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Abstract—Experiments to measure the interzonal heat and mass transfer were carried out in two full
size adjoining rooms under two different conditions. Before starting the lests. one of the rooms was
heated to an average temperature of 32°C, while the other room was cooled to an average temperature

of 19°C. To start the first tvpe of tests. the auxiliary

heating and cooling were turned off and the door

blocking the opening opened. For the second test. auxiliary cooling was turned off, while the auxiliary
heat was left on in the heated room. Visual observations of the flow. phenomenon were made. Velocity
and temperature profiles of the air-flow through the opening, and air temperatures in the test rooms
were measured. The experimental mass and heat flow rates were computed from the velocity and

temperature data and compared with the values

predicted by the existing algorithms based on the

application of the Bernoulli's equation. The agreement between the measured and predicted values

is better for a value of discharge coefficient C =

of C for a sharp edged orifice quoted in the litera

L. INTRODUCTION

Interzonal natural convection plays a major role in
the distribution of heat in the passive solar build-
ings. The topic of interzonal heat and mass flow by
natural convection via large openings has received
considerable attention in the literature. Algorithms
for estimating the interzonal mass and heat transfer
have been developed[1-11]. However, data from
controlled experiments in full size rooms and build-
ings needed to verify and improve these algorithms
are very limited. Hence, experimental research to
measure the interzonal mass and heat flow by nat-
ural convection via a doorway has been under-
taken. The objectives of the initial study were to
measure the velocity and temperature profiles of
the air moving by natural convection through the
doorway opening, to compute mass and heat trans-
fer from the velocity data, and to compare the re-
sults with the values predicted by the simple ex-
isting algorithms.

The experiments were performed in the two ad-
Joining rooms of the National Bureau of Standards’
Passive Solar Test Facility under two different test
conditions. This paper describes the experimental
set-up, instrumentation, and measurement proce-
dures used. The paper will present representative
results and compare the measured data with values
predicted by the algorithms.

2. THEORY

The simple development presented below fol-
lows the theory based on the application of the Ber-
noulli equation developed in [1-6]. Assuming that
the flow is steady, and the zone-to-zone tempera-
ture difference, AT. is independent of the height
above the floor, the magnitude «. of the local air
velocity in the opening is given by:
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0.45 than it is for C = 0.611 (the theoretical value
ture).

u = CRg(ATITY]*S, (1)

where the quantity C is an aperture discharge coef-
ficient, which accounts for the viscous losses at the
area contraction. The theoretical value of C for a
sharp edged orifice, such as a doorway, is equal to
0.611[1]. The discharge coefficient. however, varies
with the boundary proportions and Reynold num-
ber for real flows. Furthermore, its value could be
adjusted to account for other losses.

Equation (1) may be expressed in non-dimen-
sional form as follows:

wU,, = CR_RY/H]*?, (2)

where

Un = [gHATITI®S, 3)

where U,, is the maximum possible velocity for an
ideal flow for a given value of H, AT, and T.

Considering the flow to be one-dimensional and
perpendicular to the plane of the opening. the mass
flow rate per unit door width, i, may be given as
follows:

m = (Cp/3) [((gH*AT/T)]*S, (4)

The value of 7 remains fairly close to 300°K,

over the range of temperatures of interest for this

study. Taking the value of T to be a constant and
equal to 300°K, eqn (4) may be rewritten as:

m = (Cp/3) [(gH*/300)1>° (AT)®S. (5)

The associated rate of heat transfer per unit door
width through the opening may be given by:

0 = mC,AT = (C5C,/3) [(gH*1300)]%5 (AT)!*5.(6)
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Equations (1)-(6) cannot be exact for real flow
situations, because of the following effects. The
flow of air in the opening is not one-dimensional,
and the effects of viscosity may not be negligible.
The AT in actual situations may not be independent
of Y. Owing to the differences in the temperatures
and densities of inflow and outflow air, the bulk
velocity of inflow must be somewhat lower. than

- that, of the outflow in order to preserve the mass
balance. Furthermore, the neutral plane, i.e., the
plane of zero velocity, may not coincide with mid-
height of the opening.

Some researchers have modified the simple al-
gorithm to account for the temperature distribution
in each zone and the shift of the natural plane[7,
8]. Some other theoretical developments model the
inflow and outflow with different equations([9, 11],
However, in this paper we will compare the ex-
perimental data with the simple algorithm presented
above.

3. EXPERIMENTAL SET-UP

The experiments were carried out at the NBS
Fassive Solar Test Facility. Figure 1 shows the floor
plane of the test building. A complete description
of the building is available in f12].

The rooms labeled cell #2 and cell #3 in the Fig.
1 building were used to perform the experiments.
All direct solar radiation was blocked from entering
- the test cells, and the doorway opening connecting
the two cells was fitted with a removable door.
Each cell has a fan coil unit, as indicated in Fig. 1;
. for auxiliary heating and cooling. Four additional
; baseboard type electric heaters were also installed
“in cell #2; the location of these heaters is also in-
dicated in Fig. I. These heaters and the_fan coil
..units were individually controlled by thermostats
~ with-a 0.5°C deadband.
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perature in the test” rooms. Four additional
thermocouples weré installed (Fig. 3) to monitor the
air temperature at tie top and bottom of the opening
in each cell. Figure 3 shows a south elevation of
the test area and the coordinates, and the schematic
of the doorway opening is shown in Fig. 4. The air -

speed was measured with eight hot wire'anemo- -

meters using temperature compensated. hot wire
probes. A specially. designed rig permitted the
placement of €ight hot wire probes and eight ther-
mocouples at any desired position in the opening.

The maximum overall uncertainty is estimated
to be 0.5°C in the temperature measurement and
0.025 m/s in the air speed mea'ﬁ\s\;u’r'g_gnents.

3.1 Test procedures - - = L =T

Two types of tests were performed, -for the first
type of test, the position of the hot wire probes and
the«thermocouples placed in the opening were ad-
justed to thé desired locations, and the doorway
opening was blocked with a tight fitting removable
door placed in cell #2. The heaters in cell #2 were
turned on with thermostats set at 32°C, and the air

conditioning thermostat in cell #3 was set at 19°C. . ..

The process of heating cell #2 and cooling cell #3
was continued for 6-10 hours.

About 10 minutes before the start of an exper-
iment, heaters in cell #2 and air conditioning in cell

#3 were turned off. The hotwire anemometers were __

turned on, and the door blocking the opening bg-

. tween the test rooms was reriioved to start the ex-
" periment. The experiment was continued for 5-7

hours. The same test procedures wereg followed for
the second type of experiments; except that the
baseboard heaters in cell #2 were left on, and these
experiments were run for about 14-16 hour dura-
tions. = B

During beth types of expériments, the sensors

. . - 06
. of the' hot wire probes wéte so aligned as to measure

o oy
Figure 2 is a schematic cross-section of the test

rooms, showing dimensions of the doorway open-
ing. Figure 2 also shows the location of the ther-
mocouples installed to monitor the room air tem-

p————— 15.87m (52! 1")

the magnitude of the X-component:of the.dir ve-
locity.”All 6f the sensors were scanned at two min-
ute intervals. During some tests the temperature
and velocity profiles of the air flowing through the
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Fig. 1. Floor plan of the NBS passive solar test building. ' '
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opening were monitored along the height of the
opening, while during other tests these profiles
were monitored along the width of the opening.
During separate tests, visual observations of the
flow phenomenon were made applying flow visu-
alization techniques using smoke. Smoke was gen-
erated by several incense sticks placed at different
locations in the opening and a video tape of the
phenomenon for the first type of experiment was

-made.

4. TEST RESULTS AND DISCUSSION

4.1 Visual observation

The following observations were made during
the flow visualization tests. The flow of air through
the opening was three-dimensional with the X and
Y velocity components appearing dominant. The
flow was not symmetrical with respect to the open-
ings mid-height, and the neutral plane (i.g., the
plane of zero honzoqtal velocity) was shifted up-
wards. The air moving from the warmer to cooler
room (outflow) via the upper portion of the opening

had a significant upward velocity component, while.

the air moving from the coolet:to the warmer room
(inflow) had a’’downward velocity component.
Using the hydraulit analogy,‘the outflow appeared
as the up-side-down picture of water flow over a
weir: while ‘the inflow appeared as.the flow under
a sluice gate: The flow pattern observed here is dif-
ferent than those observed by Nansteel and Greif[4]
becduse of the different geometry of the test set-up
“and test conditions. -

Figure 5 is a ﬁhotograph of a smgle frame of the
ﬂow v:suahzatlon movie, it' shows the streamlines
"“bf the' outflow as’seen from-the cell #3 (the cool

room). The streanilines visible «in the figure were ,,

from incense sticks situated at a vertical distance

of 0.9 (H/2), 0.6 (H/2) and 0.4 (H/2) from the mid-
height of the opening.

4.2 Air temperatures

Typical air temperature data from different ex-
periments are shown in Figs. 6--9. Figure 6 shows
the temperature of ouiflow at various locations
along the width of the opening for various elapsed
times for the first type of test. These temperatures
were measured at a vertical distance of 2Y/H =
0.93 and at X = 0. These data indicate that the air
temperature across the width of:the opening is fairly
uniform. The air temperaturelis decreasing with
time since’ the air temperature in the warm room
decaysiwith time.

Figutes 7-and 8 show the vertical profiles of air
temperature in the two test rooms and in the door-
way opening from the ffirst type of test. These fig-
ures.show the data for elapsed times of 10 minutes,
and 5 hours, respectively. The data presented in
Figs. 7 and 8 indicate that the room-to-room air tem-
perature difference “decreases’ with time as ex-
pected. The room-to-room temperature difference
is fairly independent of the height above the floor.

Figure 9 shows the 1'00m-i_0-_1:00m temperature
difference (AT = T, — T,) for various elapsed
times for four different tests: two of these tests are
of the first type experiment. and the other two are
of the second type of ex;ﬁcrimems. These data in-
dicate that the value of A T drops rapidly durinig the

first two hours and the rate of drop in the value of
AT decreases with elapsed time..and AT becomes

nearly constant after about § hours for lhc second

type of test.

i

4.3 Air velocities. . o
Typical data for the X-component of air vélocity,
u, from different experiments are shown 'in” Figs.
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. "['0'7"'12. Figure 10 shows ‘the magnitude ‘of outflow

velocity at various locatioris along the width of the

i

test. These data indicate that the air velocity across
the width of the 'openinig was not as uniform as the

températures. This non-uniformity of flow velocity -

' -,é“?:["bgé the Wldth of the 'opening suggests the:3-di-
‘I__I}'E'__t%nsi?n_ailnam’rre of tthﬂb\'vrand needs f[.trEh'er in-
‘vestigation. The, existifig algorithims for estimating
rdomm-to-robm mass And heat transfer do'rdt ac-

count for this lateral variations of the flow velocity. !’

Figure 11 shows typical air velocity data at var-
. lous _distance along the height'of the opening and
At X =0

e l‘;‘a‘}u TR TR, Gty e STan et LU T

qp'éging for fotir elapsed times for the first type of

4id’z = 0, for various elapéed times.
ol i gl

oG i HIC ARt 1 i
These data are reproduced in non-dimensional form
in'Fig. 12: for this purpose the measured value of
‘local veloeity was diyided by the value of maximum
ideal velocity cgmpqted;b,y using the measured val-
ues of A Tand 7. Equation (2) for € = 0,61 is also
plotted onthis figure for the purpose of comparison.
The data.of Figures 11 and 12 indicate the fol-

* lowing: "

I ¥ B
1.: The velocity profile is not.symmetrical with
respect to the mid-height of the opeping. For equal
" distances from the mid-height, the magnitude of the
Jfroutflow velocity is larger; than that of the inflow.
This nonsymmetric velocity distribution is appar-
ently dug tothe nonsymmetric boundary con-
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straints at the top and the bottom of the opening.
The curving of the streamlines around the top edge
of the opening probably results in hagher velocities
of the outflow than that predicted by eqn (1) or (2);
while the presence of a floor (no §hp .constraint)
modifies the inflow and the experlmental velocities
are lower than that predicted by the a'lgorllhm The
simple aigomhm does not account for both of these
constraints, |

2. The zero velor;ity points {lmear]y interpo-
lated) do not comcude wuh mid-height of the open-
ing, suggesting that the plane of zero velocity (i.e.,
neutral plane) was not at the mid-height of the open-
ing. Rather the neutral plane was generally above

the’ mld helght This upward shift of the” neutral
plane was also seen during flow v1suallzatlon of the
flow phefiomenon.

)
4.4 Mass and hedt transfer rates '

The experimental mass ififfow and outflow rates
were computed from the velocity and temperature
data taken at various distance along the height of
the opening and at X = Z' = 0. The local velocity
was multiplied by local air density and the width of

“the" openmg to obtain the local 'mass flow rate. In-
" tegration of the local mass flow rate with respect

to Y, from Y = neutral plane distance of ¥ = H/
2, yielded the mass flow.rate. This integration was

16 t
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performed applying trapezoidal summation tech-
niques. The neutral plane distance used for this pur-
pose was obtained by linear 1nterpolat10n of veloc-
ity data. The small difference (0-5%) in, the ‘values
of inflow and outflow thus computed is attributable
to unaccountable air infiltration elsewhere and non-
: uniformity of air spegd across tﬁe width of the.open-
S.ing. . .
. The rate of heat tra[nsfer 1hrough the door was
, Obtained by multiplying the mass flow rate of the
s outﬂow with the specific heat, of air, Cp, and mea-
. .sured value of AT, The rate of heat lransfer tl;rough
lhe‘hcommon wall (Qu), dependlng on the value of

L3

AT, was about 1092 or less when compared with the
rate of heat transfer through the door (Q). Using
the value of unit thermai conductance of the com-
mon wall (0.29 Wi(m? £ °C) given in [12]. the above

,mlcnuonedl .' at/x_o may be expressed as follows:

. Q.‘/Q = 0. 045/C\/AT = 0. 1/\/” )

The expenmemai values of mass flow'rate of the
outflow as a function of square roét of AT are
shown in Fig. 13. The data presented afe for two

first type experiments anclI two second type exper-

:ments Equauon (5) For a vafue of C'= D 6l and C
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Fig. 11. Véldcity u, along the opéhiﬁg heigh‘f at2 — z l—"“O, for various elapsed times.
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rn:

= (.45 is also plotted on Fig,.13. The heat ﬂow rate
data for various values of" AT plotted as heat flow
rate versus AT", , is shown in Fig. 14. Equatlon 6)
fora value of C = = 0.61, and C =045is also shown
on this figure.

The data of Figs. 13 and 14 1nd1cate that the mass
and heat transfer rates follow the general trends de-
picted by, eqn, (5) and (6), respectively. However,
the agreement between the measured and the pre-
dicted values is better for C = 0.45 than it is for C
= 0.61. It appears that the value of discharge coef-
ficient, C = 0.611, for a sharp €dged orifice is not

Tt

appl:cable to the present flow phenomena; this may
be due to the particular geometric configuration of
the present experimental set-up. The value of dis-
charge coefficient (C = 0.45) is lower than the value
of C indicated by other researchers. For example,
Steckler et al.[10] obtained a value of C = 0.68,
and Balcomb et al.[13, 5] indicated a value of C =
0.611 for volume or mass flow and C = 0.9 for heat
flow. The difference in the values of C is apparently
due to the differences in the experimental set-ups
and test condition, and it requires further investi-
gation. ' ’
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5. CONCLUSIONS

Based on the data presented, the following con-
clusions may be drawn

. The ['oom -to-room “air flew by nalural con-
vection via a doorway opemng is a three-dimen-
‘HOI‘I'II ﬂow phenomenon

2. Thé velocny prof’le along the height of the
opening ts not sy‘mmclr:cal with'respeet to lhe mid-
height of the’ opémhg” '

3. The velocity of butflow’is generally hlgher
lhan that of the inflow, and the néutral plane does
not coincide with” mid-height “of thée opening. The
velocity data do not agree with thé values predictcd
by the existing algorithms.

4. The mass and heat transfer data follow the
general trends depicted by the existing algorithms.
However, the agreement between the measure,d

|4
and the predicted results is better for a value gf
discharge coefficient C = 0.45 thtrit is for € =

0.611 (the theoretical value for a sharp edged pnhce_

suggested in the literature). ' Y

5. The value of discharge coefficient appears to
be dependent on the geometry of the twe zones and
the apertures, and it requires further expenmental
investigation.
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NOMENCLATURE
C = Discharge coefficient (non-dimensional)
C, = Specific heat of air (W-s/kg-°C)
H = Height of the opening (m) %!
¢ = Atceleration due to'gravity (m/s®)
m = Mass transfer rate per unit door width: (kg/m-s)
Q = Heat transfer rate per unit door width {W/m)
T. = Average value of air temperature in the cool room
(°C or °K) )
T, = Average valueof air temperaturesin the warm room
= b 4°C or °K) e

T =uT. ¥ T2 CK) .
AT =Ty = T ), rogm-to-rogm, lempera!un‘e difference
. {Cor"K)
« = Magnitiide of horizontal velocity*[}( -component) in
‘the ‘openihig km/s) =
U+, = Magnitudg-of-the paximum possnble velocity for
an ideal flow (m/s)
W = Width of the opening (m)
X = Horizontal distance perpendicular to the plan of the
“ikes rppepipg and measyred from the mid-thickness of

et ,lhq ppeFmg (m) (Fig. 4)

L= eruca
'_ ‘in‘g(m)
JAg = Hbrizontal distance from the mid-width of the
opening (m) ' ni
= Density of air (kg/m* )

‘distance from the m1d height of the open-

m

rary I
R )
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