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ABS'IRACT 

The results of a scale modal study of n•turll 
convection flows in the CSU REPEAT facilicy 
are reported. The seal• experiments were da­
s ignad to model natural convection flows fQr 
summer ().onditions when l\aating and coolil'lll 
are limited primarily to thtS sunspaca aQ,d 
clerestory glass of full-scale fa~ilit7. 
Flow visualization stud:l.aa and velocity 11111-

surements from t.ne scale experiment are com­
pared co velocity 111ea11ure111ents takan iii che 
building. The scale experiment waa success­
ful in modelling changes in flOlol pacterns 
i:hat occur in the CSU REPEAT ~acUity 

throughout the day. The thermal bQundary 
condition on the upper north wall of Cha 
:;c:al• uq1er:t.inent wa1 found to play ·an 
important role in determining the overi~ 
structure of the natural convection flow. 

1. I!l'nlODOCTIOH 

The performance of paellive solar buildings 
depends directly on tb• ability to transport 
heated and cooled air th.rougbout a building 
in an efficient manner. tlatural convection 
air flow detarmines the performance of paa­
sive solar buildings in tbree ways. Air flow 
is raaponsible for: cha energy removal from 
tha surfaces that absorb solar energy; the 
anergy transport betwaen building zones; and 
the energy delivery to c:onvectively coupled 
thermal storage. 

At this ti.me, wa are unable to predict the 
magnitude or direction of the air flow in 
complicated building geometries. There are 
two rnajor approacbe11 to experimental research 
in thi.s area: 

• Full-scale experiments 

• Small laboratory-scale experilllents. 

Heasureiuencs in full-scale buildings must be 
made to datarmine the geometries and thermal 
boundary conditions chat are important in the 
real world, but small-scale experilnents off er 
a numbar of advantages, including exact con­
trol of thermal boundary conditions, and eaae 
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of 111odl.f1cation, The primary objective of 
Chill study h tQ verif7 th.at a watei:-f1lled 
ecal, taJt cell c;an be used to simulate the 
bahavio~ of Che full•scale reconfigurable 
11•uive ten (REPEAT) facility at Colorado 
State University (CSU), The use of scale 
rnodal experiments h based on the principle 
of dynamic sUU.larity, first established by 
Osborne Reynold11 in l 883 ( l) , !f the scale 
experiment is geometrii:.ally similar to the 
full-scala problem, and the forces acting on 
a fluid parcel in the scale eicperimeat have 
the same ratJ.o aa they do in the full-scale 
problem, then the results of seals experiment 
can be extrapolated to predict results in the 
full-scale problem. 

·-nte similarity of tha scale experiment to the 
..full-scale ,problem is guarantaad by matching 
.·cne importalll: aondimaasional parameters that 
result from the geomstt'Y of the problem and 
the governinlJ equations for conservation of 
mass, momentum, and 11nH·gy. For the case of 
natural convection air flow in the CSU REPEAT 
facility during suami1rt1me conditions, the 
important nondimensiona.l parameters are the 
Rayleigh number, the Pi:andtl number, the as­
pect ratios of the rooms and suns pace, and 
the parameter ate' lihich describes the tem­
perature di11tr1out1on on the north wall of 
tbe REPEAT facility. The c:hoic• of 9tc: is 
based on the observation that the therm.al. 
boundary conditions on the north wall and 
sunspace glass appear to det1trmine the air 
flow patterns in the ~PEAT facility through­
out a large portion of tlw day under summer­
time condition11. 

Th• validation experiments wre performed in 
a 0.3048-m cubical wacer-fillrd test cell. A 
plex1glas partition 11as installed in the test 
cell to divide it into three zones, which 
correspond to th• sunspac•, upper no·rtn, and 
lower north rooms of the REPEAT facility. 
The dimensions of th.se zones are sbown in 
Figure l for the SERI CHC c:ell and Figur• 2 
for the REPEAT facility test cell. H.ating 
and cooling in Cb• water-filled l•st cell 
weC'e accomplish•d by pumping hoc water 
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~pprr limits of the l aminar boundary laver 
, . _F ei:;imfl', characc...rized by the formation 'or 

, - ,.Lhin boundary Laye rs on t he heated and coo led 
ve rtical ua.J.ls (4,.5). Watl'C' _has a higher 
Pran~ ~l number t han air, but chi_~ has only a 
minor effect on the heat · tt'1ms fe r. Es tab-
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Fig~ 1:-oi..ns:i.Oils of the SER.I test cell. 

" 

l'ig. 2~ DDeuaioas of the ttl'!AT facility ac 
?:alor*do Scace IJaiveriiity. 

..:.,;·· 

through the outer wall of Lhe sunspace to 
'simulaLe a Window heated by absorption of • 
diffuse radiati'on, 1md pumping t"old water 
through Lhl'' 'outer wall of the' north rooms to 
simulate the· 1fre'sence of cold thermal . stc!ll:-. 
age. The>'' Lhermal boundary condition" on lhe> 
outer wall of che upper north 7.0ne was 'va:ried • 

- " during the t'xperimenL to match temperature,. 
Jc changtis 'that werll' maasuc:l'd.: in the REPEAT. 
"' facil ty. 

.·::ir; 

Water, rather than air, wus .used as the heat 
transfer fluid in the 3ERI test t"l!'Jl because 
it allows one to reach the high R.::iyleigh num­
bers t"haracteristic of ful ·l-st"ale bui'lding, 

·in a small apparatus. During Lhe tesli.s de-
scribed in the prf!'sl!'nt study, thl!' SERI test 
ce11 was operated ·' at a Rayleigh number· of·" 
approximately L.6El0~ ···the· Rayle-igh number .in 
thf!' REPEAT facility tl!'sls was approximately' 
5.JEll. Both Rayleigh numbers are within the 

lished correlations can be used to compe-nsate 
for this. efft'ct (5,6). .. ' ~· -;;-_• 

Type-T thermocouples ..,ere imbedded i n Lhe 
~oo led .{In<:\, "heated places of tht' test c e ll ac 

. three locations: the center of the heated 
plate ,:'.{ Th), along the cent erline o f the 
coolt'd place, 7. 6 cm '(Tb ) , and 15 . 2 rn (T ) 
erom tne boccom. Anoc.li ... r chenaocoup1e e~s 
t aped to the inner surface of ' the uoper north 
..,ail (Ttc). Tt'mperatures in t1:1e -test cell 
..,ere measured using a thermocouplt' that could 
be, mo.yed up and down on a traverse. 

'SiriceL t'<Yo of the: walls ,,and: the. 1c_eiling of tht' 
test·--:cell were 111ade of plexiglas, both quan-

. titative and qualit:ativl' studit's of the flow 
..,ere possible. Two flow-visualization tech­
niques .were used. To show Lhe dirt'ction or 
thl' flow betwel'n zones, , dye was injl'cted 
through a needle mounted on a travt' rse. To 
give an idea of the relative spt'l'ds in tht' 
doorways, the water was see-ded "1th highly 
rt'flt'ctive neutrally buoyant 11artic:lt's, and a 
cross Sl'ction at th.eo insidl' .and outside oE 
each doorway 11as :illuminaced"~ith a shl'et of 
laser light. Partides Jn the _ )ightl'd rt'gion 
showed up as streaks: in ~·imed,,,.eitposurt' photo­
graphs., Finally, veloci~ie,s in the upper and 

" · lower doorway.s ..,erE' 111easurt"d using a laser­
doppler vl!loc:imet1H' (LOV). 

. :: 

inn 

The rt'Sults from the .SERI test t"ell wert' com­
parP.d: to: :data ·fro111 r.he REPEAT facility at 

-CSU, as rl!porc...d b11·· (2,J). The REPEAT facil­
ity is a full-scale building, heatE'd by solar 
t'net'gy t'ntering through the- . sunspace and 
clerestory glass. Only summe-rtime data were 
used in th• comparison, since the SERI test 
eel l models are heated by difJ:us e radiation, 

Thermocouples and a hot-wire .~nemome-ter ~ere-­
used in the CSU REPEAT facility to measure 
detat.led temperature and velocity profiles in 
the doorways. Some additional temperatures 
were- measured at. the walls and in the three 
zones. Velocity measureoments weC'e supple­
mented by , smoke flow visualization to dett'r­
mine: rChe : d:l.recr.io~, of the floJ.- in t.he door­
ways, , Meas_urements were taken t"very houc for 
several· days in .Hay, July._," October, and 
Novt'mber of l984. 

One of -lhl' 1111s~ inteC'esting feoat.ures of Lhe 
REl.'EAT. J:acility is the nonuniformity of the 
thermal mass on tht' north wall. The lower 
north wall t"onsists of 25-1:1!1.-. Chick concrete, 
whil"' the upper north wal ;i. is ~on-structed of 
gypsum wall board. Sinc;e,- the. wall . board has 
very litLlE' thl'[lllal mass compared to the con­
cret.-. wall, the, .north wall .,temperatures in 
the upper and Jo_~r n1>.rth._ zones tend to de­
couple thermally. The lower north wall re­
mains at a fairly constant low temperature 
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throughout the day, whi le t.he temperature of 
the upper wall changes . The upper north wall 
is s ome times as much as to0 c hott1H' than the 

.r l. lower: north c.ral.l. The SER! test cell : use 
t'r· electric heating co model che heating o[ the 

4p:p..e c north wall of the building by di.ffuse 
. 5~~d},.~c:ion through the clerestory. 

3. RESULTS 

:Three sets . . of experinients were performed in 
,,J_" . the SERI te'st cell to model · temperature ·1ari­

ations seen throughout the day in the :lEPEAT 
facility. Experiments were performed with: 

• An approximately isothermal north wall 

• Styrofoam insulation l cm thick, installed 
along the upper nocch t1all · 

• Electric '~eating of the upper north t1all. 

1 'The' ~ thermal. °o'oundary conditions created by 
':>'. th~se · '111odifications can be succinctly de­

'. scribed by de.fining the parameter ate as, 

: )~ I 

This paramete r rep resents the extent t o 'Jilich 
-' the upper north wall particip·ates in cooling 

or heating air from the sunspace. \/hen the 
~ :;upper north :z:one is noc: l.nsulac:ed, the entire 

. ' ,, 1'no rth wall 'ls cold, and 9tc ls close to Ulro • 
' :Unde·r these condit i ons , , cooling occurs in 

:· ~- Jbof.h· the uppe.r and lower north zones. \11th 
"-c tl:le· "inlsii.l.atton in place, · the temperature of. 

the upper ·north wall rises, and .9tc rises to 
around O.ofl. . -.This increase makes the U'\>per 
norch · wail less : , imporcant in cooling th•~~ 
heac.ad air fi:om the suaspace . The tempe'c- , . 
acure of '; the. upp.e.r aorth;;,wall can be raiStld :... ...... 

: . ·~ . 
r· 

further · by electric. heating, giving va.lues of 
etc above and.. ·c:orr values of ate larger than 
one, the upper north zone . i.s hotter c:han cha 
sunspa.ce ·glass and begins co heat air frocg, 
tile :iun•pfce. • · ' 

Three dimensiona'i flow pattet'T\s wiere observed 
'for . all ttlermal boundary conditions tlistad. 

~·"' , Horizontal velod.ty proiilas vere aieasured at 
"'" . .,, ·o;-- ·, fever al · heigheli near cha ., !•lower door, the 

.... . ,. .. . '- · · r esults 'a-re presented in Figure J. Sinceo cha 
'Jc·, t · '!.DV lll&asui:ing ' volume could not be plac..:I ln 

·: ·· - · v :: the doocway itseU, the measui:ements wre 
taken approximately five clli:ll1maters tn co the 
sunspace (a} "'and .tnto the lower nocth 

~ ~one (b) . The IJ)V wa oriented so that only 
'€ha norch-soudt component of velocity llaB• 

· · ~ " <measured. '" 't'his coll(\lanent wa.s found to · be 

.. ~ . 

' 11 

:. •·,.,;., 

r 

... 
• ' much sci:onger on lttfE' downsci:esca side oi th• 

doocway than nn the '.upscreBllL side. This 
apparentJ.y indicaces Chae cha water funnels 

" '' ·" "' ' 1nco the dooC".1ay from .. \Da\l;y directions, a.nd is 
• 'l:J ~ 'directed outwards - aio'n- ·t..un.1.foi:mly ·when .. ic 

·· leaves the doorway •. ,,•.c\J!s'O, ·there is a strong 
.:cc. arrd · .. somecimes asymm•ti:ic:&.11'' variacton . in 

""~" velo ity in the east-..est direoction across 
: • the· d'oocvay . These t'esults demonstrate chat 

'" · :di!u'tvay' velocity proiiles lllUSC inc1udE' 
· u ·"" Ci'"! horitoncal· as ~ell aA vertical travecrsvs if 

:>'' ~ "t.hey · arii' to" be> used "to · perform an energy or 
r , i· ::.:·:· ·~- •. 1 

.· . ' ,; 

lOl 

mass balance. Kovever, the vertical profile 
measured at any hat'izoncal position across 
the doorway has che same general shape, and 
can be used for qualitative comparisons. The 
three thermal boundary conditions of che test 
cell produced dramatically dif f erenc flow 
patterns through che doorways • 

\./hen ' the norttl wall was isothermal (0cc=O), 
the flov was observed to crave! into the suu­
space Fhrough the lower door and ouc through 

. the 1,1,pper d.oor. This observat!on t1as con-
firmed by .1-· verc:tcal I.CV profile, · pi:esenced 
in Figure .-4a. This figure, wtlich presents 

" only the velocity component in the norch­
south 'direction, snows that velocities are 
highest ac the top of the upper door and the 
boccom of.-tha lowe.i: dooi;_., 

3.2 

The flow pattern becomes much more compli­
cated when insulation is installed in the 
upper north zone. The flow is no longer uni­
directional in eoach doorway, as can be seen 
from Figure 4b, t1hich shows the doorway 
velocity profiles. In the lower doorway, the 
flow i ·s . strongly into the sunspace ac the 
bottom of the door, and inco the lower north 
z:one ac the top. In the upper door the flow 
is into thl' upper north zone ac the top and 
bottom or the door. !n che middle, Chere is a 
weai. 11everse flow into che ,suns pace-. 

3~3 !l.eaced Upper !forth ~a!l.:, 9-. •l. 4 

Figure 4c shows the LOV proi.~les for the case 
when the upp&i: noi:th wall <las heated co simu­
late the heating chi:ough the clerestory. The 
flow in this case is also fairly complicated. 
As in the ocher i:wo configurations th•re is a 

' .t-tt'?ng flow inco..._. the- sunspace at the- bottom 
pf , che low!,r do1i5 .•.. In addition, since the 
upper nor:'th wall is 6occctr than cha sunspace 
glass, vacer traveols 1nco cheo sunspace a t the 
top of the upper door'ltay. At. the hoe r.om of 
the uppE'r doo~ay and the ,, t~p of Che lower 

: -doorway, c:he flo~ is out of che sunr.paceo. 
•1 The velocity CHas~rements are confirmed by 

screak photographs, sue;!] as F1gureo 5, which 
.shows th& flow t hrough the upper door. The 
illuminated section i~ . a few centimeters wide 
in.1 the norch-souch d1nr:,cion, and n few 11111-
limecers wide i n th• tsst-eosc direction. 
Mocion in the east-..iest direction is nae 
recorded on the photographs, since particles 
travelling in Chae direction quickly 1DOve out 

· of thl' illuminated region. Nace, the shear 
region between the upper pare· of the door 
where the flow is into the sunspace and Chl' 
law•r pai;t,; is into tht> upper north zone. · 
Dye:: inj eccion photographs, such as Figure 6, 
canfirm .the 9.bll4!'·/:Ved . f.low dirt'ctions in Che 

, ' lower dOOJ'.'. · • . y , , . r 
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4. DISCUSSION 

The Elow patterns •asured in the- doorways of 
the SERI teost ce-11 agrft' qualitatively with a 
trend obaerved in c:he data fro111 c:he REPeAT ' 
facility. Figure 7 shew doo'r veolocity pro--

~i 

''· . .. files from C:SU arrang~ ~n order of decremr~- ,, 
1ng et • Included in chis figure are- lllOSt Qf 
t he av~ilable data fro11 May and July. lle . 
omitted cases where the inner wall .of the 
suns pace was hotc:er than the- out~r· · wall, 
which could not be !ll<ldelh'<i with. our appa­
ra"tus .. presently configund. 

Several 1nteresc1ng' trends ean ~I!- observed · ; "' 
fro111 the sequence of velocity profiles ua­
sut'ed in the CSU R!P!AT facility. First, it 
is apparent that the flow rate 1n each direc-

tion (proportional to the area or the [H'o­
file, bounded by the z.-ro 11eolocily line) 

· !ncre.~ses as 9t decreases. This makes sense 
-because heat Lrinsfirr in the uppeor noC'th zonir 
is increasing. as 9~ dec:-irases. Secondly, 
the strapeo of, thlt vefocit;- profileos chang;l's. 
At the highest: value of the ate:, 1. 4 L, the 
flow goes into the sunspace at Lhe top of the 
upper and ·bottom of Lhe lover door•.ray, and 
'into . .'tile north zones ac: the bottom of the 
upper ·and· top of the lower doorway. In tht> 
IDiddla of each doorway, th.ere is a region of 
zero velocity. As ate decreases, the flaw in 

: the lower doorway maintains the same general 
shape, but the- outward flow th.rough the lower 
part of the doorway beco111es sc:ronger _;and ~ 

" i!xtends higheor than before. In general, the 
~egion of flow into · c:h.e lower north zone 
becomes less and les11 illloortan t as 9 de­
creases. In the upper d~orway, the- fl'bw is 
unidir<'ctional (into th.e upper north zone) 
when et is less than one. The shape of the 
profile c changes as e .t decrease-a. gradually 
changing from a prot-fle with two peoaks of 
approximately <!qual size- at the top and bot­
tom, to one in 11hich th.e velocity decreases 
almost monotonically from a maximU111 at the 
top of t_he doorway. 

The !IERI velocity profiles for the heated, 
insula1.ed, and isothet'lllal cases were meoasuC't.>d 
•o1 i ch e · l .39, 0.93, and 0.12 respectively. 
Thus, 'i::.be insulated and heated cases fal! 
vi.thin che range- cov r ed by t he REPEAT data. 
while the 1soth•rmal case h.as e lower than 
the lowest available CSU data. c:c 

Th• valu• of at for the hea1.l!'d case is vHY 
dose to that ~f the first profile. from th.e 
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Pig. 5. Strea~ photograph of the upper door, 

ate • 1.4 

REPEAT facility (7:JO !?.:-!. in ,May)"''""'<t ,., t:he 
two Elow paLterns are qualitatively very 
similar. In .both cases, there is bidirec­
tional flow in each door•.Jay. A ' cocitil'.rriJo'n of 
Figures 4 and 7 shows that the flow direc­
tions are Lhe ~ame. 

The <laLa for the insula~ed case at SERI 
should be compared 1o1ith the third profile' "of 
Figure 7 (!,: 3'0 .J..:1. in :-lay). The ov~~l ._ 
features or'<'C he' flow ... are- consistent • 1o1ith the 
trends in the REPEA'r,_ data. The ul>9e:C..:~o.).r_ ' 
has sLrong peaks. of.,·.Elow .erom the sunspace at 
the top and bottom;ri the. lower door ~s str.ong 
flow int:o Lhe sun-sp.ace at the bottom ' and 
lower reversed velociti-es at the top. The 
only significant diffete.nce is the SERI pro­
file has a region of :d-ow-velocit'..-' revers4l-.;_, 
flow at Lhe ceonter of the ' upper door. 

... 
i:'. l '. .. . 
? 

The SERI test cell "1.tho.ut insulation has a 
low value of a • generally 'Jell below o. z. 
-This is lower .. t!'iln the available REPEAT data. 
Howeveor, the tracer particle photographs are 
consistent ·•ith REPEAT data with the lowest 
pos41ve value of 9 (0.49). The flow IJaS 
obser'ved to bl!' unidl~ectional in uch door­
way: and in the direction indicated in the 
REPEAT data. Maximal velocities occur near 
the bottom of the lower door and the top of 
the upper door. Furthennore, the maximum 
velocities are somewhat greater than those in 
the insulated case. 

Qualitative agreement between CSU and SERI 
daca has been observed for theo velocity pt'o­
Eiles in bo~h doorways. This agreement con- '· 
'firms that - 1c'--is :.:>PPt:opriace to chat'aCtl'rize 
·;1atural --.Ronvection flow pattl!rns in a com­
plex, :nulti-zone enclosure by thermal bound­
ary conditions oc the enclosure, and su1.:ges Ls "; 
Lhat the air movement is <lriven by Lhe bound­
a~Y... ~ayers along the walls. 

·5. ' CONCLUSIONS 

Us:Lng · a small, water-filled scale model, we 
have successfully rept'oduced the main flow 
patterns reported for diffuse sunlight condi­
tions in the CSU REPEAT facility (2). We 
produced these flo1o1 patterns by varying the 
thermal boundary conditions of the test cell, 
as d~~.!; .ribed by the parameter ate' 

Our .a&°ility to pt'eodict the direction of ail." 
Hows in "a. building, given its geometry and 
chermaf' bo\lndat'y conditions, suggests U1at 
small-scale· modelling may be useful as a tool 
Eor design~rs of passi~e solar buildings. 

The importance of the boundary conditions in 
deter.nining the flow patterns implies that 
further research in full-scale buildings 
should emphasize wall temperature measure­
ments in addition to measuring room temper­
ature distributions • 

Pig. 6. Ink j~,t•-.,r:;l-•i:; door, ap: .~ 1.4 
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1.41 0.99 

0.63 0.58 

0.93 D.S8 0.81 
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D.64 ~ 0.69 

0.58 0.53 D.51 0.49 

lig. 7. Doo~ veloci.ty profllu fro• t!lll UP!il facility. 

~-i~ ~ ... _~ 
' 

(1) Schlichcing, H., 1979, Boundary Layer 
Theory, McGrav-11111, ~ew York, p. 12. 

(Z) Kirkpatrick., Allan, Dallu Hill, · and 
IC.irk. Stoku, 1984, ~atural Conv11ction Flov 
Pro.tiles in a Passive Solar Building,• pre­
senud at th• !.984 AS!S Pasaiv11 Solar 
Conference. 

(J) Kirkpatrick, Allan, May, l985, Private 
communication. 

:~ 

104 

( 4) Bohn, :-t. S. , O. A. Olson, and A. ! • 
Kirkpatrick, 1983, "Ex~erimencal Study of 

· Three Dimensional Natural Conveccion a c Hign 
Rayleigh ~umber,· J. of Heac Transfer , 
'lol. 106, PP• 339-345. 

(S) Churchill, s. W., l983, 'Cree Convection 
in Layers and Enclosures,· from Heat Ex­
chantp!r Design Handbook, ed. by E. u. 
Sch.lund1n:, Hemispher• Publishing, Washington, 
o.c. . 

(6) Bohn, Mark S., and bn Anderson, l984, 
"Influence of Prandtl Numiler on Macura! Con­
vection Heat Transfer Correlacions, • SERI/TR-
2.52-2067, Solar Energy Research Inscicuce, 
Golden, co. 

...... . . " t ... -t- ..,.. ~ ... .... ·-


