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This paper presents the results of full-scale experiments in a realistic building to 
evaluate natural convective heat and mass transfer through doorway-like apertures 
under small temperature differentials. The zone-to-zone temperature differences 
were nominally between re and 2.5°C. Heat transfer correlations, coefficient of 
discharge, and thermal stratification are reported for air (Pr = 0. 71), an enclosure 
aspect ratio of 0.26, aperture height relative to the enclosure height in the range of 
0. 75 to l, and aperture width relative to the enclosure width in the range 0.29 to 
0. 79. In general, the results extends the validity of previous theoretical and exper
imental work in the literature to large doorway-like apertures and small temperature 
differentials across the aperture typical of residential building conditions. 

Introduction 
Interzonal natural convective heat and air mass transfer 

through doorway-like apertures in vertical partitions is an im
portant process by which thermal energy and indoor contam
inants are transported from one zone (room) to another in 
buildings. The objective of this study was to experimentally 
evaluate the interzonal natural convective heat and mass trans
fer for various aperture configurations typical of a doorway 
under small temperature differential across the aperture in a 
realistic building. The air flows through the aperture were 
driven primarily by the zone-to-zone temperature difference 
or the so-called bulk-density driven flow. 

Barakat (1987) and Anderson and Kreith (1987) presented 
a comprehensive review on interzone convective heat and mass 
transfer. Maas (1992) presented a recent review on convective 
heat and mass flow through large interior I exterior openings 
in buildings. Maas also presented the results of recent studies 
on the subject. Maas review indicted that the value of the 
coefficient of discharge, Cd, in the literature varied between 
0.3 and 0.8. Table I compares typical Cd values and the pa
rameters pertinent to a number of studies in the literature. The 
selected studies were limited to those involving interzonal nat
ural convective heat and air mass flows through large apertures 
that are driven primarily by the zone-to-zone temperature dif
ferential. Table 1 also includes the parameters pertinent to this 
study. 

Recent experiments by Boardman, Ill et al. (1989) examined 
the influence of aperture height and width on interzonal natural 
convection heat and mass transfer in a full-scale air-filled test 
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cell enclosure. The test cell was a 2.44 m (8 ft) cube enclosure 
with an aspect ratio (enclosure height to enclosure length ratio) 
of 1. The test cell was divided into two zones by a vertical 
partition which was centered between a constant heat flux hot 
wall and an isothermal cold wall. The zone-to-zone temper
ature difference was assumed to be 30°C. In Boardman, lII 
et al. experiments, the interzonal convective heat flow was 
under the influence of both the so-called bulk density flow 
regime and the so-called boundary layer flow regime. 

In the present study, the experiments were conducted in a 
realistic building with an enclosure aspect ratio of 0.26. Both 
the hot wall and the cold wall were isothermal. The interzonal 
convective heat and mass flows were primarily under the in
fluence of the so-called bulk density flow regime driven by 
small ( 1 to 2.5 • C) zone-to-zone temperature differential typical 
of residential building conditions. 

Brown and Solvason (1962) pioneered the research on nat
ural convection through openings in partitions. They have 
theoretically described the process in terms of the Nusselt num
ber, Nu", the Grashof number, Gr"' and the Prandtl number, 
Pr, in the form 

NuH= (Cd/3) (GrH)o.s Pr (1) 

where Cd is the coefficient of discharge for the opening. Their 
theoretical analysis was based on the inviscid Bernoulli equa
tion and the assumption that the air temperatures on either 
side of the aperture were uniform (i.e., no vertical temperature 
gradients). Recent studies, e.g., Kirkpatrick and Hill (1988) 
and Pelletret et al. (1991), indicated the importance of tem
perature stratification on the convective heat transfer through 
apertures. 

Brown and Solvason experimentally determined Cd to be in 
the range 0.65 to 1.0. Their experiments involved air flow 
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Table 1 Summery ol e selected lnten:onal natural convection studies 

Source Endc>al.ft Rtt Aw AT Rt Cd 
Allpect ("C) 
RatiO 

Brown and 0.44 0.062-0.125 0.062-0.125 8·47 0.1!Ml.75 0.6-1 .0 
Sotvason (1962) new 

partition 

Shaw (1971) 0.84 3-10 0.05 0.66 
(0.1-0.9m) at opening 

top&bottom 

Shaw and 0.84 as above 1 ·10 0.05 0.8 
Whyte (1974) room centre 

Mahajan (1987) doorway size opening 2.5-10 0.075 0.48·0.58 
(0.76 x 2.0 m) 

Maas (1992) and 
Pelletret (1991): 

Uage U. study 0.45 0.86 

INSAstudy 0.4 0.74 

CSTB study 0.4 0.83 

This study 0.26 0.75-1.0 

through single openings with a maximum size of 0.305 x 0.305 
m. The temperature differentials across the opening were be
tween 8.3 and 47 .2°C. The partition thickness was relatively 
large and was in the range 0.19 to 0.75.of the opening height. 

This study extends (see Table 1) the validity of the theory 
and results of Brown and Solvason to large opening sizes typical 
of doorways, small temperature differentials typical of resi
dential building conditions, and relatively small partition thick
ness. The zone-to-zone temperature differences were nominally 
between l 0C and 2.s·c. 

Aperture configurations included: aperture height relative 
to the enclosure height in the range of 0. 75 to 1 and aperture 
width relative to the enclosure width in the range 0.29 to 0.79. 
Also studied is the thermal stratification in the cold and hot 
zones. 

Several definitions of the characteristic temperature differ
ence which is used in the evaluation of Grashof number have 
been reported in the literature: 
• temperature difference between air near partition (Brown 

and Solvason, 1962), 
• difference between air at top and bottom of aperture (Shaw, 

1971), 
• difference between air at the center of each zone at a level 

of half the aperture height (Shaw and Whyte, 1974). Shaw 

Nomenclature 

C = constant in correlations 
Cd = coefficient of discharge 

room avg. 

0.4 1.42 - 2.3 0.046 0.33-0.42 
room avg. 

0.26 0.64-2.9 0.27-0.54 
room centre 

0.15 room avg. 0.28-1.07 

0.29·0.79 1 ·2.5 0.021-0.028 
momcentra 0.59-0.74 
room avg. o.~-0.66 

and Whyte selected this definition for practical reasons. 
However, they indicated that the characteristic temperature 
difference that led to the most accurate correlation of the 
convective heat flow was the difference between the mean 
temperature of the air flowing out of the warm zone and 
that flowing into the warm zone. 

• difference between average air temperature in each zone 
(Mahajan, 1987; Mahajan and Hill, 1987), 

• difference between hot and cold end walls (Nansteel and 
Greif, 1984; Lin and Bejan, 1983), and 

• difference between average air temperature in each zone in 
range of aperture height (Yamaguchi, 1984). 

In this study, the following definitions of the characteristic 
temperature difference were considered: 
A.Ta: difference between average air temperatures in each 

zone measured at a level of half the enclosure height, 
A.Tm: difference between air temperatures at the center of 

each zone at a level of half the enclosure height, 
A. Tu: difference between average air temperatures of a vertical 

grid of nine thermocouples at the center of each zone, 
and 

A.Tp: difference between average air temperatures of a ver
tical grid at the center of each zone in the range of the 
aperture height. 

Cp = specific heat of air (J/kg K) L = enclosure length (m) zone at a level of half the en-
Dh = hydraulic diameter of aperture NuH = Nusselt number, hH/k closure height (0C) 

(m), Dh = 4 x aperture areal (dimensionless) A.T" = nominal temperature differen-
aperture perimeter Pr = Prandtl number (dimension- tial, difference between air 

F = volumetric air flow rate (m3 /s) less) temperatures at the thermostat 
Fm = experimental volumetric air Ra = aperture area ratio, location in each zone (0C) 

flow rate (m3 /s) HWl(H,W,) A.Tu = difference between average air 
F, = theoretical volumetric air flow Rh = aperture height ratio, HIH, temperatures of a vertical grid 

rate (m3 /s) R, = partition thickness ratio, ti H of nine thermocouples at the 
g = gravitational acceleration, 9.81 R,., = aperture width ratio, WIW, center of each zone (0C) 

(m/s2
) t = partition thickness (m) A.Tp = difference between average air 

GrH = Grashof number, g{3H3ATIP2 W = aperture width (m) temperatures of a vertical grid 
(dimensionless) W, = partition width (m) at the center of each zone in 

h = convective heat transfer coeffi- A.Ta = difference between average air the range of the aperture 
cient, pF mC,/ HW (W /m2 K) ·temperatures in each zone height (0C) 

H = aperture height (m) measured at a level of half the 13 = coefficient of thermal expan-
H, = room (enclosure) height (m) enclosure height (0C) sion (1/K) 

k = thermal conductivity of air A.Tm = difference between air temper- P = kinematic viscositl (m2/s) 
(W/m K) atures at the center of each p = air density (kg/m ) 
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Fig. 1 Floor plan of test faclllty 

Description of Experiments 
The experiments were performed in a full-scale test house 

facility. Barakat (1984) describes the facility in detail. Figure 
1 shows the floor plan of the test house. The aperture config
uration is shown in Fig. 2. The partition wall separating the 
two zones was constructed of 0.05 m (2 in.) polystyrene which 
facilitated the construction of various aperture configurations. 
The hot zone measured about 4.572 m x 3.05 m (15 ft x 10 
ft) and the cold zone measured about 4.572 m x 8.23 m (15 
ft x 27 ft). The enclosure height of the test zones was 2.41 m 
(94. 75 in.). The aperture was situated in the middle of the 
partition and did not have a sill. The aperture configurations 
are summarized in Table 2. 

All interior surfaces of the test house were practically iso
thermal. Direct solar radiation was blocked from entering the 
two test zones. Three baseboard heaters were located at the 
back wall of each test cell (one in the hot room and two in 
the cold room); Fig. 1. The heaters were used to maintain 
nominal zone-to-zone temperature differences between l "C 
and 2.5°C. Power consumption of each heater was measured 
with a kWh pulse meter. Heater data were recorded every 15 
minutes and averaged every hour using a data logger. Heater 
data were collected for sake of completeness so that the meas
ured data can be used to evaluate computational fluid dynamics 
based models as well as scale models. 

The velocity and temperature distributions of the air at the 
aperture were measured with a vertical grid of 7 to 101 omni
directional anemometers (type DANTEC 54R10) in conjunc
tion with a DANTEC 24 channel multiflow analyzer. The 
accuracy of the omni anemometers was estimated to be ±2.5 
percent for the velocity range 0.05-1.0 mis and the absolute 
accuracy of temperature measurements was ± 0. 5 • C. The omni 
probes tree was positioned at between two to four2 different 
locations along the width of the aperture (in one-half the width); 
Fig. 2. A preliminary traverse across the full width of the 
aperture had indicated symmetrical conditions on either side 
of the aperture center line. 

'depending on the aperture height 
'depending on the aperture widlh 
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Omni probes 
tree locations 

w 
3.05m j 

Fig. 2 Aperture configuration showing typical omni probes tree loca· 
lions 

Trees consisting of nine copper-constantan thermocouples 
were located at the center of each zone along the center line 
of the aperture (Fig. 1). The readings of these thermocouples 
·were used to compute the average temperature, T0 , at the center 
of each zone. In addition, 36 thermocouples were mounted in 
various locations (Fig. 1) in both zones at a level of half the 
enclosure height. The readings of these thermocouples were 
used to evaluate the average air temperature, T0 , in each zone. 
Air temperature was also measured at the typical thermostat 
location/level in each zone (see Fig. 1). The difference between 
these two measurements was used to determine the nominal 
temperature differential for each test. The air temperatures in 
surrounding rooms and outdoors were also monitored. The 
maximum uncertainty in measured temperatures by the copper-
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Test 

A 
B 
c 
0 
E 
F 
G 
H 
I 
J 

w 
(m) 

1.49 
1.49 
1.49 
0.88 
0.88 
0.88 
0.88 
0.88 
1.49 
2.41 

H 
(m) 

2.41 
2.11 
1.81 
2.41 
2.11 
1.81 
2.41 
2.11 
1.81 
2.11 

Table 2 Test configurations 

Aperture Temperature DIHerentlal fC) 

Aw 

0.49 
0.49 
0.49 
0.29 
0.29 
0.29 
0.29 
0.29 
0.49 
0.79 

Rh 

1.00 
0.88 
0.75 
1.00 
0.88 
0.75 
1.00 
0.88 
0.75 
0.88 

Ra 

0.49 
0.43 
0.37 
0.29 
0.25 
0.22 
0.29 
0.25 
0.37 
0.69 

4Tn 4Ta 4Ty 4Tm 4Tp 

1.8 1.78 1.14 1.2 1.14 
2.5 2.23 1.4 1.67 1.41 
2.5 2.03 1.27 1.61 1.25 
2.5 2.23 1.59 1.86 1.59 
2.5 2.32 1.67 2.07 1.69 
2.5 2.54 1.95 2.31 1.95 
1.0 1.07 0.79 0.7 0.79 
1.0 1.07 0.74 0.62 0.7 
1.1 1.2 0.78 0.76 0.71 
1.0 1.24 0.62 0.75 0.57 
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Fig. 3 Vertlcal temperature distribution at center of each zone; R,. = 
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Fig. 4 Vertical temperature distribution at center of each zone; R,. '"' 
0.29, Rh • 0.88 

constantan type thermocouples was estimated to be ::1:0.1 •c. 
Measurements were collected continuously over at least a 24-
h period. Steady-state conditions were designated when there 
was negligible change in room air temperatures for at least 
four hours. The results were then averaged over a 12-h steady
state period. 
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Results and Discussion 

Temperature and Velocity Distributions. Figures 3 and 4 
show typical vertical distributions of the air temperature at the 
center of each of the hot and cold zones. Linear regression 
was used to evaluate thermal stratification (vertical tempera-
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1ure gradient) in each zone. Average thermal stratifications 
(Table 3) were between 0.65 and 1.33 °C/m at the hot zone 
center and between 0.47 and 1.0°C/m at the cold zone center. 
The lower level of thermal stratification being for the tests 
with the lower zone-to-zone temperature difference (aTn = 
1.0°C). Test J is exceptional because this test involved the 
largest aperture width, Rw = 0.79, and it was difficult to 
maintain the zone-to-zone temperature differential. 

Figures 5 to 8 show typical vertical distributions of the air 

Table 3 Thermal stratification (&'), °C/m 

il.Tn (OC) I Hot Zone Cold Zone 

s R2 s 
2.5 1.33 0.BB-0.94 1.0 

1.0 0.65 0.88 0.47 

1.0 oc. Aw-0.79 I 1.1 0.95 0.65 
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tCif'OP:ature and velocity at various locations along the width 
of the aperture. The velocity of the air flowing out of the hot 
zone to the cold zone is taken as positive and vice versa. For 
all tests, except that with the large aperture width (Rw = 0.79), 
the neutral plane (the plane of no horizontal flow) was very 
close to the midheight of the aperture. For each aperture, the 
vertical profiles of the air temperature and velocity along the 
width of the aperture, for most part, form a single family 
(Figs. S to 8). This indicates a fairly uniform width-wise dis
tribution of the air velocities and temperatures at the aperture. 
It is also noted that the velocity profiles are fairly similar to 
the theoretical velocity profile based on the inviscid Bernoulli 
equation by Brown and Solvason (1962) which indicates that 
the interzone convection flows were dominated by bulk density 
difference between the two zones. The vertical velocity distri
butions at the aperture are much more symmetric than the 
temperature distributions with respect to the neutral plane. 
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Fig. 5 Vertlcal distributions of velocity and temperature at aperture; 
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120.--....---.-.............. ------------.-..-....... -... 

80 

40 

5 
:i 0 
Cl ·a; 
J: 

·40 

-80 

Distance to mid-width (cm): 

0 69.2 
b,,, 49.5 

0 24.8 

0 0.0 (centre) 

[]() 06 

~o 

041 

CAO 

CO<> 

co:> 

()() 0 

Q)6 0 

~ c 

·120 L-...&.........L-.&.-..&.......a-.i.-........................ ___ _ 

·0.3 -0.2 ·0.1 0.0 0.1 0.2 0.3 

Velocity, mis 

120---.----...--.---...-............ ...--.---. ....... -.---.---...... 

80 

40 

5 
l: 0 
C> ·a; 
J: 

·40 

·80 

Distance to mid-width (cm): 

0 69.2 
b,,, 49.5 

0 24.B 

0 0.0 (centre) 

(X) 

(1) c 

AO 

A<O 

<D6C 

6 llD 

ACO 

ii() 

a:> -0 

-120 I I I ' I I I I I I I I I 

22.0 23.0 24.0 25.0 26.0 27.0 

Temperature, °C 
Fig. 6 Vertical distributions of velocity and temperature at aperture; 
R., = 0.49, Rh = 0.88, 4 r. = 2.s•c (Test B) 

Journal of Solar Energy Engineering MAY 1993, Vol. 115 / 73 



12or-.,_-r.._,,.....,--....,..-,r--"T"'""-r---.~..--..--.. 

80 

40 

E 
CJ 

1: 0 en 
"Qi 
:I: 

-40 

-80 

Distance to mid-width (cm): 

D 38.7 
A 21.9 

0 0.0 (centre) 

CD 

co 

D IO 

D 4J 

CAO 

0 D 

0 D 

0 D 

0 

-120----__,._ ....... __,.__ ....... __,,___,___,.__ ............. .__ ...... __, 
~~ ·0.2 -0.1 0.0 0.1 0.2 0.3 

Velocity, mis 

120.-....... .....,.-....... .....,...---....., ...... --.....,...---....... .------

80 

40 

E 
CJ 

1: 0 en 
"ii) 
:I: 

·40 

·80 

Distance to mid-width (cm): 

0 38.7 
/::;. 21.9 

O 0.0 (centre) 

Cl 

OD 

0 

Cl 

~·········--···-·---·-· .. -···············-··········-······· .. ··· ·· ·-·-···---~·-·---- · ·-·····--...... 
~ 

CD 

Ol 

0 

a>. 

·120..._ ....... __,...__,___...._ ............. ..._ ............. ..._ ............. .__ ...... __. 

22.0 23.0 24.0 25.0 26.0 27.0 

Temperature, °C 

Fig. 7 Vertical distributions of velocity and temperature at aperture; 
Rw = 0.29, Rh = 0.88, 4T. = 2.s•c (Test E) 

120 ............. __,.,...... ....... __,.,._ ....... __,.,._....,..__,.,.__.__,.,__..--. 

80 

40 

5 
to 
"ii) 
:I: 

-40 

-80 

Distance to mid-width (cm): 

D 38.7 
/::;. 0.0 (centre) 

I>. D 

I>. D 

a 

Cl>. 

I>. C 

Al 

ol>. 

Cl>. 

Cl>. 

-1201.--i...---1....._....i..........a.__, ...... -i...__,i..... ...... __.__, ........... __, 

~~ ·0.2 ·0.1 0.0 0.1 0.2 0.3 

Velocity, mis 

120.--....... __,,...__.......,...-..... .....,...-....... .....,...-....... .....,,__ __ __ 

Distance to mid-width (cm): 

80 D 38.7 J>.c 

A 0.0 (centre) 
l>.C 

40 l>.c 

E 
CJ 

:i 0 en 

C 6 

"ii) Al 
:I: 

-40 "' c 

"'c 

-80 Ao 

l>.c 

-120 
22.0 23.0 24.0 25.0 26.0 27.0 

Temperature, °C 

Fig. 8 Vertlcal distributions of velocity and temperature at aperture; 
Rw .. 0.29, Rh .. 0.88, 4T0 = 1.o•c (Test H) 

Above the neutral plane, the temperature profiles suggest good 
mixing conditions in that part of the aperture. Below the neu
tral plane, the temperature profiles at the aperture (Figs. 5 to 
8) are very similar to that in the cold zone (as shown in Figs. 
3 and 4) which is consistent with the convective flow of strat
ified cooler air from the cold zone to the hot zone. 

Coefficient of Discharge. The volumetric flow rate through 
one-half the aperture (with respect to the neutral plane) was 
computed by summing the product of local velocity and area. 
For all tests, except Test C, the difference between the com
puted volumetric flow rates of air out of the hot zone and that 
into the hot zone was at most 12 percent. For Test C, the 
difference was 31 percent. The air mass flow rates out of and 
into the hot zone, computed by summing the product of local 
density and local volumetric flow rate, differed by one percent 
in all cases. This was expected because, as noted earlier, the 
neutral plane location was very close to the midheight of the 
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aperture and also the velocity profiles were symmetric with 
respect to the neutral plane. The theoretical volumetric flow 
rate, F,, was calculated with the relation derived by Brown and 
Solvason (1962), 

F, = ( W/3) (g(3H3 tJ.7)0
·
3

, (2) 

where the symbols are as defined in the Nomenclature. The 
fluid properties were taken at the overall mean air temperature 
of both zones. 

The volumetric coefficient of discharge, Cd, was then cal
culated from the experimental volumetric flow rate, Fm, over 
the theoretical one, F,. The values of Cd were found to be in 
the range 0.46 to 0.75, with considerable dependence on the 
definition of the characteristic temperature difference tJ.T (see 
Table 4). Using tJ.Tu resulted in Cd values in the range of 0.63 
to 0. 75 which are consistent with those by Brown and Solvason 
(1962). As expected, over the range of aperture configurations 
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and temperature differentials studied, both ATv a.. • ..i ATP gave 
almost the same results. Because of the large aperture height 
ratios, ATv values were very close to ATP values (see Table 2). 

Using an average Cd value of 0.66 in conjunction with Eq. 
(2) gives 

F=0.22W(g(jH3An°·s. (3) 

Using AT., ATp or ATm, Eq. (3) correlates very well (R2 =:= 
0.92) with the experimental volumetric air flow rates for all 
the range of aperture configurations and temperature differ
entials studied. Similarly, for AT_"i a Cd value of 0.57 correlates 
all the experimental data with R = 0.86. 

Nusselt Correlations. The natural convective heat flow rate 
through the aperture was computed from the experimental air 
mass flow rate through the aperture and the temperature dif
ferential across the aperture. The results are presented in terms 
of Nusselt numbers. Six Nusselt correlation equations were 
considered: 

Nu=C GrbPr (4) 
Nu= C Gr0·sPr (5) 

Nu= C R~Gr11>r (6) 

Nu= C R:orbPr (7) 

Nu= C R~GrbPr (8) 

Nu= C R~R~GrbPr (9) 

Correlation Eq. (5) is the theoretical form, (Eq. (1)) by 
Brown and Solvason (1962) in which the coefficient C = 
Cd/3. The aperture height, H, was selected as the characteristic 
length in Nu and Gr numbers. Table 5 lists the coefficient C 
and the exponents a, b, and d for the six correlation equations. 

The hydraulic diameter of the aperture, Dh, was also con
sidered but it caused a significant decrease in the goodness of 
fit (R2 = 0.43-0.91) for correlation Eqs. (4) to (7). However, 
E~s. (8) and (9) correlated the experimental data fairly well 
(R = 0.85-0.96). In general, the choice of the definition of 
the temperature difference had little effect on the goodness of 
fit for the correlations in which the aperture height was used 
as the characteristic length. However, when the hydraulic di
ameter of the aperture was used, the correlations were sensitive 
to the definition of the characteristic temperature difference. 

As shown in Table 5, the characteristic temperature differ
ence that led to the most accurate Nu correlation (R2 = 0.94 
to 0.96) was the difference between average air temperatures 

Table 4 Coefficient ot discharge results tor various Ars 
Test Cd Cd C~ Cd 

(,Ha) (~Tv) (~Tm) (~Tp) 

A 0.60 0.75 0.74 0.75 
B 0.58 0.73 0.67 0.73 
c 0.52 0.66 0.59 0.66 
0 0.59 0.70 0.65 0.70 
E 0.62 0.74 0.66 0.73 
F 0.66 0.75 0.69 0.75 
G 0.54 0.63 0.67 0.63 
H 0.60 0.72 0.78 0.74 
I 0.51 0.64 0.65 0.67 
J 0.46 0.65 0.59 0.68 

of the vertical grid at the center of each zone, AT •. Howev ~, 
a close goodness of fit, R 2 = 0.93-0.94, was obtained using 
ATm and ll.Ta. The latter temperature differential ATa (the 
difference between average air temperatures in each zone meas
ured at a level of half the enclosure height) is commonly used 
by building energy simulation computer programs. The tem
perature differential ATm (the difference between air temper
atures at the center of each zone at a level of half the enclosure 
height) is, however, convenient to measure in practice. Thus, 
the following discussion is limited to the results in which ATm 
was used. 

It is noted from Table 5 that (including the aperture height 
ratio in the correlation) Eq. (6) improved the goodness of fit 
slightly compared to Eqs. (4) and (5). As expected, the aperture 
width ratio did not affect the goodness of fit of the correlation 
(Eqs. (7) and (8)). In the correlation Eq. (4), the exponent of 
Gr is very close to the theoretical value of 0.5 of Brown and 
Solvason (1962). This extends the validity of their theory to 
doorway-like apertures and small temperature differentials 
across the aperture typical of residential building conditions. 
The value of the coefficient C, 0.222, in correlation Eq. (5) is 
also consistent with that of Brown and Solvason. Thtis this 
correlation was confirmed to be the appropriate simple choice. 
Figure 9 shows this equation together with the experimental 
data and the lower and upper limits (C = 0.2 and 0.33) by 
Brown and Solvason. Figure 9 also shows the experimental 
data and the corresponding Eq. (5) in which llTv was used. 

Figure 10 shows the depen.dence: "lf Nu on aperture height 
ratio, Rh, and zone-to-zonettmperature difference, ATm. The 
Nusselt number incn>as"a.s Rh.and ~Tm increase. Because of 
the limited numb..:r oF 'f!st; «nd the combination of aperture 
configuration and 'lone temperamre difference, it was difficult 
to isolate the eff'l!ct of the aperture width on Nu .results. How
ever, the influence of the aperture width has been studied by 
many authors and Found little effect (e.g., Neymark et al., 
1989). Neymark et al. indicated that Nu is not a strong function 
of the aperture width until the dimensionless aperture width 
(Rwl is less than 0.1. 
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Fig. 9 Nu11elt number versus Grashot number 

Tables Correlatlon results for characteristic length H (aperture height) 
Nu Equallon "Ta ATy "Tm 

c I b d 112 c I b d 112 c I b d 112 
4JCGrbPr .048 .565 .93 .078 .553 .95 .:!82 .475 .93 

5)C a,0.5p, .195 .9J .2:15 .94 .222 .93 

8JC Rh"Gr'>Pr ,011 -0.3420 .&JI .95 .018 ·0.327 .619 .96 .835 .27 .44 .94 

7)C R1"GrbPr 0.034 -0.117 .574 .9J .076 .019 0.553 .95 .383 .026 .478 .9J 

8JCffwdGrbPr .054 .555 -0.088 .95 .064 .5&6 ,ose .95 .395 .473 -0.012 .93 

9) C Rh1ffwdarbPr .01 -0.378 .829 ·0.099 .95 .016 -0.325 .628 .065 .96 .114S .289 .439 -0.007 .94 
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Fig. 10 Nu versus Rh for selected experimental data (R,. = 0.29) 

Conclusions 
Results of full-scale experiments in a realistic building to 

evaluate interzonal natural convective heat and mass flows 
through doorway-like apertures have been presented for an 
enclosure aspect ratio of 0.26, aperture height relative to the 
enclosure height of 0.75 to 1, aperture width relative to the 
enclosure width of 0.29 to 0. 79, and zone-to-zone temperature 
differential of 1 •c to 2.5°C. The interzonal natural convective 
flows were primarily under the influence of the so-called bulk 
density flow regime. 

The results of this study indicate that: 

• Average thermal stratification varied between 0.65 and 
1.33°C/m in the hot zone center, and between 0.47 and 1.0"C/ 
m in the cold zone center with the lower levels being for the 
tests with I °C zone-to-zone temperature differential. 
• For the aperture configurations and conditions tested, the 
neutral plane was very close to the midheight of the aperture. 
The measured velocity profiles at the aperture were similar to 
the theoretical velocity profile based on the inviscid Bernoulli 
equation by Brown and Solvason (1962). The results of this 
study extends the validity of Brown and Solvason's inviscid 
flow model to doorway-like apertures and small temperature 
differentials typical of residential building conditions. 
• Coefficients of discharge were found to range between 0.46 
and 0.75, with considerable dependence on the definition of 
the temperature differential across the aperture. An average 
Cd value of 0.66 correlates very welJ with all the experimental 
data when t:i.T", t:i.Tp or t:i.Tm is used. For t:i.T0 , an average Cd 
value of 0.57 correlates well with all the experimental data. 
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• Interzonal natural convective heat and mass transfer 
through a doorway-like aperture (under the influence of b1.1lk 
density flow regime} can accurately be described by the fol
lowing theoretically derived equations and experimentally de
termined coefficients: 

NuH=0.222 Gr']/ Pr, for t:i.T=t:i.Tm (10} 

F=0.22 W(g{JH3t:i.n°·5, 

F= 0.19W(g/3H3 t:..n°.S' 

References 

for t:..T=t:..Tv, t:..Tp or t:..Tm 

for t:..T=t:..T0 

(11) 

(12) 

Anderson. R., and Kreith, F •• 1987, "Natural Convection in Active and 
Passive Solar Thermal Systems," Aduances in Heat Transfer, Vol. 18. 

Barakal. S. A., 1984, "NRCC Passive Solar Test Faclli1y: DC"scription a.nd 
Data Reduction," Building Research Note No. 214. Jnst.itute for Research in 
Construction, National Research Council or Canada, Ouawa, Canada. 

Barakat, S. A. , 1987, "lnterzone Convective Heat Transfer in Buildings; A 
Review," ASME JOUllN1'L OF Sol.AR ENERGY ENOINElilllNG, Vol . 109, pp. 71-
78. 

Brown, W. G., and Solvason, K. R .. 1962, "Natural Convection Through 
Rectangular Openings in Partitions-Venical Panitions," International Journal 
of Heat and Mass Transfer, Vol. S, pp. 8S9-881. 

Boardman, Ill, C.R .• Kirkpatrick, A. T. , and Anderson , R., 1989, "Influence 
of Aperture Height and Width on lnterzonal Natural Convection in a Full-Scali: 
Air-Filled Enclosure," ASME JOURN/>L OF SOLAll ENERGY ENOJNEEIUNO, Vol. 
111, pp. 278-285. 

Kirkpatrick, A. T., and Hill, D. O., 1988, "Mixed Convection Heat Transfer 
in a Passive Solar Building," Solar Energy, Vol. 40, No. I, pp. 2S-34. 

Lin, N. N., and 13ejan, A., 1983, ''Natural Convection in a Partially Divided 
Enclosure," Int. J. Heat Mass Transfer, Vol. 26, pp. 1867-1878. 

Mahajan, B. M., 1987, "Measurements or Ai.r Velocity Componen1s of Nat
ural Convective lntcnone Airnow," ASME JOURNAL Of 50.LAR ENERGY EN· 
OJNEEIUNG, Vol. 109, pp. 267-273. 

Mahajan, B. M., and Hill, 0. 0., 1987, "Flow Coefficients for lnterzonal 
Natural Convection for Various Apertures," Solar Engineering-1987, Pro
ceedings of the ASME-JSME-JSES Solar Enev Conference, pp. 300-306. 

Nansteel, M. W., and Orcif, R .• 1984, "An invcstiga1lon of Natural Con
vection in Enclosures with Two- and Three-Dimensional Partitions," Int. J. 
Heat Moss Transfer, Vol. 27, No. 4, pp. S61-S71 . 

Neymark, J., Boardman, Ill, C. R., and Kirkpatrick, A. T. , 1989, "High 
Rayleigh number Natural Convection in Partially Divided Air and Water Filled 
Endosures," 1111. J. Heat Mass Trarufer, Vol . 32, No. 9. pp. 1671-1679. 

Pelletrcl, R., Allard, F •• Haghigha1, F., Licbecq, G., Van dcr Mass, J .• 1991, 
"Modelling of Large Openings," Jlrh AIVC Coriference, 011awa, Canada, 
September 24-27. 

Shaw, B. H., 1971, "Heat and Mass Transfer by Natural Convection and 
Combined Natural Convection and Forced Air Flow Through Large Rectangular 
Openings in a Venical Panition," Proc. I. Mech. Eng. Con/. on Heat and Mass 
Transfer by Combined Forced and Natural Convection, Manchester, Vol. 819, 
Scpl. 15, pp. 31-39. 

Shaw, B. H., and Whyte, W., 1974, "Air Movement Through Doorways
The Influence of Temperature and its Control by Forced Airflow," Bldg. Sero. 
Engrg., Vol. 42, pp. 210-218. 

Van der Mass, J ., ed., 1992, "Air Flow Through Large Openings in Build· 
ings," Energy Conservation in Buildings and Community Systems Programme, 
International Energy Agency, Anne.it 20, Sub·Task 2 Technica.I Report, June. 

Yamaguchi, K .• 1984, "Experimemal S1udy of Natural Convection Heat 
Transfer Through Aperture in Passive Solar Heated Buildings," Proc. 9th Nat. 
Passive Solar Con/., Columbus, Ohio. 

Transactions of the ASME 

...... 


