

¡;
J

a['-qJ.
DIFFUS ION

v*
p

+ Pr)
p

o t1+
p

...(2)

where np ls the normal dlstance from t.he surface to e neerby polnt, and the log-1aw constants lrere
gl-ven values prevlously adopted by one of the presenE authors (27) z < = 0.41 and E = 8.4. The
correspondLng expressl-on for t.he tenperature has Ehe forD:

v* (3)

wiEh P3 = -1.55 for alr-flows. The value for t.he t.urbulence energy near Ehe wal1 (ko ) was
calculated from Ehe transport equatlon for k (see Table 2), but wlth iEs dlffuslon Eo Ehe wå1l sec
equal to zero iâk /ân = 0. In addltlon, the generatLon and dlsslpatlon terns are usually nodlfled
Eo be consistent with the known results for near-r¡all flows (19 and 23):

Gt âvT'F,GB
tu (4)

T
\¡t

where Tvr ls the wa1l shear stressr and fa = 1. However, when compuEatlons were underEaken using
thls pracÈlce, the heat balance on Ehe warrn-afr heaEed roon resulEed ln load-dependenE
tenperaEures ln the occupaElon zone t.hat were unrealisufcally high (tg = 32-34oC). Thls zone was
defined 1n the manner suggested by Nevins and Miller (28), and lts average Èemperature was adopEed
as Èhe reference value (Tp ). In order to reduce this ternperaEure l-t. was found necessary Eo
seE fe = 0.05, following t.he procedure formerly ernployed (23) for backward-facing surfaces ln gas
turblne film-coo1lng slmulations. The authors of t.he 1aÈt.er sÈudy argued EhaÈ 1n recirculaclng
flows the convect.ed fluld 1s largely responslble for deEermlnlng t.he raEe of turbulence energy
dfssipaElon Ë.o the wa1l; a slt.uatfon r¿hlch is also likely to prevail in the presenÈ case. The use
of thls pragEice here resulted in occupatlon zone temperatures of 22.5,23.0 and 23.so} for Ehe
low, lnEermedlace and hlgh heat loads respecÈ1vely. In both seEs of computaÈlons, the near-wa11
value for Èhe energy dlsslpaclon raEe lEself (eo ) was det.ermlned fron Èhe usual presumpElon (19
and 23).gtrac Èhe Èurbulence length scale ts profortional Èo Èhe distance fron ehe wall; lmplying
eO o ko-/'/nO.

Numerlcal Solutlon Procedure

J ¿., (t ,,*)Kp

2f
e ðv

E
ok'p= 0 ande

The generallsed seE of dlfferenrial equatlons, Equatíon(I), may be forrnally lnEegrat.ed over each
ceII volume V- of the cornputatlonal grl-d to yield: '

r-V

f, Iin'[0",,-,rPr],] 'n-fo,rou = o. ......(5)
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Table 2 - Diffuslon Coeff lclent.s and Sou lerms fn Èhe rnlns EllfDtlc Etons

CONSERVED
PROPERTY

Mass
(continuity)

Direction - i
momentum

Thermal energy
(enthalpy)

.Iurbulence
Kinetic energy

Turbulence
energy dissipation

Notes

1. leff 
= 

t, + ut cuok2
+

e

AP

Ft .+ 
['""+] -Pci'e

s
0

0

GK 'GB

o

- pE

;r

; oeff 
= 

leff

t(c* + cu) - c2 p
I

el

)

+t;
u

+l
âu.

IE
J

u='t2 G* l a.r.
l1
I âx.tl

+

3. 0 = T - TR, wirere T* is the reference temperature

4. Values for the turbulence model rconstantst:

aU = O.O9, C, = 1.43, C, = I.92, oa = 0.85, oU = 1.00 and o. = l.3O

where the veloclÈfes ancl coordfnate dlrecÈions âre nornal to Ehe cell boundary (b) consLdered, andA6 ts Ehe area of rhls boundary. Here the flrsE term sunmation fs perforned over all slxboundarles of the cel1-, whlle the assoclated fnt.egrals represenE Ehe Eotal transÞort (Ju) bvconvecEl-on and dlffuslon across each boundary. These lntegrals nay be wrlEten tn the foll&ing,finlEe-domain forrn ( ló ) :

Ju cuoo + D¡ o (¡ e"o l) + [0, - to] (0p - 0b)

where c6-(-?"ul¡) ls Ehe convectlon t".p:9b (= fbAb/ôxn.), ls Ehe dlffuston r.erm, pe¡(= c5l\) isthe rcerl PecleÈ numberl, ""9 o (leeo i) r" a rådttritif funcÈion, white rhe syrnúol 1.,¡i"å"iá.""tlre great.er of a and b.. In Ehe E-SCEAT code Èhe we
'power-law' dlfferenclng scheme (16) o (l eeOl ) =
accuracy over some of the older approachés, s
schemes. The source Eern integral ín EquaElon (
+ Si0p ) tn order to enhance numerical stabllicl
:l:î_tprls a, funcÈlon of the varfable Q itserf, such as ln t.he case of Èhe k and e equarions (see'rabLe 2)' 'rhus' lntegratlon of Equatlon (5) fn the above nanner leads to ffnlEe-domaln equatfonsfor each of che dependenE varlables ln the forrn:

. (6)

\t )
( - st ) ó'p [,"*"

+sa
p P p

n

where the coefflcients ân = orro(l Pe.l ) + [0,t c.n, and .. = f "- The verociEy cornponenËs arecalculated ln Ehe EScEAT code- ac scäggered loca'ltons mlf-way'^beËween adjacenE grid nodes (20).
I
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Thfs practlce of ensurlng t.hat the veloclEles are dlrectly avallable forcalculatlng che of Ehe scalar varlables, as well as lylng be!.ween t¡" ro""ciànof Èhe sEaElc rlve them. However, 1È necessiÈaEes mt-nor changes t;-;i"coefflclent exp ed ln Mohammad's Èhesis (29).

The set of algebrafc flnite-domaln equatlons rep
code fn an 1È.eraElve, rllne-by-llner manner (ló
and 20). Here the veloclt.fes and pressures ar
proposed by Van Doormaal and Ratrhby (30). Thl
ls nore consl-sEenE, and conseguently fnduces a
enhanced by the adopt.lon of a plane-by-p1ane tbl
flow domafn 1n the x,- direcclon (see Flgure
requlrements for overall mass and momentum conservat{on. The compuÈaElonal grid ernployed for thepresenE sinulaElon of the warm-alr heaEed room utl1lserl a l7xl7xl5, non-untform nodál netnoikwhose fineness cân be -ludged by the veloclEy vecÈor dlagrams presenEerl in Flgure 3. I" ti:prevlous Èwo-dimensional htgh-level flow model crmpurarions by the aurhors (ó anj.tl) a.jec fniärce11 was uclllsed' over whlch t.he variac{on of Ehe dependent varlables was prescrlbed. Thfsreduced Ehe need for a finely-spaced grld near the suppry reglsÈer. However, lE is ilifflculc coprescribe Ehe near-reglscer flow and thermal fierd ln â strongly buoyant. sltuaÈl-on, such as Èhepresent one. Consequent.ly, a -'leÈ lnleu cell has noÈ. been employed tn the current sEudy, for whfchabout 700 lteratlons were required to obtaln a converged soluÈlon. The latE.er was assuned to havebeen obEained when the flnlte-donain equations !ùere saEisfled to wiE.hin 0.5% ot ress of the inletmass flow, or Ehe heac supplled 1n the case of Ehe H-equaElon. FurEher detalls of Ehe ESCEATcode, Lncludlng the measures Eaken to ensure grld-independent solutfons ln t.he presenE câse, ¡rLllbe reporEed elsewhere (29).

INTERMEDIAÎE-LEVEL MATHEMAÎICAL MODEL

The R00ì'1-cl{T Program (7) prescrlbes the flow and thermal field wfEhin mechanlcally-venrflated
enclosures uslng Ehe known characterlst.lcs of t.urbulenE wal1-.jets (15). These..l ets âre Ehe normal
means of alr dlstrlbutlon ln buildlngs wit.h forced convecEive heacfng or cooling sysEems. Theyare assumed Eo spread ouE fron t.helr supply regisEer and sequenE.lally flow over Ehe room surfaces.The code was developed 1n both E$to- and Ehree-dimenslonal verslons (7), to facllltace thesimulation of enclosures wich supply âperEures in E.he form of elEher llnear sloEs or recÈangulargril1es. The mean-f1ow properEles for Ehe Ehree-dimensional version used here are calculaÈed fromwall-Jet emplrical daEâ (15). These are then employed E.o deEermlne Ehe corresponding local heaEtransfer discributlon over Ehe room surfaces, usl-ng the toptlmum log-Iawt devfsed by Hammond (31)
on the basls of watl-jet profile analysis. The convecElon coefficienc h^ t= q /(f, - T,,)l nay1oca11y fall below Ehat for buoyancy-drlven noÈ.ion at rhe corresponding"r"rp"iXr"rå ¿rrr3rån"".Under such condltlons the laEesE verslon of the code uses Ehe lmproved ãorrelactng equaÈions forbuoyancy-drlven convecEion recenEly developed by Alandari and Hannond (32). Thãse are reEher
elaboraÈe, continuous funcE.lons that cover the ful1 range of lamfnar, EranslEional and EurbulenE
al rflows.

The equacfons whlch const.LE.uEe the RO0M-CHT program are generalì-y explicit, algebralc ones, excepEfor che heaE transfer 1og-Iaw wh{ch 1s lmptlclt and ls solved using Ehe NewEon-Raphson lt.eraglve
nethod. Nevertheless , the estirnatlon of inltlal values for the flow fteld pararneEers from
experlrnenEal daÈa (15) enables a convergent. soluEion E.o be obralned very rapidly; Eypicâlly in
abouE Ehree lterârions. The computaE.{onal grid normally employs around I0 unlforrnly-spaced
calculaEion polnEs per meEre length of surface. The surface-averaged heat Èransfer coefficlentsare obEalned by nrrmerical inEegratlon of the 1ocâ1 dlstrlbucions. Fuller deralls of Ehe
nathemaElcal conEenÈ of Ehe ROOM-CHT program are glven 1n che prevlous papers of Ehe auEhors(6,7,11 ,31 and 32).

A ltrnlÈaElon of all lnÈermedlaEe-level models (6) ls that. they have a resÈrlcEed range of
applicaÈion, and need Eo be used ln con.junction wlEh a broad flow classification sche¡¡e (see
Ftgure l). In the present case, Ehe RooM-cHT program 1s only vall,l for alr dlsc.rlbutlon sysrems
1n whfch the supply air jeÈ 1s enlEEecl near, and runs parallel Eo, one of uhe room surfaces.NeverEheless, Ehis ls not a serlous weakness as butldlng E.hermal modellers are well used Èo
worklng wlEh problern-speciflc lnput <laÈa. A potenuially more serlous resErlcEton for such modelsts ÈhâE, be cause Ehey are rgenerallsaEfonsr of lower-level ones for slmple shear flows , EheY
cannoE. deal rtgorously wlEh Ehe consequences of flow lnÈeracE.{.ons. Wal.l-lets wlEhln
space-condicloned enclosures, for example, are lnfluenced by jer-lmplngemenE agalnsE
backs¡ard-facing walls, and by 'secondary flor,¡sl or longlEudinal vorEices along streamr.rlse corners(6 and ll). RaEher ironlcally, iE has recently been found (tt) ttrar {n the former stEuaEion rhe
RoOM-CHT program $¡as betEer able co comprrte sur face heat exchange E.han a hlgh-level flow model.thls was because the abllify of models of Ehe Iat.Eer tyDe Eo deEermine surface heaE Eransfer is
hampered by Ilmlcatlons i-n Èhe presenE generaEl on of Eurbulence modelq¡alt funcclons, desplEe Ehe

complex flowfacc thar Ehey can more eccuraE.ely sirnulaEe
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of central concern to the present sÈudy is that. lnduced by buoyancy effec!s. These are nodelled
expllclcly fn the ESCEAT code by lncorporaÈlng buoyancy source Eerns Ln Èhe xz- dlrect.lon nonenÈun,
k and e EransporÈ equatlons (EquaElon (l) and Table 2). In conclast, the'ROOI.{-CHT progran ls
unable to take account. of such effects fn any rfgorous nanner. It fs essentlally a non-buoyanÈ
model, whlch only allows for buoyancy-drlven convectlon r¡hen Èhe corresponding heat. t.ransfer
coefffclent 1s greater than Èhe prevalllng forced convecÈ1on va1ue, and then only in an
approxfmaÈe e¡ay (6 and 7). ConsequenEly, dlfferences beÈween Ehe computed local heat, t.ransfer
dlstributlons reported 1n rhe follow{ng sectlon are prlnarlly due to thls cause.

COMPUTATIONS

Flow Fleld

Veloclty vecEor dfagrams lllustratlng the flow paÈ.tern urlt.hin the warm-al-r heaEed roon under iu1l
heaE load condlElons are shown fn Figure 3. These plocs were obtaLned using the ESCEAT code, and
display vectors ln the *2 - x3 plane at three posltlons whlch colnclde lrlth Èhose of the alr exÈrac¡
grllles. Here the È.411 of each veloclt.y vecÈor indlcaEes the location of a node in the
flnlre-domaLn computaclonal grld. It ls therefore evldent that these nodes were concentrated
close to the room surfaces, as well as to E,he Jet inler. This arrangenent lras adopted fn order to
provlde more nodes ln Ehose reglons where there åre steep dependen! varLable gradlents. The
comPuted flow pattern can be seen to be strongly lnfluenced by buoyancy effect.s, due Eo Èhe high
temperaEure of the supply air and the counteracting cold dor¡ndraughE Lnduced by Ehe windows. In
psrtLcular, the downdraught fron Èhe window ln Èhe rlght waI1 (vlewed fron Ehe supply reglster)
clearly damps Èhe rÍgorous buoyant flow fn the rest of t.he enclosure. The pattern ln the latÈer
reglon 1s characEerlsed by tldo rec{rculating flow reglons: one dornlnaÈed by the buoyanÈ supply Jet
and the oEher by the cold downdraught from Èhe wl-ndow 1n t,he far-wall. The ablllty of hlgh-leve1
flow nodels to simulate complex flows, such as thls, are their naJor achLevenent ln conparlson
with lnternediate-l-evel ones. A veloclty vecÈor dlagran produced by the ROOI4-CHT progran would
sloply show a wall-Jet circulatlng around the enclosure, rsl-th no obvious lnfluence of buoyancy.
Thls would noE be adequaÈe for deÈerminlng, for example, the thermal comfort conditions ln the
occupatl-on zone, whlch would requlre a high-level sfmulatlon.

ConvecELve lleat Tr sfer Coeff{cLents

The local <llstrlbutLon for the corivecÈfon coefflcl-ents correspondfng Èo Ehe above flo\r pattern are
displayed as tcarpetr p1oÈs in Figure 4. Ilere Ehe conputed variation over each of Èhe roorn
surfaces accordlng to both the ESCEAT and RooM-CHT programs are presented. The alnost flat
distrfbutions glven by E.he lntermedlate-1eveI code for the near- and sfde-wa11s arlses because Èhe
surface coefflclen! Ehe¡e is computed fron elaboraEe correlat.lng equaÈlons for buoyancy-drfven
convectlon (32). These yleld a constan!, surface-averaged coefflcient r¡henever the local forced
convectl-on coefficLent would oEherv¡fse fal1 below È.hls value. In contrast, the pecullar peak 1n
the dlstrlbution predlcEed by the hlgh-1evel flow nodel near Èhe supply register (see Flgure 4(d)) is simply a consequence of air entrainment lnto Ehe Jet, whlch causes l-ocally high veloãtttes
and heat transfer rates around thls rect.angular aperÈure. It ls agaln clear from these carpeÈ
plots thaE the ESCEAT code 1s beEter able to slnulate the l-nfluence of buoyancy, here on heat.
Ëransfer. However, although there are obvl-ous1y differences emânat1ûg fron the neglect. of
buoyancy effects ln Ehe ROOM{HT program, Ehese are noE slgn{ficant from lhe polnt of vfew of
bullrllng Ehermal simulation.

Dynamlc bufldlng thermal models normally enploy heaÈ transfer coefficlents thaE are
surface-averaged over each bullding elenent (6 and 7): celllngs, floors, roofs, walls and wlndows.
Such values are presented for Ehe qrarm-air heaÈed room and all three representaÈive heat loads ln
Table 3' t.ogether r¡1Eh Ehose recommended as rE.ypicalr values ln the sectlon of the UK CIBSE Gulde
whlch deals with the thernal response of bulldings ( l0 ). In contrast. to the latter
recommendatlons, Ehe heat t.rânsfer sectlon of the Gulde (9) provldes an approxínate correction
fact.or E.o buoyancy-drl-ven convection daEa hrhen the alr velocity over a pårE.lcular surface 1s
non-zero. Thls pracElce ls not, in reallEy, very helpful as the deslgner generally has no neans
of deternlnlng Ehis veloclEy a prlorl (7). Nevertheless, the authors fn a prevfous sÈudy
estlnated uhe surface-averaged alr ve1oclÈ1es for Ehe present enclosure, uslng Ehe ROOM{HT
program 1n order Èo determlne Ehe convecEion coefflcient ln thls way. These t.urned out to be
signlflcantly lower È.han those given in Table 3 (see (7)), and only sllghely above those rhaÈ
would aPply for purely buoyancy-driven convectfon_ (32). The correspondlng room-averaged
coef fic{ent at full heaE load was found Eo be 2.3 l^l n-2Ùt. This value may be coatpared lriEh those
computed by t.he ESCEAT code and the ROOM-CHT program, which were found Eo be some 602 htgher and
are gLven ln Table 4. the ASHRAE l{andbook In rhe USA (8) appears to ignore Èhe posslbfllty of
forced convecÈl.ve heating or cooling, and employs only buoyancy-driven coefflcienus Eo obËain
fabric rU-valuesr. these would agaln fal1- well below Èhe values glven ln Tables 3 and 4. It ls
apparenE from t.he se Eables t.håE the convectl-on daEa obÈained wtEh the high-1evel and
lntermediaEe-1eve1 comput.er codes are 1n generally good agreemenÈ for Ehls parÈlcular room/heatfng
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TABLE 3 - Internal Surf verased Convect Coefflclents I .l"Im-2K- I)

HEAT LOAD/
DEMAND

ESCEAT ROOM-CHT

Fu l1
IntermediaEe
Low

2.4
1.9
t.7

6.4
6.1
5.1

FulI
Intermediate
Low

2
2

I

4
I
6

3.5
aa

2,8

Fu 11
Intermediat.e
Low

2.2
2.o
1.5

3.5
3.1
2.6

Ful 1

Inr.ermediate
Low

6.9
6.9
4.1

3.9
3.4,)

Fu11
InÈermediate
Low

2.2
2.3
1.5

2.4
2.2
1.6

Fu11
Intermediate
Low

3.6
3,4
2.5

2.5,')
1.8

Fu1 1

Intermediate
Low

,,
2.o
1.5

3.5
3.1
2.6

FUI 1

Intermediate
Low

3.3
3.2
2.2

1.8
t.7
1.5

h

SURFACE
ELEMEI,¡T

FLOOR

FAR-WAI,L

FAR-I,/INDOW

CEILING

NEAR-I^IALL

RIGHT-IIALL

RIGHT-l^/INDOI,I

LEFT-WALL

CALCULATION METHOD

Coeffic{ents (h^ I^lm-2K-1)

crBsE (1o;

crBSE (10)

1.5
1.5
1.5

3.0
3.0
3.0

3.0
3.0
3.0

4.3
4.3
4.3

3.0
3.0
3.o

3.0
3.0
3.0

3.0
3.0
3.0

3.0
3.0
3.0

sysEem conffguraclon' except for Ehe celllng and floor. The laEEer surfaces are the ones thaÈ arenost dlrectry affecEed by the upward trâJectory of the buoyant Jet on leavfng the supply reglster(see Ffgures 3(b), 4(a) and 4(c)). rt ls raEher surprislng Ehat the typical values suggested lnthe CIBSE Gulde Part A5 (10) ylelds c t are of comparable accuracy EoEhose of t.he RO0M-CHT progran. This us occurrence, whlch has arlsenbecause these values are' fn reallty, ose Ehat wourd prevall !¡.lch E.hebuoyancy-dr{ven convection thaE Ehey cannot be relied upon to yleldaccuraÈ.e data for other mechanlcally-venEllaE.ed e

Economy

the present sl-nulatíons using the ESCEAT code requlred abouE 5 hours of cenErar processor unit,(cpu) tlne per run (heac load) on a DEC vAX Ll/785 compurer. This compares wlth a cpu tfne ofonly one mlnute using the RooM-cHT program. These dramatlc savlngs in runnlng Elme achleved bythe inEernedlate-level nodel, are accompanled by a need for only one thlrd of ¡he cornputer s¡orage

ÎABLE 4 - Noclonal Roon-a veraqed Convectlon

HEAT LOAD/
DEMAND

Fu 11

Incermediate

Low

CALCULATION METHOD

ESCEAT ROOM-CHT

7

5

4

3

3

2 2 6

3.5

3.2
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3.o

3.o

3.0
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requlrement.. Thus, hlgh-leve1 flor¡ models requl-re cor¡putaEtonal resources Ehât. are of the sane
order as bulldlng thermal models themselves. IÈ would noE Eherefore be a reallstlc approach
to direcCly couple such computer codes Cogether (ó). Any galn tn Eerms of accuracyr over lower-
and lnEermedtate-level Deihods, would be far outweighed by the exEra resources consumed.

CONCLUDING REMÀRKS

Several lessons may be drawn from Che computaElons of alr flor.¡ and convecÈfve heat Èransfer wlthln
a warm-al-r heatefl room presented here. It ls evfdenE Èhat high-level flow nodels' such as Ehe

ESCEAT finlte-domai.n progran, are capable of slmulaÈlng Ehe complex flow patEerns generaEed wlEhln
the enclosure. AccuraEe predlct{on of Ehe flow and Eherrnal fleld would be needed 1n order to
determlne, for example, Ehe occupaÈlon zone Ehermal cornfort condlElons. However, the far greater
compu¡er resources EhaÈ Ehey requlre, compared to slmpler calculaElon methods' r¡ou1d prohlbiE
t,helr direct use ln provldlng lnput heat Eransfer daÈa for bulldlng Ehermal slúulatlon programs.
In contrasE, the authors and uhelr co-vrorkers prevlously demonstrat.ed (ó) thaE Ehe{r
LnEermedlate-1eve1 convectLon rnodels can be falrly readlly fncorporaÈed lnEo these programs as

subroutines. A better use of hlgh-level flow models ln Èhe contexÈ of heaE transfer would
t.herefore be for the developmenE and verlffcation of lnEermedlaEe-level calculaÈfon DeEhods. The

slrnple guldellnes for speclfylng convecElon coefflclents Ehat are conEal-ûed ln Part A5 of the
CIBSE Cìf¿e ( lO ) were shov¡n Eo give surprlslngly good agreement wlth the ESCEÀÎ code

surface-averaged values. Nevertheless, lt has been argued here Ehat Ehls was only a fortulÈous
occurrence, that does noE JusCify the use of these guLtlellnes for eûclosures enploylng ocher
mechanical-vent.l1aClon sysEeBs. Thls 1s partlcularly so in warm-air heated rooûs where Uhe supply
alr is dlscharged verElcally over en adJacenE window, glvlng rlse Eo hfgh convecElon rates fron
Ehe latter element. Llkewlse, alr-condiEloned offlces uslng llnear diffusers would also lead to
locally hlgh heat t.ransfer rates over the surface near E.he supply aperÈure that could noÈ be

accounted for uslng the CIBSE guldellnes. Intermediate-level calculatlon neEhods could be readlly
adapted Eo handle these sl-tuatfons.
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SYMBOLS USED

Ab = "rea 
of finiEe-domaln cell boundary lEquâtLon (5)]

= coefflclents ln finlte-donaln equaÈ1ons IEquation (7)l

= conveculon term 1n finiEe-domain equations IEquatlons (6) and (7)]

= fluid speclfic heaE at constant pressure (J Kg-1K-l)

= rconstants' ln the k-eturbulence model ITable 2]

= diffuslon tern ln finlte-domaln equations IEquations (6) and (7)]

= wall funcElon Iog-1aw rlnEegraulonr constant IEquatlon (2)]

= near-wa1l k-equatlon dlsslpatfon Eerm parameEer IEquarton (4)l

= buoyancy generât.1on Eerm l-n Ehe k-equatton ITable 2]

= shear generaÈlon Èerm l-n Ehe k-equatlon ITable 2l

= gravitational vecÈo" (8r= 8, = 0, 8z = -9.81 n s-2)

= convecÈlve heât transfer coefflclenÈ (I'¡ n-2K-l)

= enthalpy (.1 xe-t )
= EoEal transport by convectfon and dlffuston across finlte-donain ce11 boundaries

IEquatton (6)1
= turbulence klnetlc energy (t2s-2)

= normal dLstance frorn a surface or walI (m)

= un/v
T

= flnice-domaln cell PecleE number [EquaElon (6) and (7)]

= JayaEillakars P-paramerer Iequatlon (3)l
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= convecÈÍve heaE flux (I{ m-2)

= coefficfenEs ln llnearised ffniEe-domaLn source expression IEquacLon (7)l
= sources or sinks for t.he vartable 0 [Equacton (l)l
E EernperaEure (C)

= absolute t.emperacure (K)

= p cp u. (T - r")/c"
= velocl¡y componenEs ln the x. -dLrectlon (m s-l)
= 'wall shearr veloclry (= @, m s-l)
= resulEant velociÈy ln planes paraLlel and close Èo a surface or wall (m s-t¡
= v/u

= *l - directlon wldrh of t,he enclosure (m)

= coordlnate direculons (rn)

= coefftctenE. of cubl-c expanslon (: TRat for air, K-l)
= effectlve diffuslon coeffLclenÈs for each varlable 0

= Èurbulence energy disslpatlon raEe (n2 s-3)
= T-TR(K)
= von Karmants constant. IEquatlon (2)]
= dynamlc vlscoslty (kg m-rs-I ¡
= klnernatlc vlscosiEy (n2s-l¡
= f luirt densiE.y ( Ke m- 3 

)

= Prandtl number

= shear sEress (N n-2)

= any dependent vartable Inquarton (l)]

I Equacion (l)1

= effectlve (laurinar plus Eurbulent)
= nelghbourlng node ln finiue-domaln grld
= cenEral node fn finlte-domaln grld
= reference (or occupaE.ion zone) condi¡ions
= E.urbulent

= wall (or surface) conditlons

Greek Synbols

ß

r
0

e

e

K

u

p

o

T

0

Subsc rlpt s

eff
n

p

R
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