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nionml asturs] semvection is an importast
process ia the redistzibution of thormal emsrgy in

passive solaz enclosnres. Ip this peper,

intersonsl

matursl somveotion iz a tvo 3ORe £u11 ssale
puilding with aon~-liness BOBRE temperatare distribe-
tions is analyzed. Nsasurements of iateszoaanl
sosvestion wers takem in » dotrway joiaisg tvo
gocms of the Mationsl Buresw of Stazdards Passive

Solar Test Facility.

A Bermonild intezsonal alr

glov model based on jsothermal mome temporatures is
modified to secomnt for the aon-limear noRé
temperature distributions, The méssuresd sone
tesperature distrivutions are used in the modified
sodel to predict integrzonal mass flow zate, host

transfor zate,
doorvay.

sad veloeity profiles ia the
The experimental vaivss and values

predicted by both the moa-limear and isothemmal
sode]l aze ccmpared and fouad im good agreemeat.
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INTRODUCTION

Bolar performanse and tho thermal eomfort of
passive solas buildings ean be improved by
including {atersesal ecmvective Soat traasfey iato
the building dosign process. Isterzonsl somvective
aiz flow which iz driven by the diffezence in soRe
pressnIos has boon modeled through the spplicntion
of the Baraoulli equation by ssswming faviscid
flov and isothermal some temporatures [1-51.
Previcus two EORO £u11 scale materal eesvection
experimonts 13.5] have showm that the values
prodicted by the isothermal model, with the mewtral
Beight looated at the mid-deight of the door,
sorrelates well with exporimental dats. Ia zefer=
once 5, the lpenl of the sentzal hoight
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the doorvwiy. This ailows the modsl to imclude

meitizons snclosuies, iafiltrstion. and foreced air

eysteas with supply aad returs ia diffezeat zOROS.

ko isothermal model has been modified to jnolude
sos~l1insar mORE temperatnre distributions. Tha
gonson for doveloping the more oomplex mon-limeas
model is to validate ths imterzosal flow modal msed
in the buildisg simulation vode doscribed in

wiforonce: 61

This peper will diponzs the {sothermal asd
pon—iinsar podals, the {atorzonmal flovw experiments
sonduated to validate the modelis, snd scmpaze the
y:-d!cud pand nx-parhtanl volocity profiles, mass
flow zotes and Beat tramsfer Tates.

mmmm-nmn

The temperature distribution inm each xoae and in
the opoming is 8 pcitioal factor in detormining the
tuoyancy driven intorszonal giow. Tt is difficnlt,
Bovover, to BRp out the eatire tomperatures fie1d
2vos availabie data. Ferthemmoxs. the
ene~dinonsional podels oanspt properly sceomat for
the three—dimensional temporatnre distribution.

Bot the use of a dischazge <osfficient im
one-dimensional podels mukes it possible to bring
the prodicted and peasured values within rossoneble
egrocment. ‘Hence the wse of empirieslly dotermined
discharge coefficionts for different osporh.'utal
cor”.gurations mey onable ome to estimate the
interzonal flow for similar eonfigurations by msing
ene-dimopsional models. . '

The theoretical formulation will sonsider the
gemsral twe xong system, 88 showa im Figure 1. A
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Fig. 1 Tvo Zome Configuration.

reotangnlax opsning: of hoight M end v 1dt' ¥
conmects the somes i aad §. The Rt1ow trovsh the
sperture is driven by the differe »+in the zome
prossuze ¢istributions. If we sssume thot the
prossuve in each zone is hydrostatic, and that the
flov is imvlegid, quasi-steady and symmetricsl to
tho mid-heipght of ‘the aperture. Then the loosl
velogity of sir moving through the aperturs

obtain 4 by the spplication of tas Bermoulld
equstion is sxprossed an: |

e ——————

-

Vg (y)= C- 255('!"-1")(1—!“) 1)

3
Bquation (1) is for the sir floviag from zoOBCE i to
sone j sbove the mentral Beight. Istegrating
equation (1) from the na-t_nllhol;it to the top of
the aportire results im the mass flow rate as:

8, _.;_thp.x’ (1,1 | (@

a3d the mot heat trensfor 88
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Whon the mentral height is mot asswmed to be at the
nid-height of the dcorvay. the unknowa baso
prossare Sifference, L P S (shown im Rigure 1),
apposrs dw'the equation of ih volocity. From
zoforence 5 the velooity of the flow from zome 1 to
zone j may be expressed as?

vu(,)-c. % (?“—!uwzp.{'r‘-r’ly (4)

The waknown base prossurs Ad1fferonce can bo deter—
sined by spplying contissity im the doorwey 88

follows: .
i=C_o¥ f: Vy) dy=0 (s)
or dyyy 6

v (]
where iu-p‘vc_fmE(r“-po,)m.(r‘-r’)y &y (1

- -
and 8 M ‘vc_fo 4'?: (roj-r“)uwrj-r‘)y ay (8)

The “1j" snd "ji* convention has bees gdqtad to
soop the ‘quantity sader the zadical in squstions
(7) snd (8) positive. : '

A moa-limear temperature distribution ocan be
jpcluded by dividing the area ) 1tween the base and
top of the door iato N horizos ° seetions (aot a
ascossarily of equal aroa) aad .. Mg 88
ipothermal tespexatnre in esch ssotici When this
ig dome, pqutins (63,(7), and (8) bopums:
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wheresuwsttion Bréontalmi tEF RostFak ‘plei? sad
whore

: , T
b, o0 % fm :,:r“-ru)nn(r“—rﬂ)y ay (10)

and.
' T ;
b P %" fm ‘Jﬁ"’ ,"’.;”""zj”n” dy (11)

The sestral plane is focated at the height vhere
the 3ORS® pPressure differonce and volosity 1s

R ——




oqual to zero ss showmn is Figure 1. By settiang
equation (4) equal to zero, the Jocation of the
sestral height above the floor is foasnd as:

S (12)
P Ps(T, -Ty)

wAssmmiag that the zone temperature distribution’ 497
gmows, ssbstitstion of equatioas (10), (11), snd =
(12) into equation (9) will result ia ea expression
for the oaly waknown, the Dsse pressure
diffesence. The base pressure difference cam be
determined by the seocant method descxribed im

zefoeronce £,

The set heat transfer rate from zome § to sone 1 i¢
dotermined by iategrating the eathslpy scross the
doorway as:

- = ‘2

B

LI AT f o YOO T( ly < 7 (13)
2

For the velocity aad tqolnt‘n profiles showa in

Figure 1, equastioa (13) simplifies to:

N L ..
glot-cltf!‘ BTy crkfo ST 16

vhers the mass flow rates, m iy ond Bygye OT0
defined by oquations (10) ns hn. Bquation (14)
asswmes tho tomperature of the air ia the doprvay
is equal to the mpstream temperaturo at the same

height. {L#

DESCRIPTION OF EXPERIMENT

The two some full scale matural eonvection
sxperiments were conducted at the NBS Passive Bolar
Test Facility., The building is s rectangular ome
story, slab on grade, frame strmcturse, with the
long axis running from east to west, Tt is divided
into fypur identical rooms gf egual floor arxea
(30.12*) and volwme (88.4n°). Figure 2 shows

Fig. 2 NBS Passive Solar Test Building

the south facing exterior of the test building, asd
Figure 3 shows the floor planm. A complete
description of the building s availsble i 1¢fer—
ence 7. The experiment was performed is oell (2

aad cell #3. Doorway velocity aad temperature
distributions were memsured by eight hot wire
snemometers and thormocouples located along the
vertioal ocenterline of the doorway. Zonse air
tomperatures were messured using two vertical

_arrays of .thermoconples. Neither eell was

internally exposed to solar radiation.

Before data collection was isitisted, @ zemovable
door was placed im the doorway comsecting ocello #2
and #3. Coll #2 was heated by baseboszd hesters
while cell #3 was cooled wsing a faa coil ssit.
Vhen the average soae tempersture difference
bSetwsen cell #2 and cell #3 was approzimately 12°c,
the fam ooll waits were turmed off im both zomes,
the door between the momes wes removed. Tho status
of the baseboard heaters im coll #2 for differeat
tests is swmmarized im Table 1. Data wers then
sollected eyery two minetes for & poriod of seven
or more honrs., The maximum sncertainty is
sotimated to bs 0.5°C im the temperature
measarement apd 0.025 m/s ia the air speed
messuremonts.

DISCUSSION OF RESULTS -

Four interzomal test were performed. These tests
are the Febreary 15 a.m., February 15 p.m.,
September 21, sad October 3 test, Ia the February
15 p.m. test, Beptember 21 test, and October 8
tost, suxiliary heat was sspplied by the west
electric baseboard heatsrse in cell #2 shown in
Figare 3. Ia the Beptember 21 test, the radistion

¥4, Besshesrd NHesters
FLC. Fon Coll Unit

Fig. 3 Fioor Plan of the NBS Pessive Solar Test
Beilding »

shiolds were removed frem the coll #2 air

thermocouples to see if they were affecting the

data. No effeot was ovident ia the zesslts. .
Radintion shields wero mot msed im cell #3. Ia the

September 21 and October 3 tests, the Scnth airx

thermocouple arrays, showa in Figure 4, werze moved

to the csst-west seater plame of the doorwey and

at & distance of one meter from the doorvay. This

typo of thermoocouple positioaing allows predicted

rosults of both zomo temperature distributione

in end ont of the flow stresm to be ocmpared. The 1
prodicted and experimental rosults of these tests

will bo comparel in the followiag. The gemoral

oonfiguration of each test is summarized in Table

1. .

Ia Figure 5, the dats takes ome hour after the
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Fig. 4 Schomstic Bast View of Test Cells Showing
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Fig. S Temperature snd Velocity Distribution One
Bour After Start of No Auxilisry Heated
Test, February 15

stast of the test azo shown for the mo asxiliary
conducted during the moraimg of

hoat expeximent
Fobruary 15th.

Thoe data uxe displayed

oest-wost cross soctiom of the building with
temporature seales located at the bottom of the

figuze and emclosur
¥a the conter oz the fi

side.

o hedight showa om tho left
gurs, tho doorway is

showa with tha welosity soale lozsted at the top of
tho doos. Tie velopity distridetion is sepresented
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by the dashed 1lime and the doorwayr téaperatere®
¢dlétzidutiom by the lime marked by eircles. The
son-1isear sone temperature distributions of the
thermoconple arrsys, showm ia Figure 4, are
displayed im both cell #2 and ocell #3. The 2010
tomperatare distribution i eell #2 48 seen to be
more stratified and ia cell #3 less stratified.

The doorvay temperature distridution is fairly

1liness.

Figure 6 shows the data taken one hour after
the start of the tes¢ with

eell #2.

suxiliary heat om in
In this Fignre, the zoms temperature
distribution above the doorway iam eell #2 is

destratified. The terporatuxe distribotion im zonme
#3 is similar to tho cao in Figare 5 except that in

this test the somth thormocosple arrays were moved
to a distance of ome ®» *er frca the door. This

“
.

Cell @2 Cal) #3
~3r Veloctity (m/s)
St ne-kaon
g s——g
2 | l
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Pig. 6

October 3

22 2817

Temperaturs (°C)

Tespezature snd Velooity Distzibutions Ome
Eour After Start of Auxiliary Heated Test,

eloser positioning caused the top sosth z0me
temperaturos to be higher relative to the omes

é?:played ia Figure S,

Referring to Figere 5 and 6, the path of the

wa:a eir flowing imto oell #8 spparently rises to
the ceiliapg just sbove the doorvay ss indicated by
the large tempersture imcreass at the top of the

The velooity profile

shorter thcrmocomple array.
is odsezvii o be son—-symmetric about the ment

height.

{sotherms?!

presonted
of the ws::

the opening csuwses the flow ¢t
top; while the isteractioa of the cool air
stresnlizes with the floor (mo
canses the flov to zetard mear

V(@) =S/ U iz AT

cl:"‘.t
B=+039%
AT = 27-A

U= -3F%s
2L

— /05
%—/7-

2F \M/s

T

s ATz l’lﬂlj

This

22, looation of the mestral height is
spproxima‘ ;1 7.5.0 6 above the mid-height of the

door deter ‘108 by limear intespolation of velocity
dsts. The -iape of the profilebelow the mentral

Reight is --rrly parsbolic as predicted by
~del with a maximem velocity o
a/s. dAbovu :be mentral height the volocit
shape is »r o limear with a mazimes velocity of
o sgw/erii: the top of the door.
son-symme:: ;¢ velooity distridetion im the Soorvay
is appurer 17 osused by the soa-symmetric bomndary
eonstrair: oT the top snd bottom of the opening

7 this sxperimental set-wp.
air streamlines arosa

22)-

(o)

rofile

The onrving
d the top edge of
o sccelerate mear the

slip condition)
tde floor [8).



The experimental and predicted velocity profiles
are oompared in Figure 7. The predicted valmes for
the isothermal model were obtained by usiag a valume
of C =0.47 ia equation (1), and for the moa-limear
wodel by waing a value of C 0,41 ia equation (4).
These values of C wore obtained by curve fitting
the mass flow nto data as discussed in the mext
paregrsph. It should be moted that the valwe of C
suggested in reference 2 and 3 is 0.611,. As seen h
the figure, very good agreement exists between both
proedicted and exporimental velocity profiles.

Since the position of the mevtral heigit was
wvariable in the mom-1imssar model, it is loocated st
1.05a whioch is very mear the sxperimental] asuntral
height. The major deviatiom ccours mear the top of
the door where "oth models mader predict the sotwal
velooity. This highexiexporimeatalsvelooity
appareatly ooours becsuse of the beadiagzofithe

O Isotharmal Mode)
- &4 Non-Linear Mode!l
G868 Experimental

1.54— /

Height (m)
®
I

£

a.a___.__Lé]lulnllj

-.3 -1 .1 .3 -
Veloeity (m/s)

Fig. 7 Velooity Distributicas Cae Hour After SBtart
of Awxiliary Heated 1est, October 3

*stremiilises srouad the top of the openiag which is
mot sccounted for ia the models. The volocity
’rolilu of doth the heated and mom-hasted tests
are very iimilar in shepe.

Ia Figure 8, tlo oxperimental aad theoretiesl
mass flow rates rod!etod by the isotiermal model
age compared. he oxpotl.lnt © gy galiow zates
woze dotormined by smming ths ;rodwet of the
donaity, vof%‘é!ty. sad respective area st the eoight
ugauuont locaticns ia the docrway. The average
error in satisfylag experimental ocatiamity was %
ot the totel flow through the door. The
thooretical mass flow rates were determined from
egtstion (2). The temperature &ifferemce im
oquation (2) was caleunlated uvsing the temperatnrze
at one meter above the floor (doorway mid-height)
of the sorth air thermocouple arrays. A limear
lesst squazes curve fit was used to determine the
ooefficient of discherge, C , from the expirimeatal
date, the values are showa I1n Table 2. The
variation ia the value of C for ezoh test 1is
attributed to the duﬂoulty in measuring low als
speed and imability to oontrol the eaclosure
surface tempezature. The ovezall discharge
ooefficient (i.¢. the vilme obtained by msing date

from all tests) for the isothermal model is 0.51.
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Toble 3. Valves of G, and C. Peternined frem Rxporimental Buta

Tost C.
Isothommal Nea-linear Joothermal ~ Mam-liness

oedel msde] oedel asdel
1 (heat off) .47 0.43 0.49 0.28
2 (hest o) 0.53 0.47 .73 0,40
3 (haat en) 014 0.46 e.02 0.41
4 (best on) 0.47 e.41 .69 .95
A1l sente 0.91 0,45 ..72° 0.39°

® oaly hoated tosts
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mass flow rates predicted by the mon—limear model

aze compared., The predicted values were dotormined °

by wsing the zome temperature distribution of the
morth thermocowple arzsys in equations (9) throwgh
{12). The discharge coefficients shown ia figure §
for t%s mon-1linear model, were also determined by
msing s limesr least squares curve fit. A
comparison of figures 8 and 9 zhov that im goneral
the discharge coefficients predicted by the
aon-1inesr mode]l are abont 10% lover tham those
predicted by the isothermal model.

A similar anslysis was performed usiag both the
morth and south thermocosple arrays of the
September 21st and Ootober 32d tests. When the
sonth temperature distridbutioms are uwsed ia the
mon-1iscar mod !, the discharge cosfficieat iu ealy
ebout 2% higk:.: tham whem the morth temperature
distributions re wsed. Nowever, wheam the south
mid-height te: sratures are wsed im the isotlermal
model, the die.uarge coefficients are adout #%
higher tham vl = the morth mid-height temporntures
were used; bYut the valses predicted by tho aorth
temporatare oorrelats better with experimental
velses.

’
During theso two tests, tho somth thermocouple
arrays were in ths flow path and the sorth
thermocouple arrays were im a more stagmate
gsogion. These resslts iadicste that as long as
temporatare measurements in tvo some coafigurations
are made ontside of the iatersossl flow path (away
from the doorway), the locatioas of the temperatsre
meassrements are 3ot very eritical, The zeca-lissar
»odel is less sensitive to temperature measnrement
location than the isothermal model.

Ia Figures 10 and 11, the oxperimental Laat
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Fig. 10 BExperimeatal sad Predicted Isotbermal
Nodel Neat Transfer Rates

srinsfer rates sre respectively compared with the

valwes predicted by the isothermal and moa-lisear

models. The ezperimental hest tramsfer sates were

detormined smaniag: the produot of the demsity,

velocity tmotahn) specifio heat, snéd

V
/Tn/ Vvd?-fl Ve "(4-

respoctive area of the eight.messurements looations
12 the doorvay. The predicted heat transfer rate
was calcnlated with morth zome temperature

Fig. 11 Experimeatal sad Predicted Nox-limear
Nodel Heat Traasfeor Rates

distributions is equation (8) and (13) for the
d{sothermal model aad mon-lisear model
zospectively., The heat transfer rate discharge
coefficients, C_, obtained by usiag a linmear
least sguares o‘x‘,vo fit are shown im Table 2.

These dats shov, the discharge coefficients,

C_, for the tiree tests with the saxiliary heaters
o: iz cell #2 are higher tham that for the test
with mo heat. The sversge discharge coefficient
wsing north tempersture distridbutioas for the
heated tests 1s 0.72 and 0.39 for the isotbermal
mode! and soa-1imear model respectively. Whem the
sobth tesperatures are wsed iz the isothermal
model, tho discharge coefficient iacreased by 27%
and 16% ::-spectively for the September aand October
tosts, FEcvever a similar comparison for the
aon-lim¢:: model, showed a 5% imcresse ia the valwe
of 81sck- ;0 eoefficient for Doth of these tests.

The data of Table 2 shows that the status of
suxiliary hoat ia cell #2 hed 1ittle effect on C,
while it has a significent effect oa C .. It was
montioned earlier while discussiag ﬂjaru S and 6,
that the status of suxiliary hest im cell #2
offects the doorwzy asd zome tempersture
distridbutions. Apparently, the addition of
suxiliary heat produces a flow path that
dostzatifieos the zome tempessture sbove the door
in o211 #2, caweing air temperatures ia the doorvay
a! ¢ the mestral height to be higher thaa those

& :ing the moa-hented test. These higher doorway
teaperatures resslt ia the higher valsme of C‘ for
ti a tosts with the heat on.

T:9 offect of adding emergy im eell #2 sext to

the wall that is opposite the doorway is similar to
Raviag south faoing glazing being warmed by solar
zadiation. Previous research ia isterszomal tests
ocopduoted betvesn sumspaces asd sorth somes has
showa that the tenperature of the glaziag is o
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major factor im determining the sumspace
teaperature distridbution and the intersomal flow
zate and heot transfer [9]. The importanmce of this
boundary condition on the heat transfer rate is
vory ovident in the dats. The doorway temperature
profiles of the suxziliary heated tests are ’
oonsistent with the temperature profiles ia
reference S.

EESULTS AND CONCLUSIONS

The velocity distribution predicted by the
i{sothersal and mon-linesr models are in good
agreement with the data when experimentally
determined discharge coefficients are msed. The
offoct of heating the asir mear the wall opposite
the doorvay in the warm zone is that the zome flow
paths are significantly altered. This change did
mot affect the predicted mass flovw zates. Novever,
the predicted heat transfor rate is very depeadent
on the condition of this sarfece. Liscar least
squares curve fits betveen predicted and
experimental dats resulted im lover discharge
coefficionts for the moa-limear model than the
1sothermal model. The vyristion in the discharge
eocefficient between using morth and sonth
tempezature distzibutions for predictiag valwes is
only slight for the mon-limear model bdut
siganificant for the isothermal model. Except for
the varistion of the discharge coefficient ia the
auxilisry heated test and son-heated tost, the
aox-linenr model gorrelstes very well with the
experimental data, The effects of some surface
soaditions and szome configuration om the discharge
ocoefficiont needs further imvestigations.
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