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On examine les travaux de recherche sur le transfert de chaleur 
de convection inter-zone dans les batiments et on traite des 
paramztres dont depend ce processus. On prdsente une 
comparaison limit6e entre les taux de transfert de la chaleur 
calculds 3 partir de correlations existantes et ceux obtenus 
dans une installation d'essai en grandeur r6elle. On a 
identifi6 certains secteurs qui ngcessitent plus de recherche. 
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ABSTRACT 

Research work on in t e r - zone  convec t ive  h e a t  
t r a n s f e r  i n  b u i l d i n g s  is reviewed and t h e  parameters  
t h a t  govern t h i s  p rocess  a r e  d iscussed.  A l i m i t e d  
comparison between t h e  hea t  t r a n s f e r  r a t e s  c a l c u l a t e d  
by e x i s t i n g  c o r r e l a t i o n s  and t h o s e  ob ta ined  i n  a 
f u l l - s c a l e  t e s t  f a c i l i t y  is  presented.  A number of 
r e s e a r c h  a r e a s  where more work is needed a r e  
i d e n t i f i e d .  

NOMENCLATURE 

Aper ture  r a t i o  (=D/H) 
Exponent of GrD i n  Equat ion (19)  
Room width  
S p e c i f i c  h e a t  of f l u i d  
C o e f f i c i e n t  de f ined  i n  Equation (1)  
Opening he igh t  
Hydraul ic  d iameter  of doorway 
Acce le ra t ion  due t o  g r a v i t y  
Heat t r a n s f e r  c o e f f i c i e n t  
Room h e i g h t  
Thermal conduc t iv i ty  of f l u i d  
Enclosure  l e n g t h  ( d i s t a n c e  between ho t  and co ld  
s u r f  a c e s )  
T o t a l  hea t  t r a n s f e r  r a t e  through opening 
Power consumption i n  co ld  room 
Power consumption i n  ho t  room 
Rad ia t ive  h e a t  t r a n s f e r  component through 
opening 
Thickness of p a r t i t i o n  
Temperature 
Cold s u r f a c e  ( o r  room) temperature  
Hot s u r f a c e  ( o r  room) temperature  
Outdoor temperature  
Temperature d i f f e r e n c e  
Temperature d i f f e r e n c e  between top  and bottom 
ha lves  of t h e  opening 
Average temperature  d i f f e r e n c e  between zones 
Loss c o e f f i c i e n t  of co ld  room 
Loss c o e f f i c i e n t  of ho t  room 
Width of opening 
Dynamic v i s c o s i t y  

v Kinematic v i s c o s i t y  
P - F l u i d  d e n s i t y  
P Average two-zone d e n s i t y  
o Stefan-Boltzmann cons tan t  

Dimensionless groups 
GrD Grashof number [=  g ~ p ~ 3 / p ~ 2 ]  
NuD Nussel t  number [= hD/kl 
P r  P r a n d t l  number [=  c,v/kl 

ReD Reynolds number [= zVbD/vI 

INTRODUCTION 

Inter-zone convec t ive  h e a t  t r a n s f e r ,  o r  t h e  h e a t  
t r a n s f e r  between zones ( o r  rooms) i n  a bu i ld ing ,  could  
occur  s o l e l y  due t o  a temperature  d i f f e r e n c e  between 
t h e  zones ( n a t u r a l  convect ion) ,  o r  due t o  t h e  movement 
of a i r  by mechanical means ( fo rced  convect ion)  o r  a 
combination of both.  Fo rced ,convec t ion  could be 
gene ra t ed  by in t en t iona l ly -used  c i r c u l a t i o n  f a n s  o r  by 
an unbalance i n  t h e  a i r  supply  o r  v e n t i l a t i o n  system. 

Because of t h e  fundamental r o l e  t h a t  in ter -zone 
convect ion p l a y s  i n  bo th  convent ional  and pass ive  s o l a r  
b u i l d i n g s ,  i t  has  r e c e n t l y  r ece ived  i n c r e a s i n g  
a t t e n t i o n  from t h e  b u i l d i n g  r e s e a r c h  community. 
Convection i s  r e s p o n s i b l e  (a long w i t h  thermal  
r a d i a t i o n )  f o r  t h e  d i s t r i b u t i o n  of h e a t  w i t h i n  t h e  
occupied space  and between spaces  i n  a multi-zone 
bui ld ing.  Th i s  he lps  i n  ach iev ing  a more uniform 
temperature  d i s t r i b u t i o n  i n  a b u i l d i n g  and reduces  
excess ive  ove rhea t ing  i n  t h e  sou th  zone of a d i r e c t -  
g a i n  bu i ld ing .  

Recent r e s e a r c h  r e s u l t s  have emphasized t h e  
importance of t h e  in ter -zone convect ion p rocess  i n  a 
b u i l d i n g  and demonstrated t h e  need f o r  a c c u r a t e  
account ing of convect ion i n  any a t tempt  t o  p r e d i c t  t h e  
b u i l d i n g  thermal  performance. Previous  work has  a l s o  
po in ted  o u t  t h e  s i g n i f i c a n t  magnitude of  n a t u r a l  
convect ion a c r o s s  door openings.  For example, hea t  
f low r a t e s  of more than  1200 w a t t s  have been found t o  
occur  through a 0.9x2.05 m doorway a s  a r e s u l t  of a 4 K 
temperature  d i f f e r e n c e  between t h e  spaces  on e i t h e r  
s i d e  of t h e  door. l o  Convection through s i n g l e  doorways 



was a l s o  found t o  be t h e  major mecnanism f o r  
d i s t r i b u t i n g  h e a t  from a  sunspace  t o  t h e  pa ren t  house. 

Inter-zone convect ion i s  a l s o  an  important f a c t o r  
a f f e c t i n g  smoke movement and c o n t r o l  i n  b u i l d i n g s  a s  
w e l l  a s  t he  t r a n s f e r  of p o l l u t a n t s  between spaces .  
Other a p p l i c a t i o n s  r e l a t e  t o  t h e  g e n e r a l  movement of 
a i r  w i t h i n  a  b u i l d i n g  c r e a t i n g  d raugh t s ,  l o s s  of h e a t  
a t  doorways of b u i l d i n g s  where heavy p e d e s t r i a n  t r a f f i c  
e x i s t s ,  and hea t  g a i n  through the  doorways of cold  
s t o r a g e  rooms. 

The in ter -zone convect ive  hea t  t r a n s f e r  process  is 
h igh ly  dependent on both  t h e  geometr ic  c o n f i g u r a t i o n  of 
t h e  s t r u c t u r e  (opening he igh t  and width ,  c e i l i n g  
h e i g h t ,  e t c . )  and on t h e  boundary cond i t ions  t h a t  a r e  
encountered i n  t h e  s t r u c t u r e  ( s u r f a c e  temperatures  and 
h e a t  f l u x e s ) .  This  paper  p r e s e n t s  a  d e t a i l e d  review of 
p rev ious  work on in ter -zone convect ive  h e a t  t r a n s f e r ,  
p a r t i c u l a r l y  a s  r e l a t e d  t o  bu i ld ings ,  and d i s c u s s e s  t h e  
parameters  t h a t  govern t h i s  process .  

I n  t h e  fo l lowing p r e s e n t a t i o n  some changes a r e  
made i n  t h e  terminology used by the  o r i g i n a l  au thor s  t o  
i n c r e a s e  c l a r i t y  and permit  comparisons. For example, 
s u b s c r i p t s  a r e  added t o  the  Nusse l t ,  Grashof ,  and 
Rayleigh dimensionless  numbers t o  i n d i c a t e  t h e  
c h a r a c t e r i s t i c  l e n g t h  used i n  t h e i r  c a l c u l a t i o n .  That 
is 

and RaD = GrD x P r  

For exp lana t ions  of a l l  o t h e r  terms,  t h e  r eade r  i s  
r e f e r r e d  t o  t h e  Nomenclature. 

REVIEW OF PREVIOUS WORK 

Almost a l l  previous  papers  on in t e r - zone  
convect ive  hea t  t r a n s f e r  have focussed on n a t u r a l  
convect ion on ly  i n  s imple  and complex, o r  d iv ided ,  
enc losu res  ( see  F igure  1 ) .  Ost rachl  and Cat tonZ 
p resen ted  two comprehensive reviews of n a t u r a l  
convect ion i n  simple enc losu res .  Th i s  case ,  however, 
is  o u t s i d e  t h e  scope of t h i s  paper  and w i l l  not  be 
d i scussed  f u r t h e r .  

A number of s t u d i e s  have been performed f o r  
enc losu res  of d i f f e r e n t  a s p e c t  r a t i o s  (HIL), w i t h  
b a f f l e s  o r  p a r t i t i o n s  mounted i n  t h e  c a v i t y  t o  s tudy 
t h e i r  e f f e c t  on reducing t h e  convect ive  t r a n s f e r .  For 
example, P robe r t  and ward3 found t h a t  t h e  i n s e r t i o n  of 
comparat ively  s h o r t  end-mounted v e r t i c a l  b a f f l e s  ( a t  
f l o o r  and c e i l i n g )  reduces  t h e  t o t a l  s t eady  s t a t e  h e a t  
t r a n s f e r  a c r o s s  the  enc losu re  ( inc lud ing  t h e  r a d i a t i v e  
component) by 20 t o  30%. 

C t x  
Figure  1. Enclosure  c o n f i g u r a t i o n  

I n  a  Mach-Zender i n t e r f e r o m e t r i c  s tudy ,  Janikowski 
e t  a14 confirmed t h e  above f i n d i n g  i n  a  r e c t a n g u l a r  
enc losu re  of h igh  a spec t  r a t i o .  They a l s o  i n d i c a t e d  
t h a t  t h e  f r e e  convec t ive  h e a t  t r a n s f e r  dec reases  a s  t h e  
b a f f l e  h e i  h t  is  inc reased  (opening he igh t  decreased) .  

Emeryf r e p o r t e d  t h a t  i f  v e r t i c a l  b a f f l e s  a r e  
i n s e r t e d  c e n t r a l l y  ( i . e .  l eav ing  openings near t h e  
f l o o r  and c e i l i n g  of t h e  enc losu re ) ,  t h e i r  presence 
does not produce any s i g n i f i c a n t  change i n  convect ive  
h e a t  t r a n s f e r  from t h e  unba f f l ed  cond i t ion .  Th i s  can 
be expected s i n c e  t h i s  b a f f l e  arrangement does not 
a l t e r  t h e  buoyancy-induced f low which occur s  mainly 
c l o s e  t o  t h e  su r faces .  

Chang e t  a16 undertook a  f i n i t e  d i f f e r e n c e  s t u d y  
of n a t u r a l  convect ion i n  2-D enc losu res ,  having an 
a s p e c t  r a t i o  of 1 ,  w i th  a  v e r t i c a l  p a r t i t i o n  mounted on 
e i t h e r  the  c e i l i n g  o r  the  f l o o r .  The v e r t i c a l  w a l l s ,  
p a r a l l e l  t o  t h e  p a r t i t i o n ,  were mainta ined a t  d i f f e r e n t  
uniform and cons tan t  temperatures  wh i l e  t h e  r e s t  of t h e  
s u r f a c e s  were adiabatic. ,  They showed t h a t  t h e  e f f e c t  
of i n c r e a s i n g  t h e  p a r t i t i o n  he igh t  ( reducing t h e  
opening h e i g h t ) ,  of i n c r e a s i n g  t h e  p a r t i t i o n  t h i c k n e s s ,  
and of moving t h e  p a r t i t i o n  away from t h e  c e n t r e  of t h e  
enc losu re  is t o  reduce t h e  hea t  t r a n s f e r  between t h e  
two s i d e s  of t h e  enc losu re .  Changes i n  p a r t i t i o n  
he igh t  had t h e  most s i g n i f i c a n t  e f f e c t .  Their  
conclus ions  on t h e  e f f e c t  of t h e  p a r t i t i o n  t h i c k n e s s  
was based on r e s u l t s  f o r  an  opening h a l f  t h e  e n c l o s u r e  
he igh t  only.  No c o r r e l a t i o n  was g iven  f o r  t h e  h e a t  
t r a n s f e r  r a t e s .  

I n  r e l a t i o n  t o  b u i l d i n g s ,  t h e  f i r s t  ex tens ive  
s tudy  of n a t u r a l  convect ion through openings i n  
p a r t i t i o n s  was c a r r i e d  ou t  by Brown and Solvason i n  
1 9 6 2 . ~  They have t h e o r e t i c a l l y  desc r ibed  t h e  p rocess  
i n  terms of t h e  Nussel t  number, NuD, t h e  Grashof 
number, G r D ,  and t h e  P r a n d t l  number, P r ,  i n  t h e  form 

where t h e  c o e f f i c i e n t  C is  i n  t h e  range 0.2 t o  0.33. 
The development of Equation (1 )  i s  g iven  i n  
Reference (7 ) .  

Brown and Solvasan performed t h e i r  exper iments  f o r  
t h e  case  of air f l o w  between two l a r g e  test chambers 
(each was 2.44 m square  and 1.2 m l ong)  through s i n g l e  
r e c t a n g u l a r  openings  a t  the c e n t r e  of t h e  p a r t i t i o n  
between t h e  chambers. Opening s i z e s  of 7 .6~7.6 ,  
15.2x15.2, 15.2~30.5 ,  22.9~22.9 ,  and 30.5~30.5  cm were 
examined f o r  a i r  temperature d i f f e r e n c e s  from 8.3 t o  
47.2 K. Various r a t i o s  of p a r t i t i o n  th i ckness  t o  
opening h e i g h t ,  t /D, were a l s o  t e s t e d  over  the  range 
0.19 t o  0.75. The a i r  temperature  d i f f e r e n c e  between 
t h e  warm and cold  s i d e s  was used t o  determine t h e  Nu 
and G r  numbers. The a i r  temperature  was measured a s  
t h e  average on a  v e r t i c a l  g r i d  ( f l o o r  t o  c e i l i n g )  
l o c a t e d  38 and 20 cm away from t h e  p a r t i t i o n  w a l l  on 
t h e  warm and co ld  s i d e s ,  r e s p e c t i v e l y ,  and 61 cm from 
t h e  c e n t r e  of t h e  opening p a r a l l e l  t o  t h e  wa l l .  The 
opening he igh t ,  D, was used a s  t h e  c h a r a c t e r i s t i c  
l eng th .  

The i r  exper imenta l  r e s u l t s  i n d i c a t e d  t h a t  t h e  
exponent of t he  Grashof number i n  Equation (1) i s  
s l i g h t l y  g r e a t e r  than 0.5. The r e s u l t s  a l s o  i n d i c a t e d  
a  dependance of t h e  hea t  t r a n s f e r  r a t e  (or  Nu) on t / D .  
At l o 7  < G r D  < lo8, very  l i t t l e  i n f l u e n c e  of t / D  was 
noted f o r  t h e  range t /D = 0.19 t o  0.38, however f o r  
G r D  < lo7 and t/D = 0.38 t o  0.75, t h e  e f f e c t  of t /D was 
s i g n i f i c a n t .  

I n  ano the r  p u b l i c a t i o n ,  Brown e t  a18 p resen ted  
equa t ions  and c h a r t s  t o  c a l c u l a t e  h e a t  and moi s tu re  
t r a n s f e r  due t o  n a t u r a l  convect ion through openings i n  
v e r t i c a l  and h o r i z o n t a l  p a r t i t i o n s  s e p a r a t i n g  spaces  a t  



d i f f e r e n t  cond i t ions .  For v e r t i c a l  p a r t i t i o n s  t h e  
fo l lowing  c o r r e l a t i o n s  were given: 

f o r  lo6 < G r D  < lo8 and 0.19 < t / D  < 0.75, and 

f o r  G r D  , 10'. 
~ r o w n ~  a l s o  examined t h e  c a s e  of openings i n  a  

h o r i z o n t a l  p a r t i t i o n  when t h e  c o l d e r  a i r  i s  a t  t h e  top. 
I n  a d d i t i o n ,  Brown and solvason7 performed l i m i t e d  
experiments t o  examine t h e  e f f e c t  of fo rced  a i r  f lowing 
h o r i z o n t a l l y  p a r a l l e l  t o  t h e  v e r t i c a l  p a r t i t i o n  on t h e  
n a t u r a l  convect ion r a t e s .  Such fo rced  convect ion was 
found t o  have a n  e f f e c t  ( i n c r e a s e  o r  dec rease )  on t h e  
n e t  i n t e rchange  a c r o s s  t h e  opening depending on t h e  
fo rced  a i r  v e l o c i t y .  No c o r r e l a t i o n  was g iven  f o r  
t h e s e  cases .  

I n  1971, shawl0 r e p o r t e d  on a  s tudy  of h e a t  
t r a n s f e r  by n a t u r a l  convect ion and combined n a t u r a l  and 
f o r c e d  convect ion through l a r g e  r e c t a n g u l a r  openings i n  
a  v e r t i c a l  p a r t i t i o n .  Since  h i s  work addressed t h e  
problem of contaminant exchange between h o s p i t a l  rooms, 
t h e  experiments were a c t u a l l y  performed i n  a  h o s p i t a l  
and measured a i r  exchange between an i s o l a t i o n  room and 
a  v e s t i b u l e .  The rooms were v e n t i l a t e d  by a  c e n t r a l  
system wi th  a i r  supply  and e x t r a c t i o n  openings i n  each  
room. For n a t u r a l  convect ion,  each room had balanced 
a i r  supply  and e x t r a c t  volumes. For combined n a t u r a l  
and fo rced  convect ion,  t h e  co ld  room had a i r  supply  
only.  

The doorway opening between t h e  rooms was 2.05 m 
high and ranged from 0.1 t o  0.9 m wide. The 
temperature  d i f f e r e n c e  between t h e  rooms was v a r i e d  
from 0 t o  12 K, and t /D was cons tan t  a t  0.05. The 
measured temperature  d i f f e r e n c e  between t h e  top and 
bottom of t h e  opening was used t o  c a l c u l a t e  Nu and G r ,  
and t h e  opening he igh t  was used a s  t h e  c h a r a c t e r i s t i c  
l e n g t h  a l though  t h e  e f f e c t o f  t h i s  l a t t e r  v a r i a b l e  was 
no t  s tud ied .  

For t h e  n a t u r a l  convect ion case  and 10' < GrD < 
1011, Shaw r e p o r t e d  t h a t  t h e  c o e f f i c i e n t  C of 
Equation ( 1 )  is a  f u n c t i o n  of t h e  magnitude of t h e  
temperature  d i f f e r e n c e ,  AT, and t h e r e f o r e  c a l l e d  i t  t h e  
c o e f f i c i e n t  of temperature.  Between a  temperature  
d i f f e r e n c e  AT of 4 and 10 K, C had a  value  of 0.22 and 
inc reased  f o r  AT below 4  K. Th i s  i n c r e a s e  was 
a t t r i b u t e d  t o  t h e  a i r  v e l o c i t y  o r  t u rbu lence  w i t h i n  t h e  
v e n t i l a t e d  rooms, which was found by measurement t o  be 
of t h e  same o r d e r  of magnitude a s  t h e  v e l o c i t y  through 
t h e  opening. For AT above 10 K, C was observed t o  r i s e  
very  slowly. Some of t h e  r e s u l t s  were a f f e c t e d  by 
proximity  of two doorways causing an i n t e r a c t i o n  
between t h e  a i r  f low through them when f u l l y  opened. 

For t h e  case  of combined n a t u r a l  and fo rced  
convect ion,  excess  a i r  was supp l i ed  t o  t h e  i s o l a t i o n  
room (cold  s i d e )  t o  coun te rac t  t h e  a i r  motion by 
n a t u r a l  convection. For t h i s  case ,  Shaw expressed t h e  
Nuesel t  number a s  a  f u n c t i o n  of a  d imensionless  group, 
Sw, t h a t  included bo th  t h e  Reynolds and Grashof 
numbers. Shaw's t h e o r e t i c a l  development is  p resen ted  
i n  Reference (10). The f i n a l  expres s ion  was g iven  a s  

~e~~ D' 
where Sw = 

G r ~  ~2 
2WD and D = h y d r a u l i c  d iameter  of t h e  opening = - 

h W + D 

It can be noted t h a t  t h e  term D ~ / D ~ ~  would d i sappea r  
i f  t h e  same c h a r a c t e r i s t i c  l e n g t h ,  D, was used i n  both  
Re and G r .  

The c o e f f i c i e n t  C' i n  Equation ( 4 )  was found t o  be 
a  product  of t h e  c o e f f i c i e n t  C (of t h e  n a t u r a l  
convect ion case )  and a  fo rced  v e l o c i t y  c o e f f i c i e n t  CV 
which i s  a  f u n c t i o n  of t h e  fo rced  a i r  f low. 

I n  a  l a t e r  s tudy ,  Shaw and whytel l  i n d i c a t e d  t h a t  
t h e  temperature  d i f f e r e n c e  t h a t  l e d  t o  t h e  most 
a c c u r a t e  c o r r e l a t i o n  of hea t  f low was t h e  d i f f e r e n c e  
between t h e  mean temperature  of t h e  a i r  f lowing o u t  of  
t h e  warm room and t h a t  f lowing i n t o  t h e  warm room 
measured on a  g r i d  a t  t h e  opening. Next b e s t  was t h e  
temperature  d i f f e r e n c e  between t h e  top  and bottom of 
t h e  opening. Since t h e s e  were no t  r e a d i l y  a v a i l a b l e  i n  
p r a c t i c e ,  t he  t h i r d  choice  was picked, which was t h e  
d i f f e r e n c e  between t h e  room a i r  temperatures  a t  t h e  
c e n t r e  of each room a t  a  l e v e l  ha l f  t h e  door ' s  height .  

The cho ice  of a  d i f f e r e n t  temperature  d i f f e r e n c e  
from t h a t  used i n  t h e  previous  s tudy  l e d  t o  a  change i n  
t h e  c a l c u l a t e d  va lue  of t h e  c o e f f i c i e n t  C. That is ,  a  
C value  of 0.27 was found ( i n s t e a d  of 0.22) f o r  AT 
between 1  and 10 K. 

To i n d i c a t e  t h e  s i g n i f i c a n c e  of n a t u r a l  
convect ion,  Shaw and Whyte po in ted  o u t  t h a t  a  
temperature  d i f f e r e n c e  of 4  K r e s u l t s  i n  an  a i r  
t r a n s f e r  r a t e ,  each way through a  0.9x2.05 m doorway, 
of 0.25 m3/s ( i . e .  a  hea t  t r a n s f e r  r a t e  over  
1200 w a t t s ) .  

I n  1979, Wray and weber12 and Weber e t  a l l 3  
r epor t ed  t h e  r e s u l t s  of an  in t e r - zone  convect ion 
s i m i l a r i t y  s tudy.  The exper iments  were performed i n  a  
smal l  two-zone scaled-down enc losu re  (L = 71 cm, 
H = 30 cm, B = 43  cm) wi th  Freon a s  t h e  working f l u i d .  
The temperature  d i f f e r e n c e  between zones was mainta ined 
by keeping t h e  oppos i t e  end w a l l s  a t  d i f f e r e n t  
temperatures  (one w a l l  was hea ted  and t h e  o t h e r  
cooled) .  They p resen ted  t h e i r  r e s u l t s  i n  t h e  form 

where NuH and GrH a r e  c a l c u l a t e  us ing  t h e  e n c l o s u r e  
h e i g h t ,  H,  a s  a c h a r a c t e r i s t i c  l e n g t h  (and not t he  door 
he igh t  a s  i n  previous  s t u d i e s ) .  As a  r e s u l t  t h e  value  
of K was found t o  be a f u n c t i o n  of t h e  r a t i o  of t h e  
door t o  c e i l i n g  h e i g h t s  ( o r  a p e r t u r e  r a t + o  Ap = D/H), 
w i t h  va lues  of 0.19 and 0.29 f o r  Ap of 0.82 and 1.0 
r e s p e c t i v e l y .  (These va lues  were r epor t ed  e r roneous ly  
i n  t h e  o r i g i n a l  paper a s  1.9 and 2.9; t h e  new va lues  
a r e  c a l c u l a t e d  from t h e  p resen ted  da ta . )  The 
temperature  d i f f e r e n c e  used t o  develop Equation (5)  was 
t aken  a s  t h e  d i f f e r e n c e  between t h e  average ho t  and 
co ld  s i d e  temperatures  measured by a  v e r t i c a l  g r i d  of 
movable thermocouples i n s i d e  t h e  space.  

I f  Equat ion ( 5 )  is  changed t o  t h e  form of 
Equat ion ( I ) ,  t h a t  is  

then  c o e f f i c i e n t  C would have t h e  va lue  of 0.29 and 
0.41 f o r  A of 0.82 and 1.0, r e s p e c t i v e l y .  

I n  a  !allow-up study,  Weber and b a r n e y 1 4  
concluded t h a t  t h e  opening h e i g h t  i s  more s u i t a b l e  a s  a  
c h a r a c t e r i s t i c  length .  When combined w i t h  an 
a p p r o p r i a t e  temperature  d i f f e r e n c e ,  an  expres s ion  of 
t h e  form of Equat ion (1) .  independent of t h e  room and 
doorway geometr ies ,  can be found. 

Two temperature  d i f f e r e n c e s  were used. The f i r s t ,  
ATa, was de f ined  a s  t h e  d i f f e r e n c e  between t h e  average 
temperature  of t h e  top  and bottom ha lves  of t h e  
doorway. The second, ATr, is  the  d i f f e r e n c e  between a  
volume-weighted average temperature  c a l c u l a t e d  from 



v e r t i c a l l y  spaced thermocouples l o c a t e d  t o  t h e  s i d e  of 
t h e  opening nea r  t h e  p a r t i t i o n  wal l .  

1n  a d d i t i o n  t o  t h e  model r e s u l t s ,  Weber and f o r  a  conduct ing p a r t i t i o n ,  and 
Kearnev used t h e  r e s u l t s  ob ta ined  from two f u l l - s c a l e  
t e s t s  i o  determine t h e  c o e f f i c i e n t  and t h e  exponent of 
Equat ion (1 )  under v a r i a t i o n s  of h e a t  sou rce  and h e a t  
s i n k  conf igu ra t ions .  

They c o r r e l a t e d  t h e i r  r e s u l t s  i n  t h e  form 
f o r  a  non-conducting p a r t i t i o n .  

The appearance of A, i n  t h e  equa t ion  and a  

(7) 
d i f f e r e n t  va lue  of t h e  ~L exponent ( i .e .  G r  and Pr 

NuD/Pr = 0.26 G r D o s 5  AT = ATa exponents)  from t h a t  i n  Equat ion ( 1 )  r e f l e c t  t h e  
p a r t i c u l a r  d e f i n i t i o n  of AT and t h e  c h a r a c t e r i s t i c  

and l e n e t h  and t h e  u s e  of l i q u i d s  w i t h  h igh  P r a n d t l  number. - - 
(Pr  e f f e c t  was not  considered i n  previous  s t u d i e s  us ing  

(8  a i r . )  

Some d i f f e r e n c e s  observed between t h e  c o r r e l a t i o n  
of t h e  l a b o r a t o r y  r e s u l t s  and t h e  f u l l - s c a l e  r e s u l t s  
were a t t r i b u t e d  t o  d i f f e r e n t  convect ion p a t t e r n s  t h a t  
might have developed due t o  d i f f e r e n c e s  i n  
c o n f i g u r a t i o n  and boundary cond i t ions .  

Equation ( 8 )  was subsequent ly  used by ~ a l c o m b l ~  
and Balcomb and yamaguchi16 t o  produce a  formula  t h a t  
can be used a s  a  des ign  a i d  f o r  determining t h e  
necessary  door s i z e  f o r  p a r t i c u l a r  in ter -zone and 
ins ide -ou t s ide  temperature  d i f f e r e n c e s  under s t eady  
s t a t e  cond i t ions .  That i s  

From d e t a i l e d  s imula t ions  of a  d i r e c t - g a i n  house ,  
Balcomb concluded t h a t  AT p r e d i c t e d  by Equat ion (9) i s  
q u i t e  c l o s e  t o  t h e  average room-to-room AT f o r  cases  of 
moderate temperature  swings i n  t h e  sou th  zone (about 
4  K). However, t h e  equa t ion  t ends  t o  ove rp red ic t  t h e  
average AT f o r  l a r g e  temperature  swings. 

Recent ly ,  e x t e n s i v e  work i n  t h e  gene ra l  a r e a  of 
convect ive  h e a t  t r a n s f e r  i n  b u i l d i n g s  was r epor t ed  by 
i n v e s t i g a t o r s  a t  t h e  Lawrence Berkeley Laboratory.  
The i r  work r e l e v a n t  t o  in ter -zone convect ion i s  
summarized below. 

I n  1979, Gadgil17 developed a  numerical code f o r  
modeling n a t u r a l  convect ion i n  r e c t a n g u l a r  enc losu res  
a t  Rayleigh numbers, RaL, up t o  10 l0 .  He p resen ted  a  
l i m i t e d  comparison between t h e  numerical s o l u t i o n  and 
a c t u a l  measurements produced by ~ u b e r ~ l ~  f o r  t h e  case  
of convect ion from a  heated f l o o r .  

Bauman e t  a 1  l 9  performed n a t u r a l  convect ion 
exper iments  i n  a  sma l l  model (L = 31 cm, H = 17 cm, 
B = 84 cm) s i m i l a r  i n  c o n f i g u r a t i o n  t o  t h e  one used by 
Weber. The model was, however, b u i l t  t o  approximate 
2-dimensional f low and u t i l i z e s  water  t o  achieve h igh  
Ra. The i r  l i m i t e d  d a t a  on t h e  two-zone c o n f i g u r a t i o n  
i n d i c a t e d  t h e  expected behaviour of dec reas ing  
convect ive  h e a t  t r a n s f e r  r a t e s  wi th  dec reas ing  opening 
he igh t .  I n  t h e i r  p r e s e n t a t i o n  t h e  enc losu re  l e n g t h ,  L, 
and t h e  temperature  d i f f e r e n c e  between t h e  hot  and co ld  
s u r f a c e s  were used i n  c a l c u l a t i n g  t h e  Nu and Ra. The 
cho ice  of L a s  a  c h a r a c t e r i s t i c  l e n g t h  was not 
d iscussed.  The h e i g h t  of t h e  v e r t i c a l  hot  and co ld  
s u r f a c e s  would be expected t o  be t h e  dimension most 
r e l e v a n t  t o  t h e  buoyancy-induced f low i n  t h i s  enc losu re  
geometry. 

Nansteel  and G r e i f Z O  c a r r i e d  out  exper iments  i n  a  
sma l l  2-D enc losu re  ( s i m i l a r  t o  t h e  one desc r ibed  
above) wi th  water  ( 3  < Pr  < 4.3) a t  Rayleigh numbers 
over t h e  range 2.3x101° < Ra < 1 . l x lOl l  ( enc losu re  
l e n g t h )  and a p e r t u r e  r a t i o s  A - D/H) of 1 ,  314, 112, 

P -  
and 114. Two p a r t i t i o n  w a l l  m a t e r i a l s  were used ,  
t he rma l ly  conducting and non-conducting. Flow 
v i s u a l i z a t i o n s  were a l s o  performed. 

The r e s u l t s  were c o r r e l a t e d  us ing  t h e  fo l lowing 
r e l a t i o n s h i p s :  

The f low v i s u a l i z a t i o n  exper iments  revealed t h e  
e x i s t e n c e  of t h r e e  r e l a t i v e l y  d i s t i n c t  r eg ions  a t  RaL 
approximating 1 0 l l .  As shown i n  Figure  2,  they a re :  
an  i n a c t i v e  co re  region;  a  r eg ion  of weak c i r c u l a t i o n  
i n  t h e  upper co rne r  on t h e  warm s i d e  of t h e  p a r t i t i o n ;  
and a  p e r i p h e r a l  boundary l a y e r  flow. The presence of 
t h e  p a r t i t i o n  was found t o  markedly suppress  t h e  
laminar- turbulent  t r a n s i t i o n  on t h e  enc losu re  v e r t i c a l  
s u r f a c e s  t o  t h e  e x t e n t  t h a t  t u r b u l e n t  f low d i d  no t  
e x i s t  anywhere w i t h i n  t h e  enc losu re  f o r  RaL up 
t o  1011. 

The a u t h o r s  po in ted  ou t  t h e  d i f f e r e n c e  between t h e  
exponent of A i n  Equat ion (10)  and t h a t  found f o r  d a t a  
produced i n  a P s i m i l a r  s tudy  by DuxburyZ1 f o r  e n c l o s u r e s  
wi th  conducting p a r t i t i o n s .  For t h e  l a t t e r ,  an  
exponent of 0.41 was ob ta ined  f o r  a i r  a t  RaL i n  t h e  
range of lo6 and A = 518. Nansteel  and Gre i f  
ques t ioned  t h e  Duxgury f i n d i n g  because of e r r o r s  t h a t  
might have occurred i n  h i s  r e s u l t s  due t o  t h e  l a r g e  
h e a t  l o s s  from h i s  t e s t  c e l l  (15 t o  40%). 

I n  an  ex tens ion  t o  t h e i r  work, Nansteel  and 
 rei if^^ c a r r i e d  o u t  s i m i l a r  exper iments  us ing  s i l i c o n  
o i l  (620 < Pr  < 920) over  t h e  range 1 . 5 5 ~ 1 0 ~  < 
RaL < 5 . 8 6 ~ 1 0 ~  and u s i n g  a  low c o n d u c t i v i t y  p a r t i t i o n .  
The fo l lowing  c o r r e l a t i o n  was developed: 

The d i f f e r e n c e  between t h e  a p e r t u r e  r a t i o  
dependence i n  Equat ions  (11) and (12) was a t t r i b u t e d  
p a r t i a l l y  t o  t h e  d i f f e r e n c e  i n  P r a n d t l  number but  
mainly t o  t h e  d i f f e r e n c e s  i n  t h e  conductance of t h e  
p a r t i t i o n .  They observed a  r educ t ion  i n  r e c i r c u l a t i o n  
s t r e n g t h  i n  t h e  upper warm quadrant  of t h e  enc losu re  a s  
t h e  p a r t i t i o n  conductance decreased causing reduced 
convect ion ad jacen t  t o  t h e  upper p a r t  of t h e  hot  wal l .  
They concluded t h a t  i n s u l a t i n g  p a r t i t i o n s  r e p r e s e n t  an  

A K  CLOCKWISE 
C I R C U L A T I O N  

F igure  2. Flow a t t e r n  observed by Nansteel  and 
GreifJlo f o r  1 0 l 0  < RaL < 1011 



i nc reased  r e s i s t a n c e  t o  t h e  h e a t  t r a n s f e r  between t h e  
h o t  and co ld  zones w i t h  a  g r e a t e r  r e s u l t i n g  s e n s i t i v i t y  
t o  the  a p e r t u r e  r a t i o .  

I n  a  f u r t h e r  development, Nansteel  and c re if^^ 
examined t h e  l o c a t i o n  of t h e  p a r t i t i o n  on t h e  
in ter -zone h e a t  t r a n s f e r .  They a l s o  extended t h e  work 
t o  cover 3-dimensional cases  by d iv id ing  t h e  enc losu re  
i n t o  two zones us ing  a  v e r t i c a l  p a r t i t i o n  w i t h  a  s i n g l e  
opening a t  t h e  cen t r e .  The opening width  was 
maintained c o n s t a n t  a t  0.093 of t h e  enc losu re  wi-Tth, 
wh i l e  t h e  he igh t  was v a r i e d  between 114, 112, 314, and 
1  of t h e  enc losu re  h e i  h t .  Measurements were c a r r i e d  
over  t h e  range 2 . 4 ~ 1 0 1 1  < RaL < 1 . 1 ~ 1 0 ~ ~  us ing  water  
(3.0 < Pr < 4.3). 

Nansteel  and Grei f  found t h a t  t h e  b a s i c  flow 
p a t t e r n  observed i n  t h e  cen t r a l ly -d iv ided  2-D enc losu re  
p e r s i s t s  f o r  o t h e r  p a r t i t i o n  l o c a t i o n s  i n  t h e  range 
examined ( p a r t i t i o n  l o c a t i o n s ,  x/L, between 0.25 and 
0.75). S i m i l a r l y ,  t h e  temperature  f i e l d  remained 
q u a l i t a t i v e l y  the  same. The in ter -zone h e a t  t r a n s f e r  
was shown t o  depend only s l i g h t l y  on t h e  p a r t i t i o n  
l o c a t i o n .  

The flow p a t t e r n  i n  t h e  3-D enc losu re  (wi th  
D < H), however, was found t o  be very d i f f e r e n t  from 
t h a t  i n  t h e  2-D case.  For t h e  3-D conf igu ra t ion ,  t h e  
f low a t  t h e  enc losu re  mid p lane ,  W/2, resembled t h e  
flow i n  t h e  2-D case  only  when D/H = 1 (no s o f f i t ) .  
The presence of a  s o f f i t  had a  s u b s t a n t i a l  e f f e c t  i n  
t h e  3-D case ,  causing regions  of l o c a l i z e d  tu rbu lence ,  
i n s t a b i l i t y ,  boundary l a y e r  s e p a r a t i o n  and 
reat tachement ,  and a  h igh degree  of Rayleigh number 
dependence. The h e a t  t r a n s f e r  r a t e  was c o r r e l a t e d  
us ing  t h e  equat ion 

L i t t l e  d i f f e r e n c e  was observed i n  t h e  h e a t  
t r a n s f e r  between t h e  2-D r e s u l t s  from t h e i r  e a r l i e r  
work (Equation ( 1  I ) ) ,  and t h e  3-D r e s u l t s  
(Equat ion (13 ) )  f o r  t h e  same opening he igh t .  This  
obse rva t ion  i s  s u r p r i s i n g  because of t h e  subs tan t . i a1  
d i f f e r e n c e s  between t h e  two flow a t t e r n s .  

I n  a  r e p o r t  by Bauman e t  a12' summarizing r e c e n t  
LBL work, t h e  au thor s  used a  method s i m i l a r  t o  t h a t  
developed by C h u r c h i l l  and ~ s a ~ i ~ ~  t o  a d j u s t  t h e  h e a t  
t r a n s f e r  equa t ions  t o  cond i t ions  i n  a i r  (Pr  = 0.7).  
They a l s o  r e fo rma t t ed  t h e  r e s u l t s  and p resen ted  them i n  
terms of GrH and NuH. The in ter -zone hea t  t r a n s f e r  
c o e f f i c i e n t ,  h, i n  W/m K was g iven  a s  

f o r  t h e  2-D case ,  where H is  i n  metres  and AT i s  i n  
Kelvin,  and 

f o r  t h e  3-D case .  I n  bo th  cases  AT was based on t h e  
s u r f a c e  temperatures  of t he  v e r t i c a l  end w a l l s  (ho t  and 
c o l d )  and c a l c u l a t e d  a s  

The au thor s  i n d i c a t e d  t t ,  f o r  s i m p l i c i t y ,  a n  
a d d i t i o n a l  f a c t o r  of ( ~ / H ) o ' ~ ' ,  c a l c u l a t e d  f o r  
H = 2.74 m, was absorbed i n t o  t h e  cons tan t s  of 
Equat ions  (14)  and (15).  Th i s  causes  a  sma l l  e r r o r  
( l e s s  than  5%) when t h e s e  equa t ions  a r e  app l i ed  f o r  
room h e i g h t s  between 2  and 4  m. Taking t h i s  f a c t o r  
i n t o  c o n s i d e r a t i o n ,  t h e  c o r r e l a t i o n  ( i n  d imensionless  
form and f o r  a i r )  t a k e s  t h e  form 

where t h e  exponent ' a '  has  t h e  va lue  of 0.47 and 0.25 
f o r  2-D and 3-D cases ,  r e s p e c t i v e l y .  

It should  be noted t h a t  Equations (14)  and (15)  
e x h i b i t  a  d i f f e r e n t  f u n c t i o n a l  dependence of h  on t h e  
temperature  d i f f e r e n . ?  compared t o  Equations (3 ) .  ( 7 )  
and (8).  Th i s  is du- t o  t h e  u s e  of s u r f a c e  
temperatures  (and not  room a i r  t empera tu res )  i n  
developing t h e  co!.-elation. While t h e  s u r f a c e  
temperatures  may be e a s i e r  t o  measure expe r imen ta l ly ,  
t hey  a r e  not w e l l  de f ined  o r  a v a i l a b l e  i n  most r e a l  
s i t u a t i o n s .  Room a i r  temperature ,  however, i s  more 
p r a c t i c a l  t o  use  f o r  des ign  a s  w e l l  a s  energy a n a l y s i s  
purposes.  For t h i s  reason,  c o r r e l a t i o n s  such a s  those  
of Equat ions  (14) and (15) may not  be d i r e c t l y  use fu l .  

I n  a  most r e c e n t  development yamaguchiP6 
expe r imen ta l ly  examined t h e  e f f e c t s  of a p e r t u r e  h e i g h t ,  
width  and v e r t i c a l  p o s i t i o n  on t h e  in t e r - zone  n a t u r a l  
convect ive  h e a t  t r a n s f e r .  He used a  o n e - f i f t h  
s i m i l i t u d e  model of a  two-room b u i l d i n g ,  f i l l e d  w i t h  
Freon, s i m i l a r  t o  t h a t  used by weber.14 For t h e  seven 
d i f f e r e n t  a p e r t u r e  c o n f i g u r a t i o n s  used,  t h e  r e s u l t i n g  
h e a t  t r a n s f e r  c o r r e l a t i o n  was found t o  be g e n e r a l l y  
c o n s i s t a n t  w i th  p rev ious  work by Brown and ~ o l v a s o n '  
and by Weber and ~ e a r n e ~ .  l 4  The c o e f f i c i e n t  of 
Equation ( 1 )  was r e p o r t e d  t o  range between 0.l.9 and 
0.21 depending on t h e  a p e r t u r e  conf igu ra t ion .  The 
average temperatures  15 cm away from t h e  v e r t i c a l  h o t  
and co ld  s u r f a c e s  were used t o  produce t h e  c o r r e l a t i o n .  
Yarnaguchi r e p o r t e d ,  however, t h a t  t h e  r e s u l t s  were much 
a f f e c t e d  by t h e  d e f i n i t i o n  of t h e  temperature  
d i f f e r e n c e .  

Summary of Previous  R e s u l t s  
The work desc r ibed  above on in ter -zone convect ive  

hea t  t r a n s f e r  i s  summarized i n  Table 1. The main 
conclus ions  a re :  

1. It i s  appa ren t ,  bo th  from theory and exper iments ,  
t h a t  t h e  h e a t  t r a n s f e r  a c r o s s  openings i n  
p a r t i t i o n s  between two zones a t  d i f f e r e n t  
temperatures  can be expressed by a  c o r r e l a t i o n  of 
t h e  g e n e r a l  form 

Nu = const .  ~r~ p r C  (17) 

2. The exper imenta l  r e s u l t s  i n d i c a t e  t h a t ,  f o r  
in ter -zone convect ion i n  b u i l d i n g s  (where a i r  i s  
t h e  t r a n s f e r  medium) and when t h e  opening h e i g h t ,  
D ,  i s  used a s  t h e  c h a r a c t e r i s t i c  l e n g t h  i n  both Nu 
and G r ,  t h e  dependence of t h e  h e a t  t r a n s f e r  
c o e f f i c i e n t  on A d i sappea r s  and Equat ion (17)  
reduces  t o  P  

3. The va lue  of t h e  c o e f f i c i e n t  C and t h e  exponent b  
depend on t h e  choice  of t h e  temperature  d i f f e rence .  
When AT i s  taken a s  t h e  d i f f e r e n c e  between t h e  
average room a i r  temperatures ,  C is i n  t h e  range 
0.22 t o  0.33 and t h e  exponent b  i s  about 0.5. 
There was a l s o  some i n d i c a t i o n  t h a t  t h e  value  of C 
may be a  f u n c t i o n  of t h e  magnitude of AT. 

4. A l l  previous  r e s u l t s  i n d i c a t e  l i t t l e  e f f e c t  of 
opening width  on t h e  hea t  t r a n s f e r  c o e f f i c i e n t .  
Even wi th  t h e  l a r g e  d i f f e r e n c e s  observed i n  f low 
p a t t e r n s  between t h e  2-D and 3-D cases  ( a  f u l l  
width  opening and a  s t anda rd  doorway, r e s p e c t i v e l y )  
t h e r e  were s u r p r i s i n g l y  small observed d i f f e r e n c e s  
i n  h e a t  t r a n s f e r  c o e f f i c i e n t s .  



TABLE 1 
Summary of Inter-Zone Na tu ra l  Convective Heat T rans fe r  i n  Bui ld ings  

5. There i s  an i n d i c a t i o n  t h a t  p a r t i t i o n  t h i c k n e s s  has  
some e f f e c t  on t h e  hea t  t r a n s f e r  c o e f f i c i e n t  f o r  
sma l l  opening s i z e s  a s  g iven by Equat ions  ( 2 )  
and ( 3 ) .  No exper imenta l  evidence e x i s t s  t o  
confirm such c o r r e l a t i o n s  f o r  l a r g e r  (door s i z e )  
openings. 

6. There is  some i n d i c a t i o n  t h a t  t h e  n a t u r a l  
convect ive  hea t  t r a n s f e r  c o e f f i c i e n t  is a f f e c t e d  by 
t h e  p a r t i t i o n  conductance. This e f f e c t ,  however, 
was observed f o r  2-D cases  wi th  h igh P r a n d t l  number 
f l u i d s  and was not  t e s t e d  f o r  o t h e r  cases  wi th  
parameter ranges  s i m i l a r  t o  those  i n  r e a l  
bu i ld ings .  

7. P re sen t  in ter -zone convect ive  h e a t  t r a n s f e r  
c o r r e l a t i o n s  a r e  l i m i t e d  t o  t h e  boundary cond i t ion  
used i n  t h e  exper iments  and a r e  no t  t e s t e d  f o r  
o t h e r  boundary condi t ions .  There is a  l a r g e  number 
of boundary c o n d i t i o n s  and b u i l d i n g  c o n f i g u r a t i o n s  
p o t e n t i a l l y  of i n t e r e s t ;  f o r  example, a  two-zone 
conf igu ra t ion  w i t h  a  warm f l o o r  i n  one of t h e  
zones, a  c o n d i t i o n  t h a t  occurs  i n  d i r e c t  g a i n  
bu i ld ings .  I n  g e n e r a l ,  t h e  e x t e n t  t o  which 
e x i s t i n g  c o r r e l a t i o n s  can be app l i ed  t o  o t h e r  
c o n f i g u r a t i o n s  i s  unknown. 

8. Most of t h e  r e c e n t  exper iments  were performed i n  
smal l -scale  t e s t  enc losu res  u t i l i z i n g  f l u i d s  o t h e r  
than  a i r  and, i n  some cases ,  wi thout  f u l l  
hydrodynamic s i m i l a r i t y .  Fu r the r ,  l i t t l e  

conf i rmat ion of t h e  h e a t  t r a n s f e r  c o r r e l a t i o n s  was 
produced us ing  d a t a  from f u l l - s c a l e  b u i l d i n g s  under 
v a r i o u s  boundary cond i t ions .  

9. Very few s t u d i e s  examined in t e r - zone  h e a t  t r a n s f e r  
under combined n a t u r a l  and fo rced  convect ion 
s i t u a t i o n s .  Forced convect ion i n  a  b u i l d i n g  could  
be gene ra t ed  by fo rced  v e n t i l a t i o n  o r  unbalances i n  
t h e  f o r c e d  a i r  h e a t i n g  and v e n t i l a t i o n  systems. 

Limited Comparison Between Na tu ra l  Convection 
C o r r e l a t i o n s  

The in ter -zone hea t  f low c a l c u l a t e d  us ing previous  - - -  - ~ - - -  

c o r r e l a t i o n s  i n  t h e  form of Equat ion (18) a r e  compared 
t o  each o t h e r  a s  w e l l  a s  t o  t h e  r e s u l t s  of a  t e s t  
obta ined i n  a  f u l l - s i z e  bu i ld ing .  The c o r r e l a t i o n  
developed by Nansteel  (Equat ion ( 1 5 ) )  is  excluded s i n c e  
i t  is  based on s u r f a c e  temperature  d i f f e r e n c e s  and does  
not  r e l a t e  t o  the  c o n f i g u r a t i o n  examined. 

Experimental r e s u l t s  were obta ined i n  a  two-zone 
t e s t  u n i t  of t h e  pass ive  s o l a r  t e s t  f a c i l i t y  a t  t h e  
Div i s ion  o f . B u i l d i n  Research, Na t iona l  Research 
Council  of C a n a d a . ~ ~  The u n i t  c o n s i s t s  of two rooms 
3 .05~4 .58~2 .44  m each,  connected by a  0 . 8 ~ 2 . 0 3  m 
doorway i n  t h e  i n s u l a t e d  p a r t i t i o n  s e p a r a t i n g  t h e  
rooms. 

Since  t h e  hea t  l o s s  c h a r a c t e r i s t i c s  of t h e s e  rooms 
were determined p rev ious ly ,28  i t  is  p o s s i b l e ,  by 
performing a  s t e a d y - s t a t e  hea t  balance  f o r  each room, 
t o  c a l c u l a t e  t h e  amount of h e a t  t r a n s f e r r e d  through t h e  
doorway by convect ion and r a d i a t i o n  a s  



where q h  and qc a r e  t h e  h e a t i n g  power consumption i n  
t h e  warm and co ld  rooms, r e s p e c t i v e l y ,  and To i s  t h e  
outdoor  temperature.  

The convect ive  hea t  f low r a t e  can then be 
c a l c u l a t e d  by s u b t r a c t i n g  t h e  r a d i a t i v e  component, qr. 
Assuming t h a t  both  room c a v i t i e s  behave l i k e  b l ack  
bod ies ,  t h e  r a d i a t i o n  h e a t  t r a n s f e r  through t h e  doorway 
i s  c a l c u l a t e d  a s  

To approximate a  s t e a d y - s t a t e  c o n d i t i o n ,  a  pe r iod  
of 6  hours was chosen dur ing a  n igh t  when t h e  outdoor 
temperature  remained f a i r l y  c o n s t a n t  a t  about O . S 0 C .  
A l l  windows were shaded be fo re  and dur ing  t h e  t e s t  
per iod t o  e l i m i n a t e  t h e  dynamic e f f e c t  a s s o c i a t e d  wi th  
t h e  s t o r a g e  of eolar energy i n  t h e  room. Rooms were 
k e p t  a t  21.6-C and 20.1'6 (50.1 K). Multi-point 
ave rag ing  thermopi les ,  w i t h  s e n s o r s  p laced a t  room 
mid-height, were used f o r  temperature  c o n t r o l  and 
measurement. 

Under t h e  c o n d i t i o n s  desc r ibed  above, t h e  t o t a l  
h e a t  f low r a t e  through t h e  doorway ( c a l c u l a t e d  from 
Equation (19 ) )  was 322 w a t t s  ('10 W), of which 14 wa t t s  
was e s t ima ted  t o  be due t o  r a d i a t i o n .  

The convect ive  hea t  t r a n s f e r  r a t e  obta ined from 
measurements i s  compared w i t h  t h a t  p r e d i c t e d  by 
c o r r e l a t i o n s  i n  Table 2. Values i n  t h e  t a b l e  
correspond t o  G r D  = 1 . 9 ~ 1 0 ~  and Pr = 0.7. 

Although very  l i m i t e d ,  t h e  comparison i n d i c a t e s  
t h a t  c o r r e l a t i o n s  i n  t h e  form of Equation ( 1 )  would 
p r e d i c t  t h e  in ter -zone n a t u r a l  convect ive  h e a t  t r a n s f e r  
r a t e  provided t h a t  t h e  temperature  d i f f e r e n c e  is  
proper ly  d e f i n e d  and t h e  corresponding c o e f f i c i e n t  C i s  
determined. It  should be noted t h a t  the temperature  
d i f f e r e n c e  used t o  a r r i v e  a t  t h e  exper imenta l  value  was 
the  d i f f e r e n c e  between t h e  average r id-height  room a i r  
temperatures .  Th i s  does not correspond t o  any of t h e  
temperature d i f f e r e n c e s  used i n  t h e  c o r r e l a t i o n s .  

FUTURE RESEARCH REQUIREMENTS 

Addi t iona l  r e s e a r c h  is needed be fo re  r e l i a b l e  
convect ion c o r r e l a t i o n s  and des ign  g u i d e l i n e s  can be 
made a v a i l a b l e  t o  t h e  bu i ld ing  des igne r  o r  energy 
a n a l y s t .  This  work should  cover:  

1. Examination o f  t h e  a p p l i c a b i l i t y  of  r e c e n t l y  
developed c o r r e l a t i o n s  t o  f u l l - s c a l e  cond i t ions  i n  
a c t u a l  buildings. Also modifying t h e  c o r r s l a t i o n e ,  
i f  needed, t o  accommodate temperature  d i f f e r e n c e s  
t h e t  can be r e a d i l y  measured o r  c a l c u l a t e d  and a r e  
t h e r e f o r e  of p r a c t i c a l  s i g n i f f c a n c e  t o  des igne r s .  

C o r r e l a t i o n  
Natura l  convec t ive  

r a t e ,  w a t t s  

Brown e t  a l ,  Equat ion (3 )  318 

Shaw and Whyte, Equat ion (18 )  
(C = 0.27, b  = 0.5) 

Jeber and Kearney, Equation ( 8 )  
(C = 0.3, b  = 0.5) 

Sxperimental value  308 

TABLE 2 
Comparison of Natura l  Convective Heat T rans fe r  Rates  

2.  Examination of a  wide v a r i e t y  of two-zone 
c o n f i g u r a t i o n s  and boundary c o n d i t i o n s  t o  t e s t  t h e  
g e n e r a l i t y  of t he  c o r r e l a t i o n s  o r  develop more 
g e n e r a l  c o r r e l a t i o n s  f o r  zone coupling. 

3. Study of in t e r - zone  convect ion under  combined 
n a t u r a l  and forced convect ion s i t u a t i o n s .  For 
example, t h e  i n t e r a c t i o n  between n a t u r a l  
convect ion,  due t o  temperature  d i f f e r e n c e s  between 
spaces ,  and f o r c e d  v e n t i l a t i o n  o r  a i r  d i s t r i b u t i o n  
i n  t h e  bu i ld ing .  

4. Examination of t h e  e f f e c t  of p a r t i t i o n  t h i c k n e s s  
and conductance on in ter -zone convect ive  hea t  
t r a n s f e r  w i t h  l a r g e  opening s i z e s  f o r  c a s e s  where 
they may have s i g n i f i c a n t  impact; f o r  example, 
n a t u r a l  convect ion between a  sunspace and t h e  
parent  b u i l d i n g  through m u l t i p l e  openings. 

5. Study of t h e  e f f e c t  of t h e  P r a n d t l  number on t h e  
h e a t  t r a n s f e r  c o e f f i c i e n t  t o  enab le  f u t u r e  use  of 
sma l l  exper imenta l  models under s i m i l a r  
cond i t ions .  

6. Implementation of developed c o r r e l a t i o n s  i n  energy 
a n a l y s i s  programs and a s s e s s i n g  t h e  a b i l i t y  of t h e  
improved models t o  p r e d i c t  energy consumption and 
indoor  temperatures  i n  multi-zone bu i ld ings .  

SUMMARY 

A review of p rev ious  r e s e a r c h  work on in ter -zone 
convect ive  hea t  t r a n s f e r  is  presented.  The pure 
n a t u r a l  convect ion c a s e  has  received t h e  most a t t e n t i o n  
compared t o  o t h e r  cases  of n a t u r a l  convect ion combined 
wi th  fo rced  a i r  movement between t h e  spaces .  Previous  
work has  po in ted  o u t  t h e  s i g n i f i c a n t  magnitude of t h e  
n a t u r a l  convect ive  h e a t  f low through in ter-zone 
openings.  It i n d i c a t e d  t h a t  f o r  t h i s  case ,  t h e  hea t  
t r a n s f e r  can be c o r r e l a t e d  by an equa t ion  of t h e  form 

where b  i s  approximately  0.5 and C l i e s  between 0.22 
and 0.33 depending on t h e  temperature  d i f f e r e n c e  used 
f o r  t h e  c o r r e l a t i o n .  Work i s  s t i l l  needed t o  d e f i n e  
t h e  most a p p r o p r i a t e  temperature  d i f f e r e n c e  and t o  
determine t h e  a s s o c i a t e d  va lue  of  t h e  c o e f f i c i e n t  C. 

A need f o r  a d d i t i o n a l  work i s  i d e n t i f i e d  t o  
develop hea t  t r a n s f e r  c o r r e l a t i o n s  f o r  o t h e r  multi-zone 
c o n f i g u r a t i o n s  and boundary cond i t ions ,  a s  w e l l  a s  f o r  
cond i t ions  of mixed n a t u r a l  and fo rced  convection. The 
r e sea rch  should  l e a d  t o  methods and c o r r e l a t i o n s  t h a t  
can be used by t h e  b u i l d i n g  des igne r  and energy a n a l y s t  
t o  enab le  them t o  t ake  t h i s  s i g n i f i c a n t  hea t  t r a n s f e r  
component i n t o  account.  
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