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ABSTRACT 

Incerzone discribution of solar heat gains 
oy natural convection provides a viable 
low-cost alternative to forced air 
systems. A procedure for developing a 
general empirical law for interzone 
transport rates based on data from a small 
laboratory model and the principles or 
similitude is outlined. Preliminary 
results are presented and discussed. 

l. INTRODUCTION 

One of the basic problems confronting :he 
designer of a passive solar Cieated ouilding 
is to achieve reasonably unif·'~ " 
tempera cures wichin a structure 'Hhose 
southern zones are preferentially heated 'ciy 
the sun. IE care is not exercised, there 
is a danger that the temperature 
differential between north and south zones 
will be so large that occupants will either 
be too hot in the south zones or too cold 
in the north zones (or both) even though 
sizing calculations indicate that solar 
gains are well matched to the ouilding' s 
overall load and thermal storage 
characteristics. In general, iour 
strategies may be applied by designers, 
either separately or in combination, as a 
means of assuring adequate thermal 
uniformity: 

a. distributed solar gains, 
b. shallow construction, 
c. forced air heat distribution, and 
d. natural convective heat distribucion. 

Distributed solar gains are achieved by 
employing clerestory windows or roof 
apertures which allow direct solar heating 
of north zones. This strategy can be very 
effective, but, due to the associated 
structural complexity, it costs more than 

ordinary windowsi and may be too 
expensive ior :he ~ass housing market. 
Shallow construction refers co ouilding 
coniigurations which are 0ne zone deep in 
the north-south direction 5uch that ~ach 
room oi the structure has a south (acing 
~all chat can ?rovide solar heac. Although 
many attractive designs amploy the :oncept 
of shallow cons true ti on! the geometric 
limitations ~moosed on building floorplans 
may hinder widespread aoplication. 

~any ?assive solar designs intended for the 
mass housing ~arkcc attempt co escape the 
added .::ost ::>i distri!)uc2ci 5ains and :he 
5aometric li~icatiuns oi shallow 
con·s cruc ti on ~y !."e lying on ::vrced air 
discribucion 5yscems c5 cransport thermal 
anergy from southern zones to northern 
zones. This approach yields a low :irsc 
cost )ecause it entails the least de?arture 
from conventional construction. However, 
electric power is requireci to run the 
necessary fans, and the solar heating 
syscem is, thereiore, not independent of 
the local utility company, i.e., a power 
failure ••ould aoc 0nly deprive the occupant 
of the benetic of ~ny ~lectrical backup 
system, but would significantly impair 
normal operacion of the "passive" 3olar 
system. Energy used to power the ·o lowers 
muse, of course, be chargeci against the 
solar heat ~ains. 

The fourth design strategy is the subject 
of this paper. Heat transfer by natural 
convection can prevent axcessive thermal 
non-uniformity in most buildings provided 
interior doorways and other apertures are 
properly sized and discributed. Incieed, 
buildings which are extremely well 
insulaced and tightly constructed tend to 
be thermally uniform even though no 
specific consideration has been given to 
aperture design.2 ~owever, decades of 
reliance on Eorced air distribution systems 

*Work performed under the 3USpices of the Department of Energy, a & D Branch for Hearing 
and Cooling, Office of the Assistant Secrecary for Cunservation and Solar Applications. 
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has stifled research on free convective 
svscems and leit us 1'1ith a lack of 
c~nfidence in their viability. The purpose 
o i chis paper is co out line a method which 
is being used ac ~L to develop 
~uancicative design cools for the 
archicact/builder ~nterested in natural 
heat ·1istribudon strategies. We are 
111ocivacad by the desire co provide an 
inexpensive alternative (or supplement) to 
the concepts of distributed gains and 
shallo" construction chat can fonccion 
properly in the absence of 
aleccromechanical support. 

The general ruechodo logy selec ced is co 
develop an empirical la" relating interzone 
transport races to the geometric properties 
of the enclosure and the temperature fields 
in Che separate zones. Tile law will be 
based on a large body of data obtained in a 
small-scale laboratory test chamber in 
which ~hysical processes occurring in 
full-scale enclosures are simulated. 
Results obtained in the test cbamber 
(111odel) are related co the performance of 
actual buildings (prococypesJ through the 
principles oi similitude. The theoretical 
~asis for chis approach and the associated 
formulae are presented in the :\ext sec cion. 

?. THEORET!CAL CONSIDERATIONS 

1.1. n.e Similaritv ~ondit ions 

Similaritv is defined as the L~~~sh1'b 
':lec-.,een a~a logous· ;>nysica l ;11:ocesaes thac 
can be described by a single •et of 
di111ensionless conservation aquations. 
~riting the conservation aquations in ten!IS 
of :ton-dimensional forms of the associated 
independent and dependent variaoles yields 
dimensionless groups oi paramecers that 
appear as coeificients . All ;>hysical 
processes ior ~hich the dimensionless 
groups have che same value are said co be 
similar. 'Ole dimensionless groups that 
appear in the equations governing free 
convective ruction a.nd bent cransier in a 
fluid medium are the Grashot nWllber, 

Gr 
g;3t3.:.t ,. ____ o 

, 
\)-

and the Prandtl number,3 

') 

Pr "' °i 

~here g • gravicational constant; 
i • characteristic length; 
3 • coefficient of expansion; 

(l) 

(2) 
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~T0 • characteristic temperature 
difference; 

v • kinematic viscosity; and 
a • thermal diffusivity. 

For a ~erfect gas, 3 • l/f, ~here ~ is the 
reference or average cemperacure of the 
gas. 'nle Gra•hof number in a ?erfecc gas, 
therefore, becomes 

Gr • 
gll. ),;T 

0 --,_-- (J) 
v-T 

Now, if we wish co simula te :tatural 
convection currents occurring i :t a 
Eull-scale 5tructure (referred : o as the 
prototype) "ithin a small ~ell-controlled 
laboratory model, ic is only nec~ssary co 
make sure that the Gcashof and ?randc l 
numbers are matched, i .e., 

where the subscripts 111 and ? refer to 111odel 
and prototype respectively. 

The Prandtl number is a fluid property chat 
is a lways of che order of unity i.n gases­
and generally wen larger .ind more variable 
i.n liquids. Tile model ?raodcl nuGlber is, 
theref.ore . a•uily matched <:<> ;:he ;>rococy:>e 
air sys tem by employing alcost any gaseous 
med i.um. The G~ashof numbe·r is !llore 
complex;, involving geomecric: and thenial 
parameters as Yell as fluid properties. 
The parameters in the Grashot :tumber are 
given the following i.nter?retation wi th 
respect co the ewe-zone geometry of 
interest in this study (see 7ig. l). 

], " li, interior heigh c of the C'llO-zone 
space, 

'1To . r1 - T'z, 
AT average temperature 

di!farence betrJeen zones, 

where !1 " average temperature of Zone l, 
and 

Tz • average temperature of Zone 2. 

• Tl + f2 
, average temperature of 

combined zones. 2 

The Grashof number can now be written as 

Gr (4) 
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Fig. l. Vertical crass seccion of r:wo-zane 
building geometry. 

(Note: There i.s no a priori ~asis for the 
above interpretation of :he Grashof number, 
and ~i.nal acceptance must oe oased on 
analysis of experimental data.J 

Since the two-zone laboratory model is 
considerably smailer than the tull-scale 
?rototype, ~quaiity of the Grashot numoer 
can only oe maintained JY using a fluid 
other than air. According co Eq. 4, 
Grashot number equality implies 

H. 

" ii 
p [

..:.f 
• __ J • 

..:.f 
'11 

( 5) 

and the subscripts m and ? again refer :o 
model and prototype. 

Now, i..f a one-fift:h scale model i.s selec;:ed 
(11.ni lt,, '" .2) and :he temperatur~ ... ~ ._ 
the mOde l are to be held approximately 
equal co those in the prototype in llrder ta 
minimize differences in radiation transport: 
r-aces, Eq. 5 ~educes ca 

'·) 
:n 

'.) 

p 
" 0 . 0894 = O. l 

So, complete similitude can be obtained in 
a one-fifth scale model by using a gas chac 
has a kinematic viscosity that is roughly 
one-tenth that of air. Any required fine 
tuning can be accomplished by allowing 
slight variatian~ in scale or by allowing 
the temperatures in the model ta depart 
from those i.n the pracatype. 

2.2. nie ~ffecci.ve Conductance Eor 
!ncerzone !r-ansoort oi Thermal Enerzy bv 
Free Convection. 

For · the purposes of ':milding loads 
analysi$, heat transport rates are usually 
represented oy .:he ioilowing ::Unctional 
fJrm in thermal network codes 

(6) 
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~here Q • :he heat tlow race oetween nodes; 
U ~ :he ~onduct~nce; 

l! ~ the cemperature difference 
Jetveen nodes: and 

A • area or the :endue tance ?ath 
bet••een nodes. 

Equat i on 6 is used :o represent heat Elows 
due to conduction, convection, and 
radiation by selection at appropriate 
cons canes ..:ir Eunc t ions tor the 
conduc:ance. However, for the ~ase ot 
interzone transport Jy Eree ~onvec~ion, a 
general law has ~oc yet ':leen developed. ',/e 
propose :o develop such a law anci for :he 
sake JC ~ompatibility ~ith existing ther~al 
network ::iodels, .i format oased on ~q. 6 cs 
selected. 

( i) 

nee =ate at ·•hi.ch thermal 
~aer3y i s ~onvecced from a 
hoc zone (~l) to a cold :one 
en> , 
~he aifective canduccance; and 
area oc the aperture through 
which heat is ccnveccad. 

The eifec:ive :onductance, Ut2• ·•ill, ·Ji 
course, ~e a :~nccion oi :he 3eomecric and 
chermai ~ harac:eristics vi the c~o-zone 

enclosura. The ~xact :unctional form will 
':le decernined on :he ~as~s oi 01any 
scaady-scaca ~X?eri~ents ?eriormeci ~ich che 
s::iall-scaie :~boratJry ~odel in which t he 
geomec~ ic and :hermai ?aramecers ~an ~e 

var~eci en a careiully controlled anci 
systamacic <nanner. At ?resent, ~e expect 
'he conduc:ance co be most strongly 
de?endenc on the Grashot numoer and che 
racio oi joor hei~hc ~o ceiling heighc. 
~e, :heretore, have 

where Ci.a ~ ha/K, ha is 'he aperture 
height, 

( ~) 

and allowance for :ucure addition o f o ch~r 

independenc variables is indicated oy 'he_ 
three dots. 

2.J. 'rhe Generalized !nterzone !ransoort 
Ci.ate 

As represented Ln ~q. 3, the empirical Law 
for interzone transport i.s not yet in a 
general :arm. In order :a develop result• 
for :~ll-sc3le ~ truccures in a ~enerai 
manner, Lt Ls n~cessary ~o invo~e che 
similar icy t.!Ondi tions. :iaving :1:.:lCCh!!U chc 
Grasha[ .. nd Prandtl 11umi>er oi :nouel rnci 
?rocotype, ~e ~now that ~imensi~nl~ss 
velocici~s i n the ~~o 3:ruccuras ~iil ~~ 
~quai , l.a., 

.-
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and V is che Local fluid velocity at any 
point. 

(Note: This nondimensional form of che 
velocity is the one chat yields 
dimensionless free convective conservation 
equations in which only the Grashof and 
?randtl numbers appear as coefficients.) 

The ratio of prototype co model velocity 
is , the re iore, 

V ('J /H ) 2 '.) !) 

v "(V/H) 
m m r.i 

( 11) 

~en we adooc a method similar co ch.at used 
'oy Shaw, I+ the heat convection race from 
Zone l co Zone 2 can be written as 

Q12 " pcpv12A12 CT1-Tzl 

-oc/21 (A8
-:l.l2) CT2-t1J 

(12) 

where V12 2 average velocity from Zone 
Co Zone 2; 
average velocity from Zone 2 
co Zone l; 
aperture area over which flow 
velocity from Zone l co Zone 
2 is positive; 
fluid density; 
fluid specific heat at 
constant pressure. 

In terms of the area-weighted average_ 
exchange velocity, 

v" Al2vl2 + (Aa-A~2)VZl 
A 

a 

Equation 12 becomes 

Qu ":JCp'IAa(T1-T2) 

(13) 

( 11+) 

Eliminating Q12 from Eqs. 7 and 14 yields 

( 15) 

Based an Eqs. 11 and 15, the ratio of 
interzone transport coefficients for model 
and prototype is 

(16) 

E:quatian 16 may be used co determine the 
transport coefficient in the prototype, 
(U12>p, when chat in the model, 
iUulm is :mown. le is .. ore 
convenienc, perhaps, co express all results 

.. ; : .. ' ··. ~. : 
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in terms of the heat transfer number, J, 
where on the basis of ~q. l6, 

(l7) 

This dimensionless group has the same form 
as the heat transfer number ~eporced by 
Landau and Lifshicz5, except chat •; /H 
appears in place of the characteristic 
velocity chat is of un~nown magnitude in 
interior flows. The Eotlowing aquivalence 
should also be noted: 

J 2 
~ru 

?r 

where Nu s 

( t8) 

( 19) 

is the frequently used Nusselt number and ~ 
is the thermal conduc•ivity. lepresenting 
incerzone transport races with the Nusselt 
number is equivatent to using the heat 
transfer number provided the Prandtl number 
is constant, i.e., provided tull similitude 
is maintained. 3ased on ~'!. 19 the 
interzone transcorc race for a building 
(prococype) is ~i7e by 

U12 2 (k/H)Nu(Gr, la•····) 

where the functional ;orm of Nu is 
determined by test chamber data. 

.· 

(ZO) 

). EXAMPLE BASED ON P!l.ELL'IINARY RESULTS 

A description oc the expe•imencal appracus 
and technique used in chis scuay is 
presented in "LASt. Sim.1.larity Studies: 
Pare U," i n these ?roceedings. The 
preliminary results are presented i n Fig. 2 
of that paper 'o'here the Nusselt number 
appears as a function or the Grashof number 
for cwo distinct aperture configurations. 
One configuration nas a door-co-ceiling 
height ratio of 0.82 and the second has a 
ratio of l.O, i.e., the doorvay extends all 
the way co the ceiling. I n this paper we 
will discuss a speciiic exampte that makes 
use oi che data reported in general form in 
Part II. 

In Fig. 2 below, the interzone transport 
race, Q12• is plotted as a function of 
the diif erence becveen average zone 
temperatures. !he lower curve with data 
poincs indicated by circles represents a 
standard J6" x 80" doonray in a partition 
separating two zones with eigilc-fooc 
ceilings. The higber curve wich data 
points indicated by squares represents a 
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:i.g. ' Convective heac flow through 
apercure vs incerzone temperature 
dirference for stanciard and :ui.l-ceili.ng 
hei.ghc ioorways. 

~ociified doorway whose width is held 
::onscanc. ac 36" ",uc ~"'nose height i.s 
excended up :o t!ie 96 11 ~igh ceiling. Thus, 
confi~racion numi>er 2 has a door area of 
24 tc~ and coniiguracion "umber l haa .. 
only !O cc2. On the oasi• oi area · 
i.ncrease alone we ::1ight chereiore ~ct"al\ 
enhancement oi inc~rzone transporc race by 
about 20% for the laq;er doorway. One i.s, 
therefore, scartled to Eind thac the 
enhancemenc faccor for ~ll ceiling height 
doorways exceeds 100~ for incerzone 
tallll'croturc diffcrancco approaching 1°F. 
!'hus, a ~elacively ::ii.nor alteration i.n 
doorway geometry can signiiicancly 
screngchen i.ncerzone coupling by free 
conveccion. Noce also chac the larger the 
incerzone cemperacure difference becomes, 
che greater the advantage or the Eull 
ceiling height configuration. The 
phenomenon that i.s revealed and quancified 
by these results is chat hoc air pockecs 
formed by stratification and crapped near 
the ceiling of che hot zone are released by 
full-height doorways, thereby enhancing 
interzone mixing i.n a non-linear manner. 

4. DESIGNING FOR TH.ER.''f.IU. UNIFORMITY 

!n order co assure aciequace thermal 
uniformity in a building, che designer llLISt 
adhere co che following procedure. 

l) Select a reasonable incerzone 
temperature difference. 
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:) 3elecc an apercure configuration and 
size ~hac ?rovides Lnterzone cranspor: 
caces Cat the •elected temperature 
difcerenciall ac l"asc as lar~e as c~e 

i.ncended nee race of heac addi.cion in 
che south zone and che intended net 
race oi heac loss from :he norch zone. 

Future war\< at I.ASL will be di.recced co 
generating a large daca base tor incerzone 
cransporc rates chac can serve as che basi.s 
for a general empi.rical law. The designer 
will chen have che cools 'equired for 
~ffeccive use ot tree convective design. 
The cesul ts presenced in chis paper are 
?reliruinary and are incendeci primarily eor 
i.lluscracion. 

j. CONCLIJS ION 

A technique tor decermining incerzone 
~ransporc ~aces has been developed and 
demonstrated. •e have shown chat a minor 
alceracion in aperture geometry can ireacl~ 
improve i.ncerzone ~oupling, chereby 
improving chermal ·~niformi cy in mos c 
buildings. !n che focure , •.ie will concinue 
co exp lore var i ations oi geometric and 
thermal parameters unci.l all signiiicanc 
i.ndepencienc variables have been 
icien~ified. At chat time a ~eneral 
incerzone transporc law will be :ormulaced. 
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