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HEAT DISTRIBUTION BY NATURAL CONVECTION*

J. Douglas Balcomb and Kenjiro Yamaguchi**
Los Alamos National Lezboratory
Los Alamos, New Mexico 87545

ABSTRACT

Natural convection between spaces in a build-
ing can play a mejor role in eneryy transfer.
Two situations are investigated: convection
through a sin?le doorway into a remote room,
and a convective loop in a two-story house
with a south sunspace where a north stairway
serves as the return path. A doorway-sizing
equation is given for the single-door case.
Detailed data are given from the monitoring
of airflow 1n one two-story house and summary
data are given for five others. Observations
on the nature of the airflow and design
guidelines are presented.

1. INTRODUCTION

Natural convection can play a major role in
distributing heat throughout passive solar
buildings. Remots rooms can be effectively
heated by air convection through a doorway
that connects the remots room to a solar
hested room. Experimenta: results from
several buildings show typical daytime con-
vective heat flow of 1000 to 2000 Btu/h
driven by temperature d:fferences of 3 to
£OF between rooms providing ad.quate heat
fur comfort. These rusults are in good
agreement with a simple doorway correlation
equation. Convection through single doorways
was found to be the major mechanism for dis-
tribution of heat from the sunspace to the
house in the Balcomb solar home, accounting
for transfer of 16.3 nillion Btu during a
6-month winte:* period.! Analysis shows

that the arge swings in sunspace temperature
aid in this exchange. Heat storage in tie
materials of room surfaces was also found to
be quita important.

A more complex situstion concerns internal
convective 120ps that can play a vital role
in distribution of solar heat. In a typica)
case, heat i3 convected from a sunspace

through upper doorways or windows inco the
house, through hallways, down a stairway, and
returns to the sunspace through doorways at
the lower level. Several Santa Fe houses
that have such loops have been monitored

using smoke sticks, anemometers, and thermo-
couples; and the data have been analyzed to
determine airflows ana energy flows. The
flow pattern is often found to be complex,
involving a main loop and several subloops.

2. SIMPLE DOORWAY CONVECTION

Convection thruugh a doorway at a puint in
time can De estimated from the following

relation:
6 wy(nam)d ()

QI
whare Q convection heat flow, Btu/h,
w door width, *t,
h door height, ft, and
AT = room-to-room temperature
di fference, OF.

-~

This relation can be used to determine the
required door width needec to supply the heat
losses from a remote roum by using the same
equation to describe average conditions. To
do this we set Q equal to the 24-hour average
heat loss of the room, in which case AT 13
the 24-hour average room-to-‘oom temperature
difference.

Q

we . (2)
4.6 J(h AT)!

For example, 1f the average inside/outside
temperature difference in January 1s J0°F
and the loss coefficient of the room (UA) is
60 Btu/h, Q = 30 x 60 = 1800 Btu/h, average.
1f the maximum, tolerable, average AT frew
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room-to-room is 40F, the necessary width of
a standard 6-ft 8-in. door is

1800

" 4.6‘4(6.67 X 4)3

Detailed numerical experiments were performed
to determine the validity of the steady-state
assumptior under time-varying conditions using
typical hourly room temperature and outside

= 2.84 ft = 34 in.

temperasure meacurements made in passive solar

houses.? The conclusion of this investiga-
tion {s that the AT given by Eq. 2 is quite
close to the average room-to-room AT for cases
of moderate room-temperature swing (for
example, AT = 1.60F, Q = 800 Btu/h, source
room-temperature swing = 79F,) However, if
the source room-temperature swing 1s large,
the equation tends to overpredict the average
AT. Thus, using Eq. 2 to siz® doorways 1is a
conservative approach; the AT achieved will be
eaual to or less than the tolerance vaiue
desired.

3. NATURAL CONVECTIVE LOOPS

3.1. Discussion of Principles.

A convective loop, shown in Fig. 1, is
between a two-story-high sunspace and the
attached two-ctory house. One way to
describe such a loop is as a "heat engine.”
Figure 2 thows this schematically. Heat 1s
added in the south side of the loop, and the
same amount of heat 1s withdrawn on the north
side. Air flows around the luop because of
the difference in densities between the south
leg and the ncrth leg. In fact, we can cal-
culata the flow rate based on the difference
in average temperatures between the two legs.
It is also possible for heat to be removed
|1on? the top lc? of the loop; this 1s par-
ticularly effective in driving the loop
because it incroases the average density

/1’;
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u
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r BUNSPACE | HOUSE

Fig. V. Typica) natural convective loop in a
two-t.ory house with a sunspace.
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Fig. 2. “Heat engine" representation of a

convective loop. The engine is the air
motion, and the driving mechanism is heat
added on one side and removed on the other.

along the vertical north leg. Lastly, it is
possible for heat to be removed along the
bottom return leg; this 1s not very effective
in driving the loop because it does not
contribute to the increased density in the
north vertical leg.

This paper is not concerned with the double-
envelope house concept, a special case that
has been much debated. It is, instead, con-
cerned solely with loops tnat involve normal
architectura: elements within a building,
such as hallways, stairways, other rooms in
the building, and doorways connecting these
spaces.

3.2. Summary of Convective Loop Results.

Alr velocity and temperature measurements
have been made in six buildings that incorpo-
rate natural convective loops involving a

s .nspace and other architectural features.

In most cases these loops are inadvertent;
that is, they were not intentional or even
perceived by the owner or designer. Measure-
ments were made near midday during relatively
sunny weather; a summary of these results for
six houses 1s given in Table I. The results,
which will be reported in detail in future
Los Alamos reports, have been very encourag-
ing, indicating large convective energy
exchange.

3.3. La Vereda, Model 4 Results

Typical results, shown below for the third
building in Table I, were gathered in a
two-story house with a 1inear sunspoce
covering the entire south facade. The nouse
i3 Model 4 1n the La Vereda subdivision in
Santa Fe, designed and built by Communico
(Susan and Wayne Nichols). Floor plans are
shown in Fig. 3. Although two-way airflow
occurs in every doorway, the major flow 1s
from the sunspace into the upper level
through two double doors, er and 8. About
half of this flow returns to the sunspace
through a door at midlevel, {1 (the house 13



TABLE 1

SUMMARY OF CONVECTION DATA MEASURED IN SIX HOUSLS

Sunspace Sunspace

Sunspace-to-House

Height Glazed

Area Connecting

Doorway
Area

# of Stories ft ft2

Energy
Transport by
Convection

Typical Total
AT Airflow

0 CFM Btu/h

2 400 &0
180 k)
410 114
570 49
5 30 64
210 82
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Lower Leve)

Fig. 3. Floor plans of La Vereda, Model 4.
The west ena fs two story; and the east,
entry end is single story at an intarmediate
level. Arrows on stairs show traffic down.
Circles refer to room numbers, and squares
refer Lo aparture numbers.

1680 17700
660 2430
2240 15500
1670 21100
1029 5170
1190 4870
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spiit-level), and the remainder flows down a
stairway and west along the downstairs hal},
2 , returning through two downstairs
bedrooms, (5 and (6 .

Yertical air-velocity profiles were measured
in each doorway, two examples of which are
shown in rFigs. 4 and 5. Volumetric airflows
in each direction are calculated by integrat-
ing the velocity profiles for each doorway,
the results are ther adjusted to achieve the
necessary overall mass balances fcr each
zone, assuming no effect attributable to out-
side air infiltration. These adjustments are
always within the range of air velocities
measured.

Alr temperature profiles were 1150 measured,
and energy flows are calculated by integrat-
ing the product of air velocity times temper-
ature. Finel results for the house are shown
in Fig. 6, giving atrflows, velocity-weighted
average temporatures, and energy flows by
natyral convection.

3.4. Other Buildingl

Oata taken in other buildings have been
cncl{zod in the same way to obta‘n the
rezulis in Table I. Some of the more inter-
esting observations are as follows:

¢ In one house a 2 ft2 launcry chute in the
north part of the house provides a return
air path for 183 c¢fm of air, helping to
heat a renmate north bathroon.

e In another house a »'rias of 12 1-f*-
diametar ducts were 1.:tentionalsy installed
to provide a return ai~ path to the sur-
space. A combined ei~'low of 465 ctm 'vas
measured passing throuih these ducts rom-
parad with a roturn afr flow urf 1014 r.fm
through a single 27-1n. Joor opening.

o In most, but not all, cises, two-wiy flow
13 ubserved in the apertures.
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Fig. 4. Corrected velocity profile in aper-
ture [T, located between the .‘ning room and
the sunspace.

o Alr stratification 1s pronounced in some
buildings and almost nonexistent in others.
This is not yet well understood.

o Warm airflow is generally across the ceiling

and cold airfiow along the floor, as expected.

¢ Different air streams do not seem to mix
readily and, thus, flow to their destina-
tions without interference. The warmest
available air stream seems to flow to the
coldest spot. Consequently, the airflow
pattern seems to develop in a manner that
will most nearly equalize the temperature
distribution in the building.

o The 2ero-flow point in each doorway (the
point where the flow velocity changes direc-
tion) is at about the same level in doorways
that connect to the same large space, as
expected.

e Small level changes, stepping down from
north to south, help greatly in convective
axchange, maintaining warmer north-room
floor tamperatures.

o Discomfort can be axperienced in the evening
1f cool return air 15 channeled onto the
feet of sitting people. This 1a observed in
8 houte with a two-story Trombe wall forming
the south side of the 1iving room. Convec-
tion s driven up the Trombe wall and across
the cening into upper-level bedrooms; air
returning from these rooms collects on a
balcony overlooking the 1iving room; this
cool air then funnels down the stairway and
streams across the living room floor at high
velocity. Floor-level perforations along
the length of balcony that would allow the
return air to spill into the living room at
low velocity would have been a simple remedy.

o Mr convection {nside the Karen Terry
direct-gain residence™ was observed to be
very small, with pronounced stratification,
Solar gains are distributed uniformly
through the building and, therefore, there
fs little nead to move heat horizontally
and, thus, 11ttle convection.

n'r 184 CPM TO BUNIPACE

Fig. 5. Corrected velocity profile in aper-
ture [B , located between the living room and
the sunspace.

3.5. Design Guidelines

Al though the work described here is still in
progress, certair design guidelines emerge
clearly. It is evident that a major amount
of heat can be distributed and stored inside
a building by convection from a sunspace.
The major driving mechanism for this convec-
tion 1s the heat engine, driven by solar
heating on one side &nd heat removal on the
opposite side (both by heat storage in walls
and daytime heat losses). If the designer {s
fully aware of the principles involved, the
design can benefit most from effective con-
vective exchange.

The key design factor is proper layout of the
buildiny so that convective loops can operate
effectively. This can usually be done with-
out architectural compromise. In fact, in
most cases studied, no conscious attempt to
achieve a convective loop was made; it re-
sulted, strictly in serendipitou. fashion,
from arcnitecctural considerations.

In duign'ln? for a convective loop, the de-
signer should make multiple use of building
elements as much as possible. Do not con-
trive a convective 1oop for its own sake but
rather try to work 1t 1n with normal traffic
flow. The following 1ist gives uesign hints
for one type of convective loop, starting
with the source of haat and moving around in
the same direction as the airflown.

e A sunspace makes an excellent heat sourcs
to drive thu convective loop because high
tamperatures (BOOF) gre available in
sunny weather. Because the flow velocity
varies as the square root of the height, it
13 desirable to make the space as hiph as
practicai. A two-story building with a
two-story sunspace has been found to work
effectively; greater heights would probably
work aven better, although the tendency for
temperature to stratify might be exacer-
bated. A dark-colored mass wall at the
back of the sunspace will aid in absorbing
the solar radiation and will heat thu air
as 1t riges.
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Fig. 6. Natural airflow diagram in La Vereda, Model 4, at 2:00 p.m., January 11, 1983, a
cunny day. See Fig. 3 for identification numbers of rooms (circles) and apertures (squares).
Airflow rates and velociiy-weiphted average temperatures are shown for each airflow direction
for each aperture. Net eneryy flow rates are shown for the rooms, but note that rooms 1, 8,
and 9 cannot be disnggrvgnt&d 30 that the tots) energy deposited in the three rooms (11980
Btu/h) refers to the reglon enclosed by the dotted 1ine. Room temperatures shown are :10F,
Greenhouse tamperatures rangad {rom 68°F near the floor to 82°F near the ceiling.

376 CFM

478 CPM\ 27 Bw/h

Provide a large opening at the top of the
sunspace for the sir %o enter the upper
story. Doors are excellent for this pur-
pcse, although large operable windows can
also be used. Doars are preferable be-
cause they ure laryer and are more apt
be opened dyring the day. A shallow
balcuny opening onto the top level of the
sunspace '3 a popular design elemant. 1If

vents at ceiling height are used, it 13
not necessary to close them during the
night hecause closing openings at the
;ctu'n end will effectively shut off the
oop.

Provide for 2irflow across the upper
level of the building from the scuth side
to the north side. This 1s conveniently
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achieved using a hallway, although other
rooms can also be used.

Provide for dowmnflow of air in the north
part of the house; a ttairwell serves
this purpose ideally. The fact that the
air my have to bend around corners to
get across the building, down the stairs,
and into the ‘ower portions of the build-
ing 1s of no great concern 3o long as the
flow area is adequats. It 1is desirable
for this path to be against the north
wall both to increase the airflow and to
assure that the convective loop can
effectively supply the heat loss.

Arrange for air return throu;n the lower
floor and back into the sunspace. A?rln.
this wight be throuft a ml'lu{ or simply
across a room. It 1s essential to pro-
vide a doorway that can be closed in this
portion of the path. This prevents cool
air from the sunspace from flowing back
into the bu‘lding, tending to reverse the
loop at night. Windows are not effective
for this urgou because they will not
allow cool floor-level air to return to
the sunspace.

Provide Sne or more level changes at the
ground floor, stepping down from the
north sizs of the house toward the

south. This maxes the floor level of the
sunspace the lowest point in the loop so
that cool air will drain Ly this spct.
One or two siaps should be sufficient.
Elevate planting beds in the sunspace.

FUTURE WORK

Measurements will be made over longer
periods, perhaps for several days.

The theory wiil be developed to allow
quantitative prediction of convective
exchange in complex situations. This
will be reduced to slgorithms for use in
compJtar simulation models.

Additional design guidelines, 1nc'ludinf
quantitative estimation procedures, will
be formulated and transferred to the
design community.
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