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Abstract 

Experiments are described that were conducted at the 
full-scale Reconfigurable Passive Test (REPEAT) facil
ity at Colorado State University. We measured velocity 
and temperature profiles in the doorways between a 
sunspace and adjoining north rooms. The results are 
presented in terms of a series of velocity and tempera
ture profiles for different times of day. 

INTRODUCTION 

The performance of comfortable, energy-efficient, passive solar
hea ted buildings depends on natural convection flow processes. 
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Natural convection is a means by which thermal energy is trans
ferred from one part of the building to another without the use of 
mechanical devices. The natural convection path or loop in a build
ing usually involves flow from a heated room through a doorway to a 
remote room, then back to the heated room through either the same 
doorway or a different one. In a recent issue of Passive Solar Jour
nal, Anderson (1986) reviewed natural convection research as it 
relates to passive solar building applications. 

The driving mechanism of natural convection heat transfer is the 
temperature difference across the doorways between the north and 
south zones of a building. The temperature difference implies that 
the air on one side of the doorway is of a different density than t he 
air on the other side. From the principle of hydrostatics, where 
pressure is proportional to density times depth, the pressure differ
ence across the doorway varies with height. This pressure differ
ence causes air to accelerate and convect through the doorway. 

Passive solar-heated buildings, since they are strongly coupled to the 
radiative and convective thermal environment through the south 
facing glazing, can have large internal temperature differentials. 
The south portion of a buil~ can be either warmer or cooler than 
the north por:tion of a _building, which will create natural convection 
inside the building. 

In this paper we examine the natural convection flow profiles 
through partitions or doorways in a multizone passive solar building. 
The objective is to show the dependence of the magnitude and 
direction of the natural convection on the interior stratification and 
surface temperatures. We present measurements of the tempera
ture and velocity profiles in the doorways, related measurements of 
the thermal stratification in the zones, and the interior wall tem
peratures. As shown in Figure l we chose a common three-zone 
passive solar geometry: a two-story sunspace connected to upper 
and lower north rooms by single doorways. 

Workers at Los Alamos National Laboratory have measured doorway 
flow profiles in passive solar buildings over the last five years, 
specifically Weber and Kearney (1980), Balcomb et al. (1981, 1983, 
and 1985), and White et al. (1985). They measured these profiles 
near noon on sunny days in occupied buildings. While natural 
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convection through doorways was not always taken into account in 
the architectural design of the building, such convection was found 
to account for a major fraction of heat transfer from one part of the 
building to another. Researchers involved in these studies recom
mended that sunspaces connected to the rest of the building by 
doorways be considered an essential component of passive solar 
design. They found that passive return air ducts were unnecessary 
because of their small cross-sectional area relative to doorway area. 

Analytical modeling of doorway flow has relied on Bernoulli's equa
tion, which relates the velocity of the air in the doorway to the 
temperature difference across the doorway via a doorway discharge 
coefficient. Brown and Solvason (1962) performed early work in this 
area. Balcomb and his coworkers generally use the Bernoulli's 
equation approach to correlate the observed heat transfer through 
doorway openings with the temperature difference across the 
openings. 

Since the thermal environment of a passive solar building is not 
constant, one would expect that the f_low profiles in the doorways 
between zones are also not constant. The largest flow rates, of 

""" -·· ' . course, would be expected at solar noon at maximum solar power 
because of the relatively low thermal capacitance of the air. How
ever, prior to our work, no measurements of the flow profiles at 
other times of the day had been done. Such measurements would 
help assess the daily performance of the passive solar heating com
ponents. In addition, measurements of the flow profile through the 
doorway in the horizontal direction have not been previously 
reported. 

DESCRIPTION OF EXPERIMENT 

The experiments were performed in the full-scale Reconfigurable 
Passive Test (REPEAT) facility at Colorado State University. This 
research facility is designed to study the thermal performance of 
two-story, large-· residential, - or -small commercial passive solar 
buildings. The facility is 10 m (33 ft) on a side, and 7 m (23 ft) 
high. For these experiments the building was configured into three 
zones: a two-story sunspace and an upper and lower north room as 
shown in Figure 1. The sunspace and north rooms are connected by 
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Clerestory 

Upper north zone 

Lower door 
Lower north zone 

II; 
Figure 1. Building schematic of the REPEAT facility, Colorado State 

University 

single doorways in a 20 cm (8 in.) thick brick storage wall. The 
doorways are 2.02 m (6.6 ft) high an~ 0.71 m (2.3 ft) wide, so the 
total doorway area is 2.87 m2 (30.9 ft ). The doorways were always 
open during the tests. The sunspace has 80 m2 (860 ft2) of south
facing glass. The upper north zone has 17 m2 (180 ft 2) of south
facing clerestory glazing, with the rest of the interior surfaces being 
conventional gypsum wall. The upper and lower north zones are 
connected by a horizontal opening of the same area as a doorway, 
which was designed to model a stairway. The thermal capacitances 
of the upper and lower north zones differ greatly because the lower 
north walls and floor are composed of 25 cm ( 10 in.) thick concrete 
and the upper zone is of lightweight wood frame construction. 

We measured the air temperatures in each zone by arrays of shielded 
thermocouples. The shields are concentric aluminum cylinders 
approximately 10 cm (4 in.) long and 5 cm (2 in.) in diameter. Ther
mocouples embedded in the . sudaces measure .the interior surface 
temperatures of gypsum, concrete, and glass. We used a Data
metrics hot wire anemometer, which was calibrated periodically in a 
low speed wind tunnel, to measure the doorway velocity profiles. 
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Doorway temperature profiles were measured with a thermocouple. 
An adjustable ringstand support held the hot wires and 
thermocouples in place. We took data every 20 cm (50 in.) on the 
vertical centerline of each doorway. The uncertainty in the velocity 
measurements is 0.02 m/s (0.07 ft/s). The absolute uncertainty in 
the temperature measurements is 0.1°C (0.2°F). The data 
acquisition sequence began at the bottom of the upstairs doorway 
grid and finished at the top of the downstairs doorway grid. We did 
not take data in the horizontal opening. Each acquisition period 
lasted approximately 10 minutes. An HP3497A microvoltmeter 
connected to an HP86 computer collected the data. 

RESULTS 

We measured the velocity and temperature profiles in the doorways 
and zone air and surface temperatures over the course of a month in 
the late spring. During this time, the sun did not shine directly into 
the sunspace because of the overhangs. The glass, brick wall, and 
floor of the sunspace were heated by the diffuse solar radiation. 
Measurements were taken at hourly intervals. ··.-

~- - .... .... 

The diagrams in Figure 2 show the general behavior of the three
zone geometry. Each diagram represents the thermal state of the 
building at a particular time. The solid line is a cross section of the 
building, the dashed lines in the doorways represent the temperature 
and velocity profiles, and the dotted lines in the center of each zone 
represent the temperature profile in the zone. Three temperature 
scales are shown for the north zone, doorway, and sunspace, respec-

. tively. The velocity scale is plotted along the top · of the building. 
Also shown are the interior surface temperatures. 

At 5:30 a.m. just before sunrise, as shown in Figure 2a, the flow 
through each doorway is unidirectional, forming a natural convection 
loop in the building. The flow profile in the upper doorway is similar 
to a slug profile, and the flow profile in the lower doorway is like a 

. _horizontal wall jet. The thermal stratification in each doorway is 
small. The unidirectional motion of the air can be explained in 
terms of the temperature difference between the north and south 
walls. Note that the diagrams in Figure 2 are labeled with eight 
surface temperatures. The temperature of the surface of the north 
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Figure 2a. Temperature and velocity profiles in the REPEAT facility. Sur
face temperatures are in °C. Dashed lines are velocity 
profiles. Dotted lines are temperature profiles. 

wall, both at the first and second story, is about l8°C (64°F); and 
the temperature of the inside of "t_he glazing of the two-story sun
space is about 12~C (54°F). So, the entire south side of the building 
can be considered relatively cold, and the entire north side can be 
considered relatively hot. This is the classical enclosure with dif
ferential heating from the side, which produces unidirectional flow 
as seen in the doorways. The region of zero velocity, defined as the 
neutral plane, is located somewhere between the two doorways. 

At about an hour after sunrise at 6:30, the flow velocities are near 
zero, and by 8:30 a.m., the flow has reversed. As shown in Fig
ure 2b, the flow through each doorway is unidirectional, but in the 
opposite direction. The flow loop is now counter-clockwise. Both 
flow profiles are similar to horizontal wall jets. The largest veloci
ties in the upper door are at the top. The flow is being driven by the 
temperature difference of about 6°C (11°F) between the upper sun
space glazing and the lower north zone wall. The stratification in 
the sunspace is about 2°C (4°F), while in the taller north zones, it is 
about 3°C (5°F). The stratification is generally linear, and in the 
two north zones, it is offset. Note that the floor of the lower north 
zone and the sunspace is cooler than the air above it, and the ceiling 
of the upper north zone and the sunspace is cooler than the air below 
it. 
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b) 8:30 a.m. 
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Temperature and velocity profiles in the REPEAT facility. Sur
face temperatures are in °C. Dashed lines are velocity 
profiles. Dotted lines are temperature profiles. (Continued) 

Figure 2b. 

During the morning the magnitudes 9f the fl~w velocities and the 
thermal stratification in the doorways increase~ The thermal state 
of the building at 11 :30 a.m. iS-Shown in Figure 2c. The entire south 
glazing is now warmer than the entire north wall, which accounts for 
the strong counter-clockwise flow. The net heat transfer from the 
sunspace is about 800 W (2700 Btu/h). The temperature difference 
between the upper glazing and the lower north wall is 17°C (31°F). 
The thermal stratification in the sunspace is primarily linear, at 
about 4°C (7°F), while it is 5°C (9°F) in the north zones. 

Maximum solar power is reached around noon. The thermal state of 
the building at 1:30 p.m. is shown in Figure 2d. The overall flow 
pattern is still generally in the counter-clockwise direction. The 
flow in the upper door is still unidirectional, with the velocity in
creasing at the bottom of the door. The flow in the lower door is 
now slightly bidirectional. The net heat transfer from the sunspace 
is about 600 W (2000 Btu/h). Because of the clerestory an~ t~~ sma_ll 
thermal capacitance of the upper north zone wall, the temperature 
of the upper north zone wall has risen significantly higher than the 
lower north zone wall. The flow is now being driven by the tempera
ture difference between the ent.ire south glazing and the lower north 
wall. The stratification in the sunspace and the north zones is about 
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c) 11:30 a.m. 

Velocity (m/s) 

~ N ... 0 N (') 

0 ci ci ci ci ci ci 
I I I 

25.6 30.1 • 
.... --- : 

' : 
' : ..... ~ 

25.3 ( : 34.0 
-,; : c: 

• 

".'t"' 
! 

16.9 : 28.8 

• : 
: '-

'\ -........, 

I·· I... -' 
Temperature, ° C 20 25 30 20 25 30 20 25 30 

' ':-·~ 
>· I 

d) 1:30 p.m. 

Velocity (mis) 

(') N ..... 0 ... N (') 

ci ci ci ci ci ci ci 
I I I 

24.6 28.2 • 
f : 

--:::- : 
: '\ : 

' } : 
26.6 \ ... 33.4 

: / .' • ),' • • ·"·' t 25.9 : 
16.8 : 28.5 

; : -c:.. . 
: : \,,\. : 

: .......... . 
~ : .... 

Temperature, •c 20 25 30 20 25 30 20 25 30 

Figure 2c&d. Temperature and velocity profiles in the REPEAT facility. Sur
face temperatures are in °C. Dashed lines are velocity 
profiles. Dotted lines are temperature profiles. (Continued) 
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5° and 6°C (9° and 11°F), respectively. A neutral plane is now 
located in the bottom doorway. 

The temperature and flow profile at 4:30 p.m. are shown in Fig
ure 2e. The flow through both doorways has decreased, but is still 
unidirectional. The bottom doorway has a jet-like profile, and the 
upper doorway has a curious u-shaped profile. The south glazing 
temperature is cooler relative to earlier readings. The stratification 
in the sunspace is now 4 °C (7°F), and has remained constant at 
about 6 ° C ( 11 ° F) in the north zones. 

Finally, the thermal state at 7:30 p.m. is shown in Figure 2f. Bi
directional profiles now exist in both doorways, clockwise for the 
upper door and counterclockwise for the lower door. Note that the 
highest and lowest interior surface temperatures are on the same 
wall, namely the north wall, with the south glazing and storage wall 
temperature somewhere in between. The flow loops in the upper and 
lower north zones appear to be separate from one another. The 
stratification in the sunspaces and the north zones is about 3°C 
(5°F). There are now two neutral planes, one in each doorway. 

e) 4:30 p.m. 
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~igure 2e. Temperature and velocity profiles in the REPEAT facility. Sur
face temperatures are in °C. Dashed lines are velocity 
profiles. Dotted lines are temperature profiles. (Continued) 
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Figure 2f. Temperature and velocity profiles in the REPEAT facility. Sur
face temperatures are in °C. · Dashed lines are velocity 
profiles. Dotted lines are temperature profiles. (Concluded) 

The thermal str.atification in the doorways for the six times shown is 
usually slightly steeper than the stratification in the upstream zone 
because of the compression of the streamlines through the doorway. 

Figures Ja and b show three dimensional plots of the velocity pro
files versus time. The figures illustrate the changing nature of the 
flow profiles through the doorways during the day. The maximum 
flow velocities through the doorways range from 0.1 to 0.3 m/s (O.J 
to 1.0 ft/s). The largest flow rates are near noon because of the 
relatively low thermal capacitance of the air. 

Figure 4 shows the variation of the velocity through a-doorway in a 
horizontal plane. These velocities were measured at five different 
heights in the lower doorway. The velocity profile in a horizontal 
plane is not constant, but varies by about l 0%. The maximum 
velocity is not necessarily at the centerline; in fact, the centerline 
velocity is slightly smaller than t he velocity on either side of it. 
This is probably due to the combined effect of the natural convec
tion boundary la ye rs and ·zonal ' flow. The average velocity obtained 
by integrating the velocities across a horizontal location is also 
shown. Note that the average velocity is either slightly greater or 
less than the centerline velocity. 
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The doorway velocity and temperature profiles can be integrated to 
give the net convective heat transfer from the sunspace to the rest 
of the building. This information is contained in Hill, Kirkpatrick, 
and Burns (1986), in which the Bernoulli equation approach was 
extended to include multiple openings and strati.fied zones. They 
correlated the net heat transfer with the temperature difference 
across the doorways. Fisher, Bohn, and Anderson (1985) have com
pared these REPEAT doorway velocity profiles with scale model 
simulation and correlated the doorway velocity profiles with the 
north and south interior wall temperatures. 

CONCLUSIONS 

The natural convection flow profiles through the doorways of a full 
scale building are complex and change in time. The flow profiles 
through the doorway can be both unidirectional and bidirectional. 
The magnitude and direction of the flow ,,,caQ,Jie interpreted in terms 
of the relative temperatures of the nor.th. and south walls of the 
building. · 
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