
' . 
· ··: 

. • ; ;;.;:_:·~ ::.:~ .. _ ...... : ...• 

.. ··. ~ 

· ; . ·.·. 

Progress 1n Passive Solar Energ.v S.vsrems. Copyright 1983 by 
Amerrcan Solar E.nergy Socrety. Inc. Prrntea rn U.S.A. 

0731-8626/B3S3.00 

HE.AT DISTRIBUTION SY NATURAL COllVECTION ... 

J. Douglas Balcomo ana Kenjiro Yamagucni ...... 
Los Alamos National Laboratory 

Los Alamos, New Mexico b7545 

ABSTRACT 

Natural convection Detween spaces in a build­
ing can play a maJor role in ener!U' transfer. 
Two situations are investigatea: convection 
tnrou gn a single aoorw4y in to a remote room 
ana a convective loop in a two-story house 
witn a soutn sunspace wnere a nortn stairway 
serves as the return patn. A aoorway-sizing 
equation is given for tne single-aoor case. 
Oetailea data are given from the monitoring 
of airflow in one two-story house.and summary 
aata are given for five others. Observations 
on tne nature of tne airflow and design 
gu loelines are presentea. 

l . INTRODUCTION 

Natural convection can play a maJor role i n 
distributi ng neat throughout passive solar 
buildings. Remote roams canoe effectively 
nea tell by air convection through a doorway 
that connects the remote room to a solar 
heated room. Experimental results from 
several bu i ldings show typical daytime con­
vective heat flow of !ODO to 2000 Btu/h 
driven by temperature differences of 3 to 
soF between rooms providing aoequate heat 
for comfort. These results are i n gooo 
agreement with a simple aoorway correlation 
equation. Convection througn single aoorways 
was fauna to oe the maJor mechanism for dis­
tri buti on of neat from tne sunspace to the 
house i n tne Balcomo solar nome, accounti ny 
for transfer of lo.J million Btu auring a 
6-1T10nt11 winter period. I Analysis stiows 
that tne large swings in sunspace temperature 
aid in this excnange. Heat storage in the 
materials of room surfaces was also found to 
be quite important. 

A more complex situation concerns internal 
convective loops that can play a vital role 
i n distribution of solar heat. In a typical 
c:ase, heat is convectea from a sunspace 

tnrou9h upper aoorways or winaows into tne 
house, throu gn r.a 11 ways, oown a sta i rway, an a 
returns to the sun space through ooorways at 
tne lower level. Several Santa Fe nouses 
tnat have sucn loops have oeen monitorea 
using smoKe sticks, anemometers, ano thermo­
couples; ano tne aata nave oeen analyzea to 
aetermi ne air fl ows ana enerliJ flows. The 
flow pattern i s often fauna to be complex, 
involvins a main loop ana several suoloops. 

2. SIMPLE DOORWAY CONVECTION 

Convection tnrough a doorway at a point in 
time can oe estimated from tile following 
rel a ti on :Z 

Q = 4.6 w ~('n ~T)3 

wne~ Q 
w 

" h 
:.T 

conve,tion neat flow, ~tu/h, 
aoor widtn, ft, 
ooor height., ft, and 
room-to-room temperature 
ai ff erence, Of. 

{1} 

This rel a ti on can be used to determine the 
requi rea aoo r wi !Ith needed to supply tne neat 
losses from a remote room by us ing the same 
equation to aescribe average conditions. To 
cio tnis we set Q equa l to tne 24-hour average 
heat loss of the roor.:, in wnich case .:.T is 
the 24-nour average room-to-room temperature 
Iii fference. 

Q 
w = ---==== 

4.6 ~(h AT)..: 
(2) 

For example, if the average insiae/outside 
temperature difference in January is JQOf 
and the loss coefficient of the room (UA} is 
60 Btu/h, Q = 30 x 60 : 1800 Btu/h, average. 
If tne maximum, tolerable, average ~T from 

*fh1s work was pertormea unaer the attS1>ices of the US Department of Energy, Office of Solar 
Heat Tecnnologies. 

"*Guest Scientist, Ohbayashi-Gumi, Ltd., 2-cnome, Kanda Tsukasa-cho, Chiyoda-ku, Tokyo, Japan. 



... . ·· ... . 
. . . . ·:::: . :: : · ::>: · · · · · ~ ·.·.· 

:· 

' _ .. · . -:. •. : :. : •. . . 

· .. .. 
.· .- . 

:: .. : : •• :;:-::·.:- ~ : =:- :: .. ~: - ·~~::~ :: 
· · -··:-.-- · 

· ······ . 

room-to-room is 4°F, the necessary width of 
a stanaara 6-ft ~-in. ooor is 

1800 
w = " Z.84 ft .. 34 in. 

4.6 ~(6.67 x 4)J 

Detail ea numerical experiments were perfol"llll!d 
to aetennine tile validity of tne steaay-s"tate 
assumption wioer time-varying conditions using 
typical nourly room temperature and outsioe 
temperai:ure measurements mace in pass i ve solar 
houses. J The conclusion of this investi ga­
tion i s tnat tne !.T given oy Eq. 2 is quite 
close to tne average room-to-room .'..T for cases 
of mooera te room-tempera tu re swing (for 
example, !.T ~ J.60F, Q" 800 lltu/h, source 
room-cemo!!rawre swing • ]OF. l However, if 
the source room-temperature swing is large. 
tne equation tenCLs to overpreaict tne a.verage 
t>T. Thus, us i ng Eq . 2 to size ooorways is a 
conservative approacn; tne 4T acnieved will be 
equal to or iess than tne tolerance value 
oesired. 

3. NATURAL CONVECTIVE LOOPS 

3.1. Oisc :.i ss ion of Princicles. 

A convec;:ive loop, snown in Fie;. 1 , is 
oetween a two-story-hi gn suns pace ano tile 
a tucnea two-s wry house . One w4:1 to 
aescri oe sucn a loop is as a "heat engine.• 
Figure 2 snows tnis schematically. Heat is 
aooeo i n tne soutn s i oe of tne loop , ano tne 
same amoun: of neat i s witnarawn on tin!" nol"tll -
side. Air flows around tne loop bequse of 
tne oifference in oensiti es Detween 1'n!~oubi 
leg and tne nor tn leg. ln fact, we can cal­
culat.e the flow rate basea on the difference 
in average te111peratures oetween tne two legs. 
It i s also possible for neat to be removed 
along tlle too leg of the loop; tllis is par­
ticularly effec;:ive in dr ving tile loop 
because i t i ncreases tne average oensii;y 

I 
SUNSPACE 1 HOUSE 

Fig. l . Typical natural convective loop fn a 
two-story house witn a sunspace. 

1 
_...J 

I 

HEAi 
REMOVED 

Fi 9. 2. "Heat engine" representation of a 
convec'tive loop. The engine is tne air 
motion , ana tne ariving mecnanism is heat 
aooed on one s i ae and removed on the otner. 

along tile vertical north leg. Lastly, it is 
possit>le far heat to be removed along the 
bottom return ley; th1s i s not very effective 
in driving tne loop oecause it ooes not 
contribute to the increaseG oenshy in tne 
nortll vertical lee;. 
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This paper is not concerned with tne double­
envelope nouse concept, a special case that 
has been mucn aebateo. It is, insteao, con­
cerned solely witn loops tnat involve nannal 
architecwral elements within a building, 
such as naliways, stairways, other rooms in 
the oui 1 cii ny, an<i ooorways connecting these· 
spaces. 

J.Z. Sullllllilry of Convective Looo Results. 

Air velocity ana temperature measurements 
have been made in six buildings that incorpo­
rate natural convective loops involving .a 
sunscace and otner architectural features. 
In mast cases tnese loops are i naovertent; 
that is, tney were not intentional or even 
perceived by tne owner or designer . Measure­
menu were made near midday during relatively 
sunny weatner; a swraary of these results for 
six nouses is given in Table I. The results, 
which wi 11 be reponed in aetail in future 
Los Alamos repor'CS , have been very encourag­
i ng-, indicat.ing large convective energy 
exchange. 

J.J. La Vereoa, Mooel 4 Results 

Typical result.s, sh o'oil'I below far the th1r-a 
Duiloing i n Table l, were gathered in a. 
two-story house with a linear sunspace 
covering tne entire sou en facade. The nouse 
i s Moael 4 in tne La ~ereaa su1>divisian in 
Santa Fe, oesigned ana built by Conm.inica 
(Susan and \layne N1cno ls I. Floor plans are 
snown in Fig. 3. Altnough two-way airflow 
occurs in every doorway, the major flow is 
from the sunspace into the upper level 
tnrougn two daub le aoors, ). and 8 • About. 
half ot this flow returns to tne sunspace 
througn a door at llri dlevel , :1 (the house is 
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TABLE I 

SU11'1ARY OF CONVECTION DATA MEASURED IN SIX HOUSES 

Sun space Sun space 
Heignt blazed 

Area Connecting 
Doorway 
Area 

; of Stories ft 2 ft2 

2 400 80 
1 180 Jl 
2 410 114 
2 570 49 

1.5 310 04 

' 210 &2 

LIV•NG 

' / ill 'r-----T' Gl 'r ;;-, 
~ ~ 1· .__ 

SUl<SP..CE I 
-------0----- 1-- - --

'! ,:' ·' 

Upper Level lntermedi ate 
Level-

Lower Level 

Fig. 3. Floor plans of La Vereda, Moael 4. 
The west eno is two story; ana tl'le east, 
entry end is single story at an intermediate 
ievel. Arrows on stairs show traffic aown. 
Circles refer to room nurruiers, and squares 
refer to aperUJre numbers. 

Suns pace-to-House 

Energy 
Typical Total Transport oy 

aT Airflow Convection 

0- CF11 btu/h r 

6 1680 17700 
3 b60 2430 
5 2240 15500 

10 1670 21100 
4 1029 5110 
4 1190 4870 

split-level}, and tne remainaer flows down a 
stairway and west along the aownstairs hall, 
2 , returning tnrough two aownstairs 

bedrooms, 5 and 6 . 

Vertical air-veloci ty profiles were measured 
in eacn doorway , two examples of wn i cn are 
snown in Figs. 4 ana 5. Volumetric airflows 
in each direction are calculatea by integrat­
ing tne velocity profiles for each doorway; 
the resul ;;s are then aaJus tea to achieve the 
necessary overall mass oalances for each 
zone, assuming no effect attributable to out­
siae air infiltration. Tnese adjustments are 
always within tne range of air velocities 
measured. 

-Air r,emii~rature ·pro111es were al so IT!easured, 
, ana energy flows are calculateo DY integrat­
""i'f'tg the proouct of air velocity times temper­

ature. Final results far tne house are snown 
in Fig. 6, giving airflows, velocity-weignted 
average temperatures, ana energy flows by 
natural convection. 
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3.4. Other Buildinos 

Data taken in other buildings have been 
analyzeo in the same way to obtain the 
results in Table I. Some of the more inter­
esting observations are as follows: 

• In one house 4 2 ft2 laundry chute in the 
north part of the house provides a return 
air path for 183 cfm of air, helping to 
heat a remote north batnroom. 

• In another house a series of 12 1-ft­
diameter oucts were i ntentionally installed 
to provide a return air path ta the sun­
space. A combineo airflow of 465 cfm was 
measured passing through these ouc"ts com­
pared witn a return airflow of 1014 cfm 
through a single 27-in. door opening. 

• In mos"t, but not all , cases, two-way fl ow 
is observed in the apertures. 
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B&I CFM TO SUNSPACE 

FPM 

Fig. 4. Corrected velocity profile in aper­
ture T , located Detween the dining room and 
the suns pace. 

• Air stratification is pronounced in some 
buil oings and almost nonexisi:ent in others. 
This is not yet well unaerstooo. 

• Warm airflow is generally across the ceiling 
and cola airflow along the floor, as expecteo. 

• Of ff er en t air s tr earns oo not seem to mix 
reaoily ano, thus, f low to tneir oestina­
tions without interference. The warmest 
available air stream seems to flow to tne 
coloest spot. Consequently, the airflow 
pattern seems to oevelop in a manner that 
will mos;: nearly equalize the temperature 
distrioution in the ouiloing. 

• The zero-flow point in each doorway (the 
point where the flow velocity cnanges direc­
tion) is at about the same level in..ooorwayt 
that connect to the same 1 arge spa,ce •. as' . 
expecteo. • . .i... " 

• Small level changes, stepping oown from 
north to south, help greatly in convective 
exchange, maintaining warmer north-room 
floor temperatures. 

• Discomfort can be experienced in the evening 
if cool return air is channeled onto the 
feet of sitti ng people. This is observed in 
a house with a two-story Tromt>e wall forming 
the south side of the li ving roOfll. Convec­
tion is driven up the Trombe wall ano across 
the ceiling i nto upper-level bedrooms; air 
returning from these rooms collects on a 
balcony overlooking the living room; this 
cool air tnen funnels down the stairway and 
streams across the living room floor at high 
veloc i ty. Floor-level perforations along 
the lengtn of balcony that would allow the 
return air to spill into the living room at 
low velocity would nave been a simple remedy. 

• Air convection inside the Karen Terry 
direct-gain residence4 was observed to be 
very small, with pronounced stratification. 
Solar gains are distributed uniformly 
through the building ,ano, therefore, there 
is little need to move heat horizontally 
and, thus, l1ttle convection. 
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! 8 r 

9iU CF~ 
TO 
LIVING ROOM 

..... 

Zl.8 n: 

Fig. 5. Corrected velocity profile in aoer­
ture 8 , 1 oca ted between tile 1 i vi ng room an c 
tne suns pace. 

3.5. Desian Guioelines 

Al thougn the work aescribed here is sti 11 in 
progress, certain aesign guidelines emerge 
clearly. It is eviaent tna't a major amount 
of heat can De distributec and stored inside 
a builaing by convection from a sunspace. 
The major driving mechanism for this convec­
tion is the heat engine, ariven by solar 
heating on one sioe and heat removal on tne 
opposite side ( botn by heat storage in wa 11 s 
ana day ti me heat 1 osses). if the designer is 
fully aware of the principles involved, the 
aesign can oenefit most from effective con­
vective exchange. 

Tne key oesign factor i s proper layout of tne 
ouilding so tnat convective loops can operate 
effec'tfvely. This can usually be aone with­
out architectural comoromise. In fact, in 
most cases studied, no conscious attempt tO 
achieve a convective loop was maae; it re­
sulted, strictly in serendipitous fashion, 
from architectural considerations. 

In designing for a convective loop, the de­
s i gner should mali:e multi ple use of builoing 
elements as nllth as ~ossible. Do not con­
trive a convective loop for i ts own sali:e but 
rather try to work it in with nonnal traffic 
flow. The following list gives design hints 
for one type of convective l oop, starting 
with tne source of heat ano moving around in 
the same direction as the airflow. 

• A sun space makes an excellent heat source 
to drive the convective loop because high 
temperatures (SDDF) are available in 
sunny weather. Becau.se the now velocity 
var i es as tile square root of the height, ft 
i s aesirable tO make the space as high a.s 
practical. A two-story building with a 
two-Story suns.pace has been found to work 
effectively; greater heights would probaoly 
wort. even better, al thougn 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 
tne solar radiation ana will heat tne air 
as it r i ses. 

-
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Fig. 6. Natural airflow diagram in La Vereda, Mooel 4, at 2:00 p.m., Ja.nuary 11, 1983, a 
sunny day. See Fi~. 3 for identi fication numoers of rooms (circles) ana apertures (squares). 
Airflow rates and velocity-weighted average temperatures are snown for each airflow direction 
for each aperture. Net ener\l.Y flow rates are shown for the rooms, but note tnat rooms ·1, 8, 
and 9 cannot be disaggregateo so tnat tne total energy deposited in the three rooms (11980 
Btu/h) refers to the region enclosed by the aotted line. Room temperatures shown are :1°F. 
Greenhouse temperatures ranged from 680F near the floor to azoF near the ceiling. 

• Provide a large opening at the top of the 
suns pace for tne air to enter the upper 
story. Doors are excellent for this pur­
pose, although large operable winoows can 
also be used. Doors are preferable be- , ­
cause they are 1 arger and are more apt to 
be opened during tne day. A sh cl 11 ow 
balcony opening onto tne top level of the 
sunspace is a popular oesign element. lf 
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vents at ceiling height are used, it is 
not necessary to close them during the 
night because closing openings at the 
return end will effectively shut off tne 
loop. 

• Provide for airflow across the upper 
level of the building from the south side 
to the nortn side. This is conveniently 
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acnieved using a hallway, al tnougn other 
ro0111s can also be used. 

• Provle!e for aownflow of air in the north 
part of tne nouse; a stairwell serves 
this purpose ie!eally. The fact that tne 
air may have to bend around corners to 
get across tne buil ai ng, down tne stairs, 
and into the lower portions of the build­
ing fs of no great concern so long as the 
fl ow area is adequate. It ; s des i rab 1 e 
for tnis path to be against the north 
wa 11 ootn to increase the airflow and to 
assure that the convective 1 oop can 
effectively supply tne heat loss. 

• Arrange for air rewrn through the 1 ewer 
floor and oack into the svnspace. Agafo, 
tnis might be tnrough a hal1way or simply 
across a room. It is essential to pro­
viae a ooorway that can be c1osed in thi·s 
portion of tne path. This prevents cool 
air from the suns pace from nowi ng back 
into the building, tending to reverse the 
loop at nignt. Windows are not effective 
for this purpose oecause they will not 
allow cool floor-level air to return to 
the suns pace. 

1 Provide one or more level changes at the 
grouna floor, stepping down from the 
north siae of tne house toward the 

4. 

• 

soutn. This makes the floor level of the 
sunspace tne lowest point in the loop so 
tnat cool air will drain to this spot. 
One or two steps should be sufficient. 
Elevate planting beds in the sunspace. 

FUTURE WORK 

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

• The theory will be developed to allow 
quan ti ta ti ve prediction of convective 
exchange in complex situations. This 
will be reduced to algorithms for use in 
computer simulation models. 

Ed. Note: A list of metric-English-metric con­
version values appears i11111ediately preceding 
the Author Index . 

• Addit~onal design guidelines, including 
quantitative estimation procedures, will 
be formulated and transferred to the 
design community. 
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