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ABSTRACT

The results of a scale model study of nacural
convaction flows in the CSU REPEAT facilicty
are reported. The scale experiments were de-
signad to model natural couvection flows for
summar conditions when heating and caoling
are limited primarily to the suynspacs and
clerestaory glass of fyll-scala fagility.
Flow visualizatigan studias and valocity mea~
suyrements from Ghe scale axperiment are com
pared to velocity measurements takan ig the
building. The scale exparimentc wWag succass=
ful in modelling changes in flow pacterns
thac ocecur in the CSU REPEAT facilitcy
throughout the day. The chermal bgundary
condition on the upper naorth wall oef the
scale axperiment wag found to play an
important role in determining Cthe overaJ;‘J.
structure of the nacural couvection flow. =
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1. INTRODUCTION

The performance of pagsive solar buildiugs
depends directly on the ability to tramsport
heatad and cooled air throughout a building
in an eificient manner. Natural convection
air flow detarmines the performanca of pas—
sive solar buildings in three ways. Air flow
is responsible for: the energy removal from
tha gurfaces that absorb solar emergy; the
enargy transport becwaen building zones; and
the energy delivery to comvectively coupled
thermal storage.

At this time, we are unable to predict the
magnitude or direction of the air flow in
complicaced building geomectries. Thera are
two major approaches to experimental research
in this area:

e Full-scale experiments
e Small laboratory-scale experiments.

Msasurements in full-scale buildings must be
mada to decermine tha geomecries and thermal
boundary conditions that are lmportant in the
real world, but small-scale expariments offer
a number of adventages, including exact con-
trol of thermal boundary conditioms, and esse
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of modificacion, The primary objective of
this scudy 1is to verify that a wactaer-fllled
scale tagt ¢ell can be used to simulate the
hapavioy of the fullrgcale reconiigurable
passive tasc (REPEAT) facility at Calorado
Stata University (CSU), Tha use of scale
modal experiments is based oun tha principle
of dynamic similarity, firsc escablished by
Qsborne Reynolds im 1883 (1), If the scale
experiment i3 geometrigally similar to the
full-9cala problem, and the forces acting on
a fluid parcel in the scale axperiment have
the same racio as they do ip the full-scale
problem, then che results of sgcala experiment
can be axtrapolated to predict results in the
full-scale problem.

“The similarity of the scale experiment to the
full-scale problem i3 guarantaed by matching
‘the important nondimensional paramecers thac
result from the geomectry of the problem and
the governing equacions for conservacion of
mass, momengum, and energy. for the case of
nacural convection air flow in che CSU REPEAT
facility during summercime conditions, the
important nondimensional parameters are the
Rayleigh number, the Prandtl number, cthe as-
pect rvatios of the rooms and sunspace, and
the paramecer 8__,, which describes the tem—
perature discribucion on the north wall of
the REPEAT facility. The choice of etc is
based on the observation that the cthermal
boundary conditions or the north wall and
sunspace glass appear Lo determine the air
flow pacterms in the REPEAT facility through—
out a large portion of the day under summer—
time conditions.

2. EXPERIMENTS

The validation experiments were periormed in
a 0.3048-m cubical wacer-filled test cell. A
plexiglas partition was installed in the tesc
cell to divide it {into chree zones, which
correspond to the sunspace, upper north, and
lower north rooms of cthe REPEAT facility.
The dimensions of these zones are shown in
Figure 1 for che SERI tesc cell and Figure 2
for the REPEAT facility tesc cell. Heacing
and cooling 4in the water-filled test cell
were accomplished by pumping hot water
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_upber limits of the laminar boundary laver
regime, g

characterized by

- the Fformacion of
i :/ ,thin boundary layers on the heated and caoled
_, P 1 ukted vertical walls (4,5). Water has a higher
3 Lo r riall Prandtl aumber than air, buc cthis has only ,
A Cooled | v ] minor effect on the heat Lransfer. Esgap-
3 wall 7 : Py _: lished correlations can be used to compensace
B : s AR M ) for this effect (5,6). T
e 1| Upper S 54 7 .
E [ [north 20 ol 1 L Type=T thermocoupl {
3 || one s | I} I ype rmocouples were {mbedded in the
i i | Al ! cooled and heaced places of the test cell ap
é ‘/ ; o .’: ':, -three locations: the center of the heated
s e R Ut O Uy T I place v”h)' along the cencerline of the
= [Lower 7 i Ay cooled place, 7.6 em (Ty.), and 15.2 cm (T_.)
D1 Larh // S_unspace,,' 1 / from che bottom. Another thermocouple was
| zone,” ! ,P ﬁq}(\ Ltaped to the inner surface of the upper norch
' 7 . A8 wall (th)' Tempevatures in the test cetl]
v v /_- were measured using a thermocouple that could
] €. == 9-cr:- = ¥ beJ moved up and down\&on a tr:.t\:ers:e.

R . -
Fig. 1. Dimensions of the SERI tast cell.

Clerestory
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. doorways,

:Sincel:two of the:wallsrand: the.ceiling of the

testicell were made of plexiglas, both quan-
titacive and qualitative studies of the flow
were possible. Two flow-visualizacion tech-
niques were used. To show the direction of
the iflow between zones, dye was injected
through a needle mounted on a traverse. To
glve an idea of the relaclve speeds in the
the water was seeded with highly
reflective neutrally buoyant particles, and a
cross section at the 1ngide and outside of
each doorway was :illuminaced, with a sheet of

i « laser light. Particles in the lighced region
$ i ll showed up as streaks in Limedrexposure photo-
’ C 1 7 o graphs.: Finally, velocities in the upper and

Upper 1 I | : . ;

5 S A b o |y ¢ clower doorways were measured using a laser-
’:‘;:: | pomm ] s '.“: yid 7y © doppler velocimecer (LDV).
" 4 Vi i oY
o8 P E 7’1 ril T J = G
= - - |, The results from the SERI test cell were com-
4 @) mower g7m Sunspace /& pared: to:data from che . REPEAT facility at
H foi " . !/ N -CSU, as reported by (2,3). The REPEAT facil-
* I,‘zone s / o ity is a full-scale building, heated by solar
2 ’ L’ Y energy encering through the sunspace aud
6.9 m —28m clerestory glass.

Fig. 2. Dimensions of the REPEAT facility ac

Only summertime daca were
ugsed in the comparison, since the SERI test
cell models are heated by diffuse radiation.
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. " - Thermocouples anrd a hot-wire ,;anemomecer “were~
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‘facilcty.

‘in a small apparacus.

‘chrough' ‘the outer wall of Lhe sunspace to
simulate a window heated by absorption of
diffuse radiation, and pumping cold water

through Lhe ‘outer wall of the north rooms to ..

simulate cthe presence of cold thermal scor~
age. The' Lthermal boundary coadition: on the
outer wall of che upper north zone was varied:

during the experimeal to match temperature: .

changés ‘that were measuced: in the REPEAT.

Wacer, rather than air, was used as the heal:r »

transfer fluid in the SERI test cell because
it allows one to reach the high Rayteigh num=—
bers characteriscic of full-scale building,
During the tests de—
scribed in the present scudy, the SERL cest

" ¢ell was opetated: at a Rayleigh numbec of -

approximately l.6EL0Q: ' The Rayleigh number An
the REPEAT facility tests was approximately
5.3Ell. Both Rayleigh numbers are within the
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used in the CSU REPEAT facility to measure
detailed temperacure and velocity profiles in
the doorways. Some additional cemperatures
were measured ac.the walls and in the Chree
zones. - Velocity measurements were supple—
menced by smoke flow visuallizacion to decer-
mine: (the ;direction, of the flow in the door-
ways. - Measurements were taken every hour farC
several: days in May, July, OQctober, and
November of 1984. >

L

One of -the most interesting features of tLhe
REPEAT. -facility i3 che nonuniformity of the
thermal mass on the north wall. The lower
north wall consises of 25-cm. thick concrece,
while the upper north wall ié‘ conscrucced of
gypsum wall board. Singe, the.wall hoard has
very little thermal mass compared to the coa=

. crete. wall, the north wall temperatures in
" the upper and Jlower north, zones tend to de~

couple thermally. The lower norch wall re-
mains at a fairly coanstant low Lemperacure



throughout the day, while the ctemperature of
the upper wall changes. The upper north wall
Ls sometimes as much as l0°C hocter than the

Meo #' | ower north wall. The SERL test cell: use

4 P electric heacing to model the heating of the
J yppec north wall of the building by diffuse
: . gadia,c;.on through the clerescory.
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3. RESULIS

. ‘rhree sets of experiments were performed in
" ‘the SERI tést cell to mddel- temperacure vari-
" ations seen throughout the day in the REPEAT

facility. Experiments were performed with:

"’ e in approximacely {sothermal north wall

e Styrofoam insulation ! cm thick, imscalled

along the upper north wall

e Electric Ii‘aeating of che upper north wall.
The’ “thermal. boundary conditions created by
these 'médificacions can be succinctly de-=

scribed by defining the paramecer 8. as,
RIS AL . e

9te = (Tee = Toed/(Th = Toe) -

e

" This paramecer represents the exteat to wnich
* the upper north wall participaces in cooling
or heacing air from the sunspace. When the
<“upper norch zone i{s not {nsulaced, the eucire
o *no::h wdll ‘Ls cold, and 8., is close to zaro.
'‘Under cthese conditions, cooling occurs ina
“"ipoh- the upper and lower north zones. Hith
“-cth@ 4nsulation in place, the Ctemperature of

the tuppér mnorth wall rises, and 8., rises to

around 0.9. .:This increase makes the upper

north -wall less:. i{mportant in cooling the .

heaced air from the sunspace. The temper—
ature of ‘the upper north:wall can be raised
o further by electric:heacing, giving values of
8., above oné¢. Forrvalues of 3.. larger than
one, the Gpper anorth zone. is hocter than the
sunspace -glass and hagins to heac air from
the sunspéce. -~ .
Three diméngional flow pacterns were observed
¥or -all chermal boundary conditions tested.
Horizontal velocity profiles were measured ac
‘Heveral -heights near che-vlower door, the
‘rasults are presenced in Figure 3. Since the
LDV measuring volume could noc be placed in
By the doorway itself, the measurements were
o taken approximacely five millimecers into the
sungpace (a) “and inco the lower nocth
zone (b). The LDV way orienced so thac only
‘he aorth-soiich componenc of velocity was
"“measured.” This component was found to- be
much scronger on ‘the downstream side of the
doorway than on Cthe ‘upstream side. This
apparancly indicates that the wacer funnels
ano the doorway from. maby directions, and is
““directed oucwards - more Suniformly whea .it
(g , leaves the doorway.:talgo, ' Chere is a strong
- “and " sowecimes asymmecrical’ variacten . in
velocity in the easc—west direccion across
the doorway, These results demonsctrace that
déohay velocity profiles musc include
hurizontal as *well as vertical craverses If
‘chey are’ to be used ito "pecform an energy or
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:'lower door.

mass balance. However, the vertical profile
measured at any horizoncal position across
the doorway has the same general shape, and
can be used for qualitacive comparisons. The
three thermal boundary conditions of the test
cell produced dramacically different flow
patterns Chrough che doocways.

3.1 Iscthermal North Wall, 6..=0

When -the north wall was {isothermal (etc=0).
the flow was observed to travel into the sun-
space through the lower door and out through
.the upper door. This observation was con-
firmed by a verttcal LDV profile, presented
in Figure 4a, This figure, which presencs
-only the velocity component {n the north=~
south 'directiom, shows that velocities are
highest at the top of the upper door and the
bottom of.-the lower doocz.

3.2 Insulaced Upper Morth Wall %pe=0:9
TL3 [ Ry

The flow pattern becomes much more compli-
cated when insulation is installed 1ia the
upper north zone. The flow is no longer uni-
directional in each doorway, as can be seen
f}'om Figure 4b, which shows the doorway
veloe¢ity profiles. In the lower doorway, the
flow 1is scrongly Into the sunspace ac cthe
bottom of the door, and inco che lower anrth
zone at the top. In the upper door the flow
is inco cthe upper aorth zone at the top and
boctom of the door. In cthe middle, there is a
weale- veverse fiow inco the sunspace.

N = e

333 Heaced Upper North Wall, 0, =i-4

Figure 4c shows the LDV -proilles for the case
when the upper north wall was heated to simu-
late the heating through the clerestory. The
flow in this case is also fairly complicacted.
4s in the other two configuracions there 1is a
“gLrong flow inco che sunspace at the bottom
of cthe lower do% .In addition, since the
upper north wall is fiocter than che sunspace
glass, water travels into the sunspace at the
top of the upper doorway. At che bottom of
the upper doogrway and che top of the lower

: doorway, the flow 1s ouc of che sunspace.

+ The velocity measuremencs are confirmed by
streak photographs, such as Figure 5, which
shows the Fflow through the upper door. The
illuminaced seccion is.a few cencimecevs wide
im) the north-souch direction, and a few mil-
limecers wide {in che easc-west direction.
Mocion 1in the easc-west direction {s not
recorded on the photographs, since particles
travelling in that direction guickly move ouc
"of the 1illuminated reglon. Note, the shear
region between the upper part of the door
where the flow i{s into the suanspace and the

lower part, 1s into the upper north zome. -

Dye:: injection photographs, such as Figure 6,
confirm che observed . flow directions in the




~ files from CSU arranged in order of decreasz- .
-ing etc‘
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Pig. 4. Vertical welocity profiles of the
SERI test cell.

4. DISCUSSION

The flow patterns measured in the doorways of
the SERI test cell agree qualitacively with a
trend observed in cthe data from che REPZAT
facilicy. Figure 7 shcws door velocity pro-—

Included in this figure are most of
the available daca from May and July.
omitted cases where Che Lnner wall of Cthe
¥ hotcer than the outer’ wall,
which could ot be madelled with our appa-
ratus as presencly coanfigured. s B

Several interasting Cfrends can bBe observed: -

from the sequence of velocity profiles mea~
sured in che CSU REPEAT facility. Firse, it
is apparent that the flow rate in each direc~-
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' extends higher than before.
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2 . Fig. 3. Horizontal’ .veiocit.y' profiles of the SERI test cell.
: T = tion (proportional to Lhe area of the pro-
5 0.5 cm/s H file, bounded by the zero velocity line)
g S : = “increagses as 8 _ decreases. This makes sense
3 _mlo“shunspace | . N ‘l':eca.use hea_r. Lransfef: in the upper nocrth zone
g L T is increasing.as 6 . decreases. Secondly,
be . the stmpe of the vefocicy profiles changes.
e At the highest' value of the 8.., l.4l, the
5 flow goes into the sunspace ac Lthe op of the
=} i ¢ upper and "bottom of Lhe lower doorway, and
& = into ..the north zones ac the bottom of the
g upper "and' top of the lower doorway. In the
- ) middle of each doorway, there is a region of
zero velocity. A4s O __ decreases, the flow in
0 0 0 ithe lower doorway mutx.ntains the same general
8. =012 4. =093 4. =139

shape, but the outward flow through the lower
part of the doorway becomes scronger _and
In general, the
region of flow into the lower north zone
becomes less and less important as 6 de—-
In the upper doorway, the Ei%w is

creases.
unidirectional (into the upper norch zone)
when @ is less than one. The shape of the

profile” changes as 9 decreases, gradually
changing from a ptottﬁe with two peaks of
approximacely cqual size ac the top and bocC—
tom, to one 1in which the velocity decreases
almost monotonically from a maximum ac the
top of t4he doorway.

The SERI velocity profiles Efor the heaced,
insulated, and isothermal cases were measured
w@lith 8_'=1.39, 0.93, and 0.12 respectively-
Thus, the i{nsulaced and heated cases fall
within che cange coveved by the REPEAT daca.
while the {sothermal case has @ a lower than
the lowest available CSU daca.

The value of et for the hearLed case is very
close to that of the first profile.from the



The SERI test cell without insulaclion has a
low value of 9__, generally well below 0.2.
This s lower. tﬁgn the available REPEAT daca.
However, the tracer particle photographs are
_consistent wich REPEAT daca with che lowest
posirtive value of 8 (0.49). The flow was
observed to be unidg‘r::eccional in each door-
way,” and in che direction indicaced 1ia che
REPEAT data. Maximal velocities occur near
the bottom of the lower door and the top of
the upper door. Furthermore, the maximum
velocities are somewhat greacer than those in
the insulated case.

Qualicative agreement between CSU and SERI

daca has been observed for the velocity pro-
o files in bogh doorways. This agreemenc con- W
© fifms cthac-icis: appropriace to characterize
matural..conveétion flow patterns in a com—~
plex, =nulti-zone enclosure by thermal bound-
ary conditions of the enclosure, and suggests "
that the air movement i{s driven by the bound-
_ary layers along the walls.

i
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Uppér norih zone

' <
Fig. 5. Streak photograph of the upper door,

«Sa
By = 1.6

CONCLUSTONS

Using a small, water-filled scale model, we

REPEAT Eacility (7:30 P.M. in May), .apd, the
two flow patterns are qualitatively very
similar, In .both cases, there is bidirec~-
tional flow in each doorway. A“comﬁ'arrislo'n of
Figures 4 and 7 shows cthat the flow direc—

have successtully reproduced the wmain flow
pacterns reported for diffuse sunlight condi-
tions in the CSU REPEAT facility (2). We
produced these flow patterns by varying C(he
thermal boundary conditions of the tesc cell,

tions are Lhe same. P w as described by the paramecer Sl:c'

The dara for the insulaged case ac SERL
should be compared with the third profile of
Figure 7 (4:30.2.M. ian May). The overail [ -~
features ofi"the flow. are- consistenc: with Cthe
trends in the REPEAT, daca. The upper.-Hoor ~
has strong peaks of:flow .f[rom the sunspace ac

the top and bottom;nthe.lower door has strong
flow into the sunspace at the boctom ‘and
lower reversed velacities at the tap. The
only significanc difference is the SERL pro-
file has a rcegion of »:low-velocity reverse--.

Our ‘aﬁili‘t_:y to predict the direction of air
Elows in a. building, given its geometry and
thermal* boundary conditions, suggests thac
small-scale modelling may be useful as a tool
for designers of passive solar buildings.

The importance of the boundary conditions in
determining the flow patterns implies thac
further resaarch in full-scale buildings
should emphasize wall Ctemperature wmeasure-
ments in addition to measuring room Cemper-—
ature distribucions.

flow ac Lhe cencer of the‘upper door.
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0.2 mss 1.41 0.99 0.93 0.86 0.31 0.69 0.64 4
| e

into sunspace
Upper door

8.
0.63 0.58 0.58 0.53 0.51 0.49
Upper goor ;
Lower door
av.g
Fig. 7. Door velocity profiles from the REPEAT facility.
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