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Abstract:
Computer models were developed to simulate and compare the thermal responses of direct gain,
indirect gain, isolated gain, and natural passive solar heating systems. The performances of the direct
and indirect gain models were verified using data from the passive test cells at the National Center for
Appropriate Technology in Butte, Montana. A 139 m^2 (1500 ft2) home with standard insulation levels
was used to compare the different types of passive solar heating systems. The collector area, thermal
storage, and heating load were identical for the direct, indirect, and isolated gain systems. The natural
passive system, which uses only the building and its contents for thermal storage and only south-facing
windows for solar radiation collection, was simulated for several different collector areas. The largest
collector area was approximately one half the area used in the other three systems. Comparisons of air
temperature, auxiliary heating requirements, and solar fraction were performed for several different
weather patterns, each of which had the same total insolation and the same ambient temperature
variation. Each of the formal passive systems was found to supply more than half the heating needed
by the home, with the direct gain system outperforming the Trombe wall (indirect gain) system for all
of the weather patterns tested. The natural passive systems also provided significant solar heating,
indicating that locating the normal window area present in a well insulated house on the south wall of
the house results in a substantial solar fraction. 
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ABSTRACT

Computer models were developed to  s im u la te  and compare the thermal 
responses o f d ir e c t  g a in , in d ir e c t  g a in , is o la te d  g a in , and n atura l pas­
s iv e  s o la r  heatin g  systems. The performances o f the d ir e c t  and in d ire c t  
gain models were v e r i f ie d  using data from the passive te s t  c e lls  a t the 
N ationa l Center fo r  A ppropria te  Technology in  B u tte , Montana. A 139 m2 
(1500 f t 2 )  home w ith  standard in s u la tio n  le v e ls  was used to compare the 
d if fe r e n t  types o f passive s o la r  heating  systems. The c o lle c to r  a rea , 
thermal s to rag e , and heatin g  load were id e n t ic a l fo r  the d ir e c t ,  in ­
d ir e c t ,  and is o la te d  gain systems. The n a tu ra l passive system, which 
uses only  the b u ild in g  and i t s  contents fo r  thermal storage and only  
so u th -fac in g  windows fo r  s o la r  ra d ia t io n  c o lle c t io n , was sim ulated fo r  
several d i f fe r e n t  c o lle c to r  a re a s . The la rg e s t c o lle c to r  area was 
approxim ately  one h a l f  the area used in  the o ther th ree  systems. Com­
parisons o f a i r  tem perature , a u x i l ia r y  heating  requirem ents, and s o la r  
fra c t io n  were performed fo r  several d i f fe r e n t  weather p a tte rn s , each o f  
which had the same to ta l  in s o la tio n  and the same ambient tem perature  
v a r ia t io n . Each o f the formal passive systems was found to  supply 
more than h a lf  the heating needed by the home, w ith  the d ire c t  gain 
system outperform ing the Trombe w all ( in d ir e c t  g a in ) system fo r  a l l  o f  
the weather p a tte rn s  te s te d . The n a tu ra l passive systems a lso  provided  
s ig n if ic a n t  s o la r  h e a tin g , in d ic a tin g  th a t  lo c a tin g  the normal window 
area present in  a w ell in s u la te d  house on the south w all o f the house 
re s u lts  in  a s u b s tan tia l s o la r  f r a c t io n .



CHAPTER I

. INTRODUCTION

S o lar heatin g  systems are re c e iv in g  e ve r-in c re a s in g  a tte n tio n  as 

a lte rn a te  means o f space h ea tin g . This is  due to the s p ira l in g  costs o f  

conventional ( e le c t r ic ,  gas, and o i l )  h e a tin g . Two basic  types o f s o la r  

heatin g  systems, a c t iv e  and p ass ive , are  a v a ila b le . A c tive  systems are  

c h a ra c te rize d  by c o lle c to rs , pumps or fa n s , and e la b o ra te  heat d e liv e ry  

systems, such as plumbing or vents. They re q u ire  a la rg e  i n i t i a l  c a p i­

ta l  investm ent and may re q u ire  extens ive  maintenance. Control systems 

to  re g u la te  heat d e liv e ry  to  the b u ild in g  add to  the com plexity o f these 

systems.

A passive s o la r  heatin g  system, on the o ther hand, i s ,  by i t s  very  

n a tu re , an in te g ra l p a rt o f  the b u ild in g  i t  h e a ts . Passive systems con­

s is t  o f  a la rg e  window (conta ined in  the b u ild in g 's  w a lls )  fo r  s o la r  

ra d ia t io n  c o lle c t io n  and some means o f  thermal s torage. The storage is  

u su a lly  a masonry m a te r ia l,  such as b ricks  o r co n cre te , o r consists o f  

w a t e r - f i l le d  c o n ta in e rs . I f  the storage is  d is tr ib u te d  about the room 

co n ta in in g  the window, the system is  re fe rre d  to as a d ir e c t  gain sys­

tem. The thermal storage o f in d ire c t  gain systems is  concentrated in to  

a w all a sh o rt d is tance from the window. This w all prevents most or a l l  

o f the s u n lig h t from e n te rin g  the l iv in g  space. Is o la te d  gain systems 

are passive systems in  which the c o lle c t io n  and storage components are  

th e rm a lly  is o la te d  from the l iv in g  space. A means o f tra n s fe rr in g  heat 

from the storage to  the l iv in g  space, such as a fa n , is  necessary. One
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example o f  th is  type o f system is  a s o la r  greenhouse. N atura l passive 

systems are  d ir e c t  gain systems w ith  no added s to rag e , o th e r than the  

normal contents o f  the b u ild in g . Thermal storage is  only in  the house 

i t s e l f  and in  i t s  co n ten ts . Passive systems ty p ic a l ly  do not e f f i c ie n t ­

ly  re g u la te  heat d e liv e ry  to  th e ir  b u ild in g s . A ll the aforementioned  

passive systems, except the is o la te d  gain typ es, re ly  on the thermal in ­

te ra c tio n s  between the various components o f  the system (window, storage  

and the b u ild in g  i t s e l f )  to  contro l the a i r  tem perature. During day­

l ig h t  hours, the la rg e  amounts o f in c id e n t s o la r  ra d ia tio n  ( in s o la t io n )  

which pass through the window are m ostly absorbed by the s to rag e . This 

moderates peak daytime tem peratures. At n ig h t, convection and ra d ia tio n  

from the storage supply heat to  the b u ild in g . Since these in te ra c ­

tio n s  are  fu n ctio n s  o f many v a ria b le s  (in c lu d in g  the b u ild in g  heating  

c h a r a c te r is t ic s ,  amount and type o f s to rag e , window area and typ e , and 

the ambient c o n d it io n s ), la rg e  a i r  tem perature flu c tu a tio n s  may occur. 

In d ire c t  gain systems ty p ic a l ly  e x h ib it  lower a i r  tem perature f lu c tu a ­

tio n s  than do d ire c t  gain or n a tu ra l passive systems. N atura l passive 

systems experience the la rg e s t f lu c tu a t io n s , due to  th e ir  r e la t iv e ly  

small thermal s to rag e . Is o la te d  gain systems contro l the b u ild in g  a i r  

tem perature much b e tte r  than o th er types o f systems, but high tempera­

tures  may occur w ith in  the c o lle c to r .

Since passive systems are  in te g ra l parts  o f the b u ild in g s  they  

h e a t, they are not norm ally  r e t r o f i t t e d .  In s tea d , the s torage and
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window are incorporated  in to  the b u ild in g  during o r ig in a l c o n s tru c tio n , 

o ften  using the storage fo r  s tru c tu ra l support. In  o rd er to  properly  

s iz e  the window area and storage fo r  the system, some means o f p re d ic t­

ing  i t s  long-term  perform ance, before  i t  is  b u i l t ,  is  d e s ira b le . R ule- 

of-thumb methods are a v a ila b le  to  s iz e  the window area and the thermal 

storage [ I ] .  However, these methods w i l l  not acc u ra te ly  (w ith in  10%) 

p re d ic t  the actua l performance o f  the system. They a re ,  however, use­

fu l fo r  making a f i r s t  guess.

Two o th er methods are  a lso  a v a ila b le  fo r  making an accurate  p re d ic ­

t io n  o f the performance o f passive systems. The f i r s t  method is  the 

use o f  computer models o f  the passive systems. The models are  developed 

using basic  thermodynamic and heat tra n s fe r  equations to  approximate the  

thermal response o f the systems. F. Trombe [2 ]  performed the f i r s t  com­

prehensive modeling o f the passive s o la r  system commonly known as the  

Trombe w a ll system. I t  is  an in d ir e c t  gain system which uses a masonry 

w a l l ,  w ith  vents a t  the top and bottom, fo r  s to rage. A ir  flow  from the  

l iv in g  space through the vents tra n s fe rs  h e a t, by n a tu ra l convection , to  

the l iv in g  space. Extensive modeling o f  th is  system has been performed 

[ 3 , 4 , 5 ] .  Several o f  these models were used to optim ize  various compo­

nents o f the Trombe w a ll system. Many o f these modpls are  a lso  a p p li­

cable to  w ater w a ll systems. They are  in d ir e c t  gain systems which,use 

w a t e r - f i l le d  conta iners  fo r  the storage w a l l .  Models have a lso  been 

developed to  s im u la te  the performance o f d ire c t  gain systems [ 6 ,7 ] .  The
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f i r s t  o f  these is  a sim ple general model which is  a p p lic a b le  to any type 

o f passive system. The o th e r is  a model whose com plexity r iv a ls  th a t o f  

the d ir e c t  gain model developed fo r  th is  study. The model fo r  th is  

study was d erived  from basic p r in c ip le s . L i t t l e  modeling has been done 

fo r  n a tu ra l passive and is o la te d  gain systems.

When a passive s o la r  system model is  developed, some means o f t e s t ­

ing i t s  performance is  needed. This is  u su a lly  done by using the model 

to  s im u late  the e xp e rim en ta lly  measured performance o f a system o f the  

modeled typ e . Passive te s t  c e lls  are  c u rre n t ly  in  use in  several parts  

o f the country to  o b ta in  the necessary data [ 8 ,9 ] .  Some o f th is  data  

was used to  v e r i fy  the performance o f two o f  the models which were 

developed fo r  th is  s tudy. Models were developed to s im u late  the per­

formance o f  d ir e c t ,  in d ir e c t  ( Trombe w a ll )  and is o la te d  gain systems.

The d ir e c t  gain model was a lso  used to  s im u late  the performance o f natu ­

ra l passive s o la r  systems.

The o th e r method which is  c u rre n t ly  a v a ila b le  to  p re d ic t the per­

formance o f  passive systems is  a s im p lif ie d  method developed by Balcomb 

e t  a l [ 1 0 ] ,  a t  the Los Alamos S c ie n t i f ic  Laboratories  (LASL). The 

method is  a p p lic a b le  to  Trombe w a l l ,  w ater w a ll and d ir e c t  gain systems. 

I t  estim ates the performance o f the systems as a fu n c tio n  on ly  o f  the  

b u ild in g  heatin g  lo a d , the monthly absorbed in s o la tio n  and the to ta l  

monthly heatin g  degree days fo r  the lo c a tio n  o f in te r e s t .  Two a d d it io n ­

a l c lim a tic  fa c to rs  could be used to  improve the method. The f i r s t
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fa c to r  is  the m o d ific a tio n  o f  degree days in to  degree days fo r  daytime 

ambient tem peratures and degree n ights  fo r  n ig h ttim e ambient tempera­

tu res  (see Appendix E ) . This m o d ific a tio n  has a lread y  been shown to  

increase the accuracy o f  s im ulations [1 1 ] .  The second fa c to r  is  a 

c lo u d y /c le a r  day fa c to r  (CCDF). I t  would account fo r  the d iffe re n c e s  in  

c le a r  and cloudy day groupings fo r  d i f fe r e n t  geographical lo c a tio n s .

The performance o f  a l l  passive systems is  dependent on the grouping o f  

c le a r  and cloudy days which occurs. The dependency on the CCDF is  not 

y e t  known, but the s im u la tions  which were performed fo r  th is  study 

represent the  f i r s t  step in  determ ining th is  dependence. S im ulations  

were performed fo r  the various modeled systems (d ir e c t  g a in , in d ire c t  

g a in , is o la te d  g a in , and n a tu ra l passive) fo r  two d i f fe r e n t  c le a r  and 

cloudy day groupings. The n a tu ra l passive system was s im ulated fo r  two 

d if fe r e n t  window areas . The f i r s t  approximated the normal window area  

present in  a res idence. The windows were assumed to a l l  be on the 

south side o f the b u ild in g  so th a t they could a l l  provide s o la r  h eatin g . 

The second window area was approxim ately one h a l f  the window area pres-i 

ent in  the th ree  formal passive systems. The window a rea ; storage and 

heatin g  load were id e n t ic a l fo r  the th re e . The s im ulations formed a 

basis fo r  a comparison o f the performance o f the fo u r systems, fo r  the  

two te s t  cases. Comparisons o f d ire c t  gain and Trombe w a ll systems have 

a lread y  been performed [1 2 ,1 3 ] .  D ire c t gain systems w ith o u t n ig h t w in ­

dow in s u la tio n  were found to  perform  b e tte r  (econom ically ) than Trombe
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w a ll systems w ith  n ig h t window in s u la tio n  in  southern U.S. c lim a tes . 

However, Trombe w all systems w ith  n ig h t in s u la tio n  were found to be 

more economical th a t d ir e c t  gain systems w ith  n ig h t in s u la t io n  in  north  

e'rn U.S. c lim a te s . None o f these s tud ies  includes is o la te d  gain or 

n a tu ra l passive systems. Since data fo r  v e r i f ic a t io n  o f these two 

models were not a v a ila b le ,  the re s u lts  o f  th e ir  s im ulations are only  

p re lim in a ry  and should be tre a te d  acco rd in g ly .



CHAPTER I I

ANALYTICAL MODELS

The d i f f e r e n t ia l  equations which were used to develop the passive 

s o la r  system models were obtained from basic p r in c ip le s . Basic thermo­

dynamic laws were combined w ith  th e o re tic a l and em p irica l heat tra n s fe r  

equations. A few s im p lify in g  assumptions were used to  reduce the com­

p le x ity  o f  the problem s.

D ire c t Gain Model

This model was developed fo r  a s in g le  room w ith  a s in g le  window.

I t  cou ld , however, be e a s ily  expanded to  model a more complex b u ild in g , 

such as an e n t ir e  d w e llin g . To obta in  high accuracy and g e n e ra lity , a l l  

modes o f heat tra n s fe r  w ith in  the room were assumed to  be im portant. 

R ad ia tive  exchange among the w a lls ,  f lo o r ,  c e i l in g ,  and window was in ­

corporated in to  the model. Convection from each surface  in  the room to  

the room a i r  and conduction from these su rfaces , through the w a lls , to  

the ambient were a lso  computed. The desired  degree o f accuracy necessi­

ta te d  knowing the s iz e ,  lo c a tio n  and shape o f  the s u n l it  areas w ith in  

the room. This re s u lte d  in  a complex geometry problem.

Figure 2.1 i l lu s t r a t e s  the geometry o f the modeled d ir e c t  gain sys­

tem. S u n lig h t enters  the room through the window a t  an e le v a tio n  angle  

B and a surface  azimuth angle a . Morning sun has a p o s it iv e  a . The 

e n te rin g  s u n lig h t may f a l l ,  in  p a rt o r in  f u l l ,  on the f lo o r  o r on any 

o f the n o rth , w est, and eas t w a lls . For th is  model, the s u n l it  portion



Figure 2.1 C o n fig u ra tio n  and Nomenclature o f 

the D ire c t Gain System
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o f each o f  these surfaces was tre a te d  as an in d iv id u a l s u rface .

During the course o f  a normal day, the s iz e ,  lo c a tio n  and shape o f  

the s u n l it  areas w ith in  the room change continuously . These are func­

tio n s  only o f  the room geometry and the d ire c tio n  o f the in c id e n t s o la r  

ra d ia t io n  ( in s o la t io n ) . The d ire c tio n  o f the in s o la tio n  (a  and 3) was 

c a lc u la te d  using re la t io n s  from D u ffie  and Beckman [1 4 ] .  These angles 

are functions  only o f  the window o r ie n ta t io n  (azimuth angle and s lo p e ), 

the la t i tu d e ,  the tim e o f day and the day o f the y e a r. P rovis ion  was 

made in  the model fo r  a n o n -v e r t ic a l , non-south -facing  window,

Once the in s o la tio n  d ire c tio n  was known, the s iz e ,  lo c a tio n  and 

shape o f the s u n l it  areas were found. The f i r s t  step in  th is  was to  

lo ca te  the p ro je c tio n s  ( in  the d ire c tio n  o f the in s o la t io n ) o f the co r­

ner points o f  the window. For example, consider any p o in t Q on the  

south w a ll o f  the room, as shown in  Figure 2 .1 .  The coordinates o f 

p o in t Q are ( 0 * ^ , 0 ^ ) .  Expressions fo r  the coordinates o f i t s  p ro jec ­

t io n ,  Qp, are  given in  Table 2 .1 ,  as a fu n c tio n  o f where the pro jected  

p o in t f a l l s .  In  these eq uations, the angle y (see F igure 2 .2 )  is  de­

fin e d  as

I
Y = tan" (tan  3/cos a ) .  (2 .1 )

O bviously, w ith  fo u r d i f fe r e n t  sets o f equations fo r  the coordinates o f  

Qp, some means o f determ ining which surface  the p o in t in te rs e c te d  was 

needed. One method o f accomplishing th is  determ ination  would be to



Table 2.1 Equations fo r  the Coordinates o f Point Qp

Coordinate
f lo o r

%
north w all

f a l l s  on the

west w all east w all
L im its

X Cb coty W ( I  -  Ca ) cota -C 3Cotaa O < X < W

Y Ca + Cb tana coty C3 + Wtana. a L O O < Y < L

Z O Cb -  Wtany Cb -  (L -C a )tan yco ta Cb + Cq tany cota O < z <cb

Table 2 .2  Coordinates o f the Window Corner Points

Corner P o in t Coordi nates

A . (0 ,a ,b )

B (0 ,a ,b + h )

C (0 ,a + l,b + h )

D (Osa + l ,b )
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c a lc u la te  the coordinates o f the p ro jec ted  p o in t w ith  each o f  the sets  

o f equations and compare the re s u lts  o f  each set w ith  the a llow ab le  

l im its  o f  each co o rd in ate . The l im its  are l is te d  in  Table 2 .1 . The 

s e le c tio n  c r i t e r i a  were based on th is  method, but were condensed in to  a 

sm alle r s e t o f  in e q u a lit ie s  w hich, when s a t is f ie d ,  determ ined the lo ca ­

t io n  o f the p ro jec ted  p o in t. These s e le c tio n  c r i t e r ia  are given in  Ap­

pendix A. The p ro je c tio n s  o f the window corner points  were found using 

th is  method. The coordinates o f the corner points ( to  be used in  the 

equations in  Table 2 .1 )  are  given in  Table 2 .2 .

A fte r  lo c a tin g  Ap, B^, C^, and D^, the s iz e ,  shape and lo c a tio n  o f

the s u n l i t  areas were c a lc u la te d . There were 19 possib le  co n fig u ra tio n s

fo r  the s u n l i t  a reas . These p o s s ib il it ie s .w e re  designated by the set o f

lo ca tio n s  o f the p ro jec ted  window corner p o in ts . For example, one such

s e t is  {A Bvn, and Dvn on the f lo o r  and Cvn on the west w a l l } .  This con- 
P P P  P

f ig u ra t io n  is  i l lu s t r a t e d  in  Figure 2 .2 . The shaded areas represent the  

s u n lit  portions  o f the room. Appendix B contains a l i s t  o f  a l l  the pos­

s ib le  co n fig u ra tio n s  th a t the s u n l it  areas may assume. Also included is  

a b r ie f  d e s c rip tio n  o f the method which was used to  determ ine which con­

f ig u ra t io n  occurred fo r  any in s o la tio n  d ire c tio n .

I t  is  apparent from Figure 2 .2  th a t the s u n lit  areas in  the room 

have complex geom etrical shapes which change continuously throughout the  

day. For th is  reason, and since d iffu s e  ra d ia tio n  view fa c to rs  are d i f ­

f i c u l t  to  c a lc u la te  fo r  odd shapes, an e q u iv a le n t rec tan g le  was
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/^ "E q u iva len t 
I rec tan g le

Figure 2 .2  One Possible Shape fo r  the S u n lit  Areas
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generated fo r  each s u n lit  area w ith in  the room. Each, rec tan g le  had the 

same area and approxim ately the same lo c a tio n  as the s u n l it  area i t  

represented . As many edges as possib le  o f  the rec tan g le  coincided w ith  

the corresponding edges o f the s u n l i t  a rea . Figure 2 .2  i l lu s t r a te s  the 

e q u iv a le n t rectang les  fo r  one possib le  ,co n fig u ra tio n .

The fra c t io n  o f the in s o la tio n  passing through the window in c id e n t  

on each s u n lit  surface  was a lso  determ ined. This was c a lc u la te d  by d i ­

v id in g  the actual s u n l i t  area by the s u n l i t  area which would occur i f  

the w a ll (o r  the f lo o r )  was la rg e  enough to  accomodate a l l  the in s o la ­

t io n .  This c a lc u la t io n , and a l l  the preceding ones, were performed

using only the room dim ensions , a ,  3 and the coordinates o f A , B , Cn ,
P h k

and Dp. The coordinates o f the p ro jec ted  window corner points were used 

whenever possib le  in  order to s im p lify  the d e r iv a tio n  o f the eq u atio n s . 

Each o f the 19 possib le  co n fig u ra tio n s  has i t s  own se t o f  equations, but 

due to  space r e s t r ic t io n s ,  the equations are not presented here.

The tra n s m is s iv ity  o f the g laz in g  (window) was c a lc u la te d , as a 

fu n c tio n  o f the incidence angle and the number o f window panes, using 

the method suggested by D u ffie  and Beckman fo r  f l a t  p la te  s o la r  c o lle c ­

to rs  [1 4 ] .  Once the amount and lo c a tio n  o f the in s o la tio n  en te rin g  the  

room was known, the s o la r  ra d ia tio n  absorbed by each s u rfa c e , Qc.., wasb I

es tim ated . Each s u n lit  area was assumed to absorb a f r a c t io n ,  equal to  

i t s  s o la r  a b s o rp t iv ity , o f  the in s o la t io n  in c id e n t on i t .  The re f le c te d  

s u n lig h t was assumed to  be t o t a l l y  d if fu s e  and to  be d is tr ib u te d  over
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the e n t ir e  in s id e  surface  o f the room.

In  th is  model, r a d ia t iv e  heat exchange among the s u n l i t  areas , 

w a lls , f lo o r ,  c e i l in g ,  and window was assumed to c o n tr ib u te  s ig n if ic a n t ­

ly  to  the to ta l  thermal response o f the room. In  order to  determ ine the 

net ra d ia t iv e  t ra n s fe r  among the various su rfaces , the d iffu s e  ra d ia tio n  

view fa c to rs  must be known fo r  each p a ir  o f heat tra n s fe r  surfaces . 

Consider any two f l a t  s u rfaces , such as those shown in  F igure 2 .3 . I f  

the view fa c to r  from dA-j to  A2 , F ^ _ 2 , is  known as a fu n c tio n  o f x and 

y , then F ^  is  given, by

Appendix C contains the various expressions which were, used fo r  F ^ 2 

in  th is  model. The view fa c to r  F2 coul d be determined e x a c tly  by p er­

form ing the in te g ra l shown in  Equation ( 2 .2 ) .  However,.-, the expressions  

fo r  FfJ-] 2 are o ften  very complex (see Appendix C) and are not e a s ily  

in te g ra te d . For th is  reason, a numerical method was used to  perform  

the  necessary double in te g ra t io n . The numerical double in te g ra tio n  

scheme which was used in  th is  model appears in  Appendix D.

Using an approach s im ila r  to th a t presented by Holman [1 5 ] ,  the 

equations governing steady ra d ia t iv e  heat tra n s fe r  among the surfaces  

in  the room were found to  be

b a

0 0

( 2 . 2 )
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Figure 2 .3  A rb itra ry  P lanar Surfaces and Coordinate  
System fo r  View Factor Determ ination

c T .4 -  J , 11

I - E. ei Ai + J 1 (J j  " J i ) Aj Fj i  = 0 (2 .3 )

fo r  i = I , 2 , 3 , . . . , 1 1 .  The f i r s t  term represents the net thermal ra d ia ­

t io n  leav in g  surface  i .  Each term in the summation represents the net 

ra d ia t iv e  heat tra n s fe r  from surface j  to  surface i .  For steady ra d ia ­

t io n ,  the sum o f a l l  these terms (in c lu d in g  the f i r s t  term ) must equal 

zero . This se t o f equations was solved fo r  (J )  using Gaussian e lim in a ­

t io n . Knowing ( J ) ,  the net (long w avelength) ra d ia t iv e  heat tra n s fe r  

ra te  to  each s u rfa c e , Qr i , was found, using
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a &.A.
■ ( Ji -  aTi > T ^ i r  • ( z - * )

In  th is  model, the room a i r  was assumed to  be tran sp aren t to  s o la r  

and thermal ra d ia t io n  [1 6 ] .  Because o f  th is  assumption, heat may only  

be tra n s fe rre d  to  the room a i r  by conduction and /or convection . To 

account fo r  both modes, heat tra n s fe r  c o e ff ic ie n ts  were used. Some 

means o f determ ining a heat tra n s fe r  c o e f f ic ie n t  fo r  each surface in  the  

room was thus needed.

In  any s u n l it  room, the p o rtio n  o f the w a lls  and the f lo o r  on which 

s u n lig h t f a l l s  d ir e c t ly  was expected to  heat up to  a tem perature h igher 

than the tem perature o f e ith e r  the a i r  or o f the non-sun!i t  surfaces in  

the room. This tem perature d i f f e r e n t ia l  could cause s ig n if ic a n t  a i r  

movements in  the room, e s p e c ia lly  i f  the s u n l it  p o rtio n  is  la rg e . This 

a i r  movement could a f fe c t  a l l  the a i r  in  the room, s ig n if ic a n t ly  in ­

creasing  the to ta l  convective heat tra n s fe r  to the room a i r .  However, 

since a l l  methods a v a ila b le  fo r  accounting fo r  the a i r  movement are very  

com plicated , and since no simple em p irica l method is  a v a ila b le  to  e s t i ­

mate th is  e f f e c t ,  i t  was neg lected . In s te a d , the a i r  movements were 

assumed to  re s u lt  in  complete (p e r fe c t)  m ixing o f the room a i r .

Much work has been done developing em p irica l re la t io n s  fo r  d e te r­

m ination o f heat tra n s fe r  c o e ff ic ie n ts  fo r  n a tu ra l convection from su r­

faces to  s e m i- in f in ite  f lu id s  [1 5 ] .  These re la tio n s  a re .u s u a lly  w r it te n  

in  the dim ensionless form
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Nu = ^  = C (G rP r)m, (2 .5 )

and account fo r  both conduction and convection , since they are  e x p e r i-  . 

m enta lly  determ ined. C and m are  dim ensionless parameters dependent on 

the surface  shape and o r ie n ta t io n  and on the degree o f turbulence pres­

en t in  the flo w , which i s ,  in  tu rn , dependent on the magnitude o f the 

G rashof-Prandtl number product (R ayleigh number). The f lu id  p ro p erties  

used in  Equation (2 .5 )  are norm ally determined a t the f i lm  tem perature. 

The f i lm  tem perature is  the average o f the f lu id  and the heat tra n s fe r  

surface  tem peratures. Equation (2 .5 )  was used in  th is  model to  estim ate  

the heat tra n s fe r  c o e f f ic ie n t ,  h^, fo r  each su rface . Each was assumed 

to  in te r a c t  w ith  the room a i r  independent o f a l l  o th er surfaces in  the  

room. The values fo r  C and m were obtained from Holman [1 5 ] .

In  a d d itio n  to  convection to the room a i r ,  each surface  in  the room 

was a lso  assumed to  in te r a c t  w ith  the ambient and to s to re  thermal ener­

gy. The heat loss from each surface to  the ambient was w r it te n  in  terms 

o f the e f fe c t iv e  thermal re s is ta n ce  between the surface and the ambient. 

The thermal storage o f each surface was assumed to be concentrated in  

the f i r s t  physical laye rs  o f the w a l l ,  before  the in s u la t io n . For exam­

p le , consider a w a ll constructed o f 2" x 4" wooden studs w ith  fib e rg la s s  

in s u la tio n  between the studs and w ith  an in s id e  surface o f 1 /2" gypsum 

board (sh eet ro c k ). The constructio n  o f the outside surface  o f the w a ll 

is  unim portant fo r  storage co n s id e ra tio n s . The thermal storage would be
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concentrated in  the gypsum board and the sheet rock would be tre a ted  

(exclud ing  the s u n l it  p o rtio n  o f the w a l l )  as an isotherm al body.

In  th is  model, the room's in t e r io r  surface  was d iv id ed  in to  11 su r­

faces . Surfaces one through fo u r w ere, re s p e c tiv e ly , the n o n -s u n lit  

portions o f  the f lo o r  and o f the n o rth , w est, and eas t w a lls . Surface  

' f iv e  was the south w a ll (le s s  the window) and s ix  was the c e i l in g .  Sur­

faces seven through ten w ere, re s p e c tiv e ly , the s u n l it  portions o f the  

f lo o r  and the n o rth , w est, and east w a lls . Surface eleven was the in ­

s ide pane o f  the window. Each o f these surfaces was tre a te d  as an in ­

d iv id u a l lum ped-capacity system.

The d i f f e r e n t ia l  equations governing the thermal response o f the  

various surfaces in  the room were derived  by perform ing a heat balance 

on each s u rfa ce . The heat balance was o f the form

[S o la r  ra d ia t io n  absorbed] + [n e t thermal ra d ia tio n  from other 

s u rfaces ] -  [convection  to  the room] -  [lo ss  to the am bient]

= [s to ra g e ].

S u b s titu tin g  the ap p ro p ria te  mathematical expressions fo r  each term r e ­

s u lte d  in  the se t o f  (11 ) d i f f e r e n t ia l  equations

dT.
Qs i  +  Qr i  -  O1A1Cr1 -  Ta 1 r ) -  A1 U 1 -  TaiJ Z R 1 = (m e), . . (2 .6 )

The corresponding i n i t i a l  conditions fo r  these equations were
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t=0
(2 .7 )

The. two ra d ia t io n  components (s o la r  and th e rm a l) were tre a te d  indepen­

d e n tly  because most common co n stru ctio n  m a te ria ls  have very d if fe r e n t  

absorptances fo r  the two types. For example, a normal w h ite  p a in t has a 

s o la r  absorptance between 0 .3  and 0 .5 .  The same p a in t ,  however, has an 

em ittance ( a t  25°C) between 0 .8 5  and 0 .9 5  [1 7 ] .

The d i f f e r e n t ia l  equation fo r  the room a i r  was d erived  using a sim­

i l a r  approach. The heat balance was o f the form

[convection  from s u rfaces ] -  [ i n f i l t r a t i o n ]  = [s to ra g e ].

The corresponding m athematical expressions were s u b s titu te d  in to  th is  

balance, and the re s u lta n t d i f f e r e n t ia l  equation was

In  Equation ( 2 .8 ) ,  r  is  the i n f i l t r a t i o n  ra te  in  a i r  changes per hour.

Equations (2 .6 )  through (2 .9 )  were solved n um erica lly  using a f o r ­

w ard -stepp ing , e x p l ic i t  f i n i t e  d iffe re n c e  method. The approxim ation

The i n i t i a l  co n d itio n  fo r  the a i r  was

(2 .9 )

( 2 . 10)
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was s u b s titu te d  in to  Equations (2 .6 )  and (2 .7 )  and the re s u lta n t equa­

tio n s  were solved fo r  I ' .  The s e t o f  e x p l ic i t  equations to  determine  

the new surface  tem peratures was found to  be

Y  ■ CY + + W air + Vamt/Y
AtA.

+  [ T  -  W T  ( h Y  1/ R 1I Y - . . ( 2. 11)

The re s u lt in g  e x p l ic i t  expression fo r  the new a i r  tem perature was 

Ta i r  "" (Inc)a i r  |  Ai hi Ti + r ^mc^ a irTamb +

-("lc I a i r  11
[ - A t *  T 1 Ai hi -  r ("1cl ai r l Ta i r ( 2 . 12)

In  order to guarantee s t a b i l i t y  o f  the numerical method, the c o e f f i ­

c ie n ts  o f Ti in  Equations (2 .1 1 )  and o f Tf l i r  in  Equation (2 .1 2 )  must be 

non-negative [1 8 ] .  This r e s t r ic t io n  forced the fo llo w in g  re s tr ic t io n s  

on the tim e s te p , A t:

(m e )./A i

At -  (h i + V R i ) (2 ,1 3 )

and

At < ("lcIair

T1 hiAi + ("lcIairr

(2 .1 4 )

A ll o f the preceding equations were incorporated  in to  a computer
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code to s im ulate  the thermal response o f  the d i r e c t  gain system. Figure  

2 .4  i l l u s t r a t e s  the programming lo g ic  which was used fo r  th is  model.

This f lo w c h a rt ,  though g re a t ly  s im p l i f ie d ,  shows the e s s e n t ia l  features  

o f  the lo g ic .  The most complicated and the longest portion  on the model 

was the subroutine which c a lc u la ted  the geometric parameters ( in c lu d in g  

the ra d ia t io n  view f a c t o r s ) .  Each time the view fa c to rs  were reca lcu - . 

l a te d ,  many (up to 55) numerical double in te g ra t io n s  were performed. I t  

was estim ated th a t  th is  p a r t  o f  the model required  more than 75% o f the  

to t a l  cpu time needed fo r  each run.

In th is  model, the ra d ia t iv e  heat t ra n s fe r  to each surface (s o la r  

and therm al) was c a lc u la te d  only once fo r  each set o f  da ta . This proce­

dure re su lte d  in  l im i ta t io n s  on the time step between successive data . 

sets (D T ) . These l im i ta t io n s  were found, during the model v e r i f i c a t io n  

procedure, to be 0 .25  hours during high in s o la t io n  periods ( i . e .  during  

the day) and to  be 0 .50  hours a t  n ig h t .  The model could be modified  

to  accept hourly  data simply by a l t e r in g  the computer code to reca lcu ­

la t e  the r a d ia t iv e  heat t ra n s fe r  ra tes  several (four, or more) times per 

data step . The maximum time step (DELT), which was used to c a lc u la te  

the new tem peratures, was found using Equations (2 .1 3 )  and ( 2 .1 4 ) .  A 

time step equal to 99% o f  the maximum a llow able  was used to avoid i n ­

s t a b i l i t y  due to computer ro u n d -o ff  e r r o r ,  y e t  s t i l l  ob ta in  the fa s te s t  

possib le  computation tim e.
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Figure 2 ,4  Flow Chart fo r  the D ire c t  Gain Model
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In c id en t
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( c o l le c to r )

room

Figure 2 .5  The Is o la te d  Gain System

Provis ion was a lso made in th is  model fo r  n ighttim e c o l le c to r  w in­

dow in s u la t io n .  Whenever the in s o la t io n  dropped to ze ro , the thermal 

res is tance  o f  the window, R ^ ,  was increased by the R -fa c to r  o f  the w in­

dow in s u la t io n .  This R -fa c to r  may be any desired value. When the inso­

la t io n  again became non-zero, R ^  was reduced to i t s  o r ig in a l  value.

Is o la te d  Gain Model

An is o la te d  gain passive s o la r  system is  any passive system in 

which the c o l le c t io n  and storage areas are therm alIy  is o la te d  from the  

b u ild in g  th a t  the system is  intended to heat ( f o r  example, a s o la r  green 

house). A model fo r  is o la te d  gain was developed using a d i r e c t  gain sys 

tern attached to a b u i ld in g ,  as i l lu s t r a t e d  in Figure 2 .5 .  The b u ild in g
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and the c o l le c to r  (the  attached d i r e c t  gain system) were assumed to have 

one common w a l l ,  the north w all o f  the c o l le c to r .  A fan provided a i r  

exchange between the b u i ld in g  and the c o l le c to r .

I t  was obvious th a t  any model fo r  th is  type o f  is o la te d  gain system 

should be based on the d i r e c t  gain model. Because o f  the s im i la r i t y  o f  

the systems, the d i r e c t  gain model was used, w ith  a few m o d if ic a t io n s ,  

to model the thermal response o f  an is o la te d  gain system o f  the type 

shown in  Figure 2 .5 .  I t  is  apparent that, the geometry of, the attached  

d i r e c t  gain system would be unchanged. The ra d ia t iv e  heat exchange 

equations fo r  the c o l le c to r  were also not changed by i t s  ad d it io n  to the  

b u i ld in g .  The convective heat t ra n s fe r  from the various surfaces in  the  

c o l le c to r  to the c o l le c to r  a i r  was a f fe c te d  by the la rg e  a i r  movements 

caused by the fan . However, l i k e  the thermal a i r  c u rren ts ,  i t  is  d i f f i ­

c u l t  to account fo r  th is  e f f e c t .  Because o f  th is  d i f f i c u l t y ,  the a i r  

movements caused by the fan were assumed to r e s u l t  in  p e r fe c t  mixing of  

the c o l le c to r  a i r .  Conduction from the surfaces in  the room,through 

t h e i r  corresponding w a lls  was the same fo r  a l l  surfaces except numbers 

two and e ig h t  (north  w all  s u r fa ce s ) .  Heat t ra n s fe r  from these surfaces  

was to  the b u i ld in g  a i r ,  ra th e r  than to the ambient. To account fo r  

th is  d i f fe r e n c e .  Equations (2 .6 )  and (2 .1 1 )  were m odified . For i equal 

to 2 or 8 , Tamb was replaced by the b u ild in g  a i r  tem perature , Troom. 

Otherwise, the equations were s t i l l  a p p l ic a b le .
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Another term was added to the heat balance equation describ ing  the  

c o l le c to r  a i r  temperature. This term represented the heat t r a n s fe r ,  due 

to the fa n ,  from the c o l le c to r  a i r  to the room a i r .  I t  was o f  the form 

mCp(Ta1- r  -  Troom) . Since i t  represented a heat loss from the c o l le c to r  

a i r ,  i t  was in s erte d  w ith  a negative s ig n . Applying th is  m o d ifica t ion  

to Equation ( 2 .8 )  re su lte d  in

11 .
I A-jhj(T1- - Ta_jr ) - 'f'(mc)ai y ^ a i r  âmb̂  " mcp ^ a i r ~ r̂oom̂

CTair
'= m̂ĉair dt-  • (2-15)

The temperature o f  the b u ild in g  a i r ,  Tyioom, was the most important 

r e s u l t  desired  from the is o la te d  gain model. To determine th is  tempera­

tu r e ,  a d i f f e r e n t i a l  equation describ ing  i t  was needed. The equation, 

was derived in  the same manner as fo r  the c o l le c to r  a i r  temperature. A 

heat balance, equating net heat gains to  s torage, re su lte d  in

™cp ^ a ir  ~ "*Voom̂  ~ ^tot^room  ~ âmb̂

+ V T2 -  TroomVR2 + A8 (Ta -  TroJ Z R g  = (me) room
room d t • (2 .1 6 )

The f i r s t  term in  th is  equation represents the heat provided to the 

b u ild in g  a i r  from the c o l le c to r  a i r  (due to the f a n ) . The second term 

represents the heat loss to the ambient. UAto1. is  the t o t a l  bu ild ing  

heating  load , in c lud ing  i n f i l t r a t i o n .  The other two terms on the l e f t -  

hand s ide o f  the equation represent conduction, through the w a l l ,  from
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the c o l le c to r  storage to the room a i r .  The righ t-hand  s ide o f  Equation 

(2 .1 6 )  represents the s torage. I f  th is  s to rage, and hence the time con­

s ta n t  o f  the a i r ,  was neglected , the room a i r  temperature f lu c tu a te d  

w i ld ly  and the re s u lts  were unusable.

The d i f f e r e n t i a l  equations fo r  th is  model were solved by the same 

method as was used f o r  the d i r e c t  gain model. A f i r s t - o r d e r  approxima­

t io n  was made fo r  the time d e r iv a t iv e  in  each d i f f e r e n t i a l  equation , and 

the equations were solved f o r  the new temperatures. This procedure had 

a tru n c a tio n  e r ro r  on the order o f  At . The re s u lta n t  expression fo r  

the new c o l le c to r  a i r  temperature was found to be

air " (Hic)a1r I  A1M1T1 + I-(Hic)a1rTalnb + me Troom 
I= I

(me) a i r
-  I-(Hic)a i r  -  mep -  A1M1 ' a i r  ‘ (2 .1 7 )

The re s u l ta n t  expression fo r  the new room a i r  temperature was

T 1room (mct^oom JmcPl a i r  + UAt o t Tamb + A2T2/R 2 + A8T8/R 8 +

(me) room
At ■ mcP " UAt o t  " A2/R 2 '  A8/R 8 room. (2 .1 8 )

L J : J

There were, or course, d i f f e r e n t  l im i ta t io n s  on A t,  which were d e te r ­

mined from Equations (2 .1 1 )  (w ith  the p rev ious ly  discussed changes), 

( 2 . 1 7 ) ,  and ( 2 .1 8 ) .  These l im i ts  were



27

(me)./A
(2 .1 8 )

At <

Kmc I a1r + mCp + A1H1 (2 .1 9 )

and

At < ( 2 . 20)

The computer model fo r  the is o la te d  gain system was v i r t u a l l y  iden­

t i c a l  to  the d i r e c t  gain model, except fo r  the m odifications  discussed 

in  th is  s ec tio n . The same r e s t r ic t io n s  on the data time step were 

a p p lic a b le .

Trombe Wall Model

A Trombe w all passive s o la r  system is  one type o f  in d i r e c t  gain 

system. I t  consists o f  a la rg e  window w ith  a masonry w a ll  fo r  thermal 

storage located  a short d istance behind the window. Vents in  the top 

and bottom o f  the w all a llo w  room a i r  to be heated by natu ra l convection  

over the sun s ide o f  the w a l l .  B ac k -d ra ft  dampers are necessary to pre ­

vent reverse c i r c u la t io n  o f  the a i r  a t  n ig h t .  I f  reverse c irc u la t io n  is  

not prevented, the vents a re ,  in  the absence o f  n ight ( c o l le c t o r )  window 

in s u la t io n ,  a net thermal disadvantage to the system [ 3 ] .
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Figure 2 .6  i l l u s t r a t e s  a Trombe Wall system and the modes o f  heat 

t r a n s fe r  used to develop th is  model. Sun ligh t is  absorbed by the sun 

side surface o f  the w a l l .  This heat is  convected to the a i r  space and 

conducted through the storage w a l l .  Flow o f  a i r  through the vents, con­

vection  from the room s ide surface o f  the storage w all and convection  

from the room's i n t e r i o r  surfaces heat the room a i r .  The room a i r  was 

assumed to  be transparen t to thermal ra d ia t io n  from the storage w a l l ,  

and only r a d ia t iv e  in te ra c t io n s  w ith  the i n t e r i o r  surfaces were con­

s idered .

A heat balance, equating net heat gains to s to rage, was used to 

derive  the d i f f e r e n t i a l  equation describ ing  the thermal response o f  the  

room a i r .  This equation was found to be

huA. ( U b , t )  -  T ) + ( U A ) - J T . ,  -  Tb e w a ilv V us w  'room' ' xvriyI n t x 1 in t  'room)

+ r(mc) room (T am̂  -  Troom) + mcp(T0Ut ~ Tfroom) -  ( mc)y»oom dt
room

( 2 . 21)

The f i r s t  term represents convection from the in t e r io r  surface o f the 

storage w a l l .  The second term accounts fo r  convection from the room's 

i n t e r i o r  s u rfa ce s . The t h i r d  term represents the heat loss to the am­

b ie n t  due to i n f i l t r a t i o n ,  and the fo u rth  term represents heat gain by 

a i r  flow  through the vents. The r ig h t-h an d  side o f  the equation rep re ­

sents thermal storage in  the room a i r .

In th is  model, thermal in te ra c t io n s  between the i n t e r i o r  surfaces  

o f  the room and the re s t  o f  the room were considered to be im portant.
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Figure 2 .6  Trombe Wall System and P r in c ip a l Modes

o f  Heat Transfer
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The e n t i r e  in s id e  surface o f  the room (excluding the storage w a l l )  was 

t re a te d  as one iso th e rm a l, lumped-capacity body. The d i f f e r e n t i a l  equa­

t io n  describ ing  the thermal response o f  the room's i n t e r i o r  surface was 

obtained using a heat balance s im i la r  to th a t  used fo r  the room a i r .

The re s u l ta n t  equation was

dT. .

^ r  + ^ i n t ^ r o o m  ” ^ in t^  + ^ t o t ^ a m b  ” "^inV “ ^mc^ in t  ~ d t  (2 .2 2 )

where Qyi is  the r a d ia t iv e  heat t r a n s fe r  ra te  from the storage w a l l ,  

given by

aW31I ^ ( M )  -  T f n t ) 

r  1 ~ eW a l l  + 1 V ll 1 ~ £ i n t

eW a l l  ^ i n t  e I n t

(2 .2 3 )

The second term in  Equation (2 .2 2 )  represents convection from the i n ­

t e r i o r  surface to the room a i r .  The t h i r d  term represents heat loss (by 

conduction through the w a l ls )  to the ambient. The r ig h t-h an d  side o f  

the equation accounts f o r  thermal storage in  the room's i n t e r i o r  sur­

face . This storage was assumed to be s ig n i f ic a n t .

In order to s im ulate  the to ta l  thermal response o f  the system, the
■

temperature d is t r ib u t io n  in  the storage w a l l ,  as a fu nc tion  o f  t im e, was 

needed. The w all was approximated as a one-dimensional, t r a n s ie n t  heat 

f lo w  problem. The general d i f f e r e n t i a l  equation fo r  th is  type o f  con­

duction problem is
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32T.
I  _ V  a 9 t (2 .24)

The w all a lso  had the i n i t i a l  cond ition

Tw(X 9O) = f ( x ) (2 .2 5 )

and the boundary conditions

x=0 " Qs + ^O^wall^sp ace  " (2 .26)

and

x-b " %  + hbAWanCTw(b-t ’ -  Trool,] -  (2 -27>

The average a i r  space tem perature, Tspace, was found by equating  

the heat d e liv e red  to the room (v ia  the vents) to the sum o f  the con­

vection  from the storage w a ll  to the a i r  space and from the a i r  space 

(through the window) to the ambient. This resu lted  in

2mc Troom + \nn^am bẑ w in  + ho \ a l l Tw ^ s t^
space

2 m c P +  W r Iwin + ^O^wa11

(2. 28)

The vent o u t le t  tem perature , To u t , was found using

^out ~ 2^space ~ ^room' (2 .29)
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The mass flow ra te  o f  a i r  through the ven ts , m, was a lso  needed. 

I t  was found using

The term w ith in  the brackets was developed by Balcomb e t  a I [3 ]  and 

represents the vo lum etric  flow  ra te  per u n it  area o f  g la z in g .  The a i r  

d e n s ity ,  Pa^r > was c a lc u la ted  using the idea l gas law.

Equations (2 .2 1 )  and (2 .2 2 )  were solved using the same method as 

was used f o r  the d i r e c t  gain model. A f i r s t - o r d e r ,  f i n i t e  d if fe re n ce  

approximation was made fo r  each time d e r iv a t iv e ,  and the equations were 

then solved fo r  the new temperatures. This approximation resu lted  in  a 

t ru n ca tio n  e r r o r  on the order o f  At . The e x p l i c i t  expression fo r  the  

room's new i n t e r i o r  surface temperature was found to be

(2 .3 0 )

r

The new room temperature was c a lc u la ted  using

r

room in t ^ in t  + mc^roonJamb

-  (UA)1nt -  r(mc') room

j
(2 .3 2 )
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The d i f f e r e n t i a l  equation describ ing  the storage w all temperature d is ­

t r ib u t io n  (Equation (2 .2 4 ) )  was solved using a f i n i t e  d if fe re n c e  tech­

nique suggested by Carnahan e t  a I [ 1 8 ] .  The wall was d iv ided  in to  n 

lumped-capacity nodes, evenly spaced Ax a p a r t ,  as shown in  Figure 2 .7 .  

Nodes I and n were 4 r  t h ic k ,  and the o ther ( i n t e r i o r )  nodes were a l l  Ax 

th ic k .  A f i r s t - o r d e r  approximation f o r  the time d e r iv a t iv e  and a second 

order approximation fo r  the space d e r iv a t iv e  were s u b s t i tu te d  in to  Equa­

t io n  ( 2 .2 4 ) .  The equation was then solved fo r  the new temperature o f  

each node, re s u l t in g  in

Si = xSi-I + - 2xIS1 + xShi <2-33>

where

X = . (2 .3 4 )
Ax

These equations are only a p p lic a b le  to i n t e r i o r  nodes (2 £  i £  n -1 ) ,  and

3 2
re su lte d  in  a tru n c a t io n  e r r o r  on the order o f  (Ax + At ) .

Two methods were a v a i la b le  to s a t is f y  the boundary conditions o f

the storage w all  (Equations (2 .2 6 )  and ( 2 . 2 7 ) ) .  The f i r s t  o f  these was

3Twto l i n e a r ly  approximate and solve e x p l i c i t l y  fo r  the boundary tem­

pera tu res . This method was not used because i t  ignored the thermal 

storage o f  the boundary nodes. This storage was only h a l f  th a t  o f  each 

i n t e r i o r  node, but was considered to be s ig n i f ic a n t ,  e s p e c ia l ly  fo r  

coarse g r id  spacings.
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node n

Figure 2 .7  Node C onfiguration  fo r  the Storage Wall Solution

The method which was used involved performing a heat balance on 

each boundary node. The balance equated net thermal gains to storage.

A f i r s t - o r d e r  approximation fo r  each time d e r iv a t iv e  was then s u b sti­

tu ted  and the re s u lta n t  equations were solved fo r  the new boundary tem­

peratu res . The re s u l t in g  equation fo r  node I was

The e x p l i c i t  equation fo r  the new temperature o f  node n was found to be

(2 .3 5 )

(2 .3 6 )



35

In  order to  guarantee s t a b i l i t y  o f  the numerical method, l im its  on 

At were needed. They were derived from the e x p l i c i t  Equations (2 .3 1 )  

through ( 2 .3 6 ) ,  using the non-negative condition  c ite d  e a r l i e r .  The 

l im i ta t io n s  on At were thus found to be

(me).
At < in t

(UA)j n t  + UAt o t . • 

(me)
At < room

At < ,

VWll + (UA)i n t  + r (m c)room + k P 

2

(2 .3 7 )

(2 .3 8 )

(2 .3 9 )

At < pcAx
-  2 (h0 + k/Ax) (2 .4 0 )

and At < pcAx
b + k/Ax) ' (2 .4 1 )

Equations (2 .2 3 )  and (2 .2 8 )  -  (2 .4 1 )  were used to  w r i t e  a computer 

code to  s im ulate  the thermal response o f  an in d i r e c t  gain passive s o la r  

system o f  the Trombe w all type. The model is  also a p p l ic a b le  to s o l id  

w all systems (systems w ith  no vents) merely by s e t t in g  equal to zero .  

The model used e s s e n t ia l ly  the same programming lo g ic  as d id  the d ire c t  

gain model (see Figure 2 . 4 ) .  The only d iffe ren ces  in  the lo g ic  were the  

e lim in a t io n  o f  the geometry so lu tio n  and o f  the complex ra d ia t io n  so lu ­

t io n .  Since the ra d ia t iv e  heat t ra n s fe r  f o r  the Trombe w a ll  system is
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given e x p l i c i t l y  by Equation ( 2 . 2 3 ) ,  i t  was reca lcu la te d  each time the 

new system temperatures were c a lc u la te d .  The new storage w a ll  tempera­

tu re  d is t r ib u t io n  was c a lc u la ted  f i r s t ,  then the new a i r  temperature.

The new i n t e r i o r  surface temperature was ca lcu la ted  l a s t .  A l l  o f  these 

c a lc u la t io n s  were based on the old system temperatures. The new a i r  

space and vent o u t le t  temperatures were then c a lc u la te d ,  using the o ther  

new temperatures. This procedure was fo llow ed fo r  each successive time 

step.

The d i r e c t  gain model has t ig h t  r e s t r ic t io n s  on the a llow able  i n ­

te rv a l  between successive data sets (data  time s te p ) .  This is  due to 

holding the r a d ia t iv e  heat t ra n s fe r  ra tes  constant fo r  several succes­

s ive  time steps. This model, however, does not have the same r e s t r i c ­

t io n s ,  because the r a d ia t iv e  heat t r a n s fe r  is  reca lcu la ted  fo r  each 

time step . During the model v a l id a t io n  procedure, the a llow ab le  data 

time step fo r  th is  model was found to be one hour.

Model V a l id a t io n

The d i r e c t  gain and Trombe w all  models were v e r i f i e d  using data 

from passive t e s t  c e l ls  a t  the National Center fo r  Appropria te  Technolo­

gy (NCAT), located  in B u tte , Montana. Data fo r  is o la te d  gain and natura l  

passive systems were not a v a i la b le .  However, since t h e i r  models are  

e s s e n t ia l ly  the same as the d i r e c t  gain model, they may be as accurate  

as the d i r e c t  gain model.
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The d i r e c t  gain model was v a l id a te d  fo r  an e ig h t  day period begin­

ning November 14 and ending November 21, 1978. Figure 2 .8  i l lu s t r a t e s  

the measured and simulated te s t  c e l l  a i r  temperatures. Also shown are  

the ambient temperature and the in s o la t io n .  The te s t  c e l l  a i r  tempera­

tu re  was measured using a shielded thermocouple [1 9 ] located  near the  

center  o f  the t e s t  c e l l .  The in s o la t io n  was the to ta l  in c id e n t  s o la r  

ra d ia t io n  ( f o r  the preceding hour) measured on a v e r t i c a l , south -fac ing  

su rface . The data were obtained from a re p o rt  by Bickle/CM [2 0 ] ,  which 

was submitted to  the So lar Energy Research In s t i t u t e  (SERI) on June 12, 

1979. The re p o rt  contained hourly  NCAT in s o la t io n  and ambient tempera­

tu re  data f o r  fourteen days. Hourly globe temperatures fo r  a d i re c t  

gain and Trombe w a ll  t e s t  c e l l  were a lso  included in  the re p o r t .  The 

globe temperature was an approximation o f  the mean ra d ia n t  temperature  

o f  each system. I t  was measured w ith  a thermocouple in s id e  a t o i l e t  

bowl f l o a t  (s p h e re ) . The f l o a t  was pa inted  black and was suspended in  

the cen ter  o f  the te s t  c e l l  approxim ately 30.5  cm ( I  fo o t )  from the 

c e i l in g .  The d i r e c t  gain te s t  c e l l  a i r  temperatures were obtained from 

Larry  Palmit e r  a t  NCAT. The globe temperature data were not used fo r  

the d i r e c t  gain model v a l id a t io n .  In s tea d , the a i r  temperature was 

used, because o f  the d i f f i c u l t y  o f  c a lc u la t in g  the globe temperature.

The d i f f i c u l t y  arose because o f  the presence o f  d i f fu s e  s u n l ig h t  a t  

every p o in t in  the te s t  c e l l .  The d i f fu s e  s u n lig h t caused the measured 

globe temperatures to  be higher than the temperatures o f  the surfaces in  >
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Figure 2 .8  D ire c t  Gain V a l id a t io n
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the room.

Inspection  o f  Figure 2 .8  shows good agreement between the measured 

and simulated a i r  temperatures. The mean d ev ia t io n  o f  the simulated  

temperature from the measured values was 0 .1 °C (0 .2 °F )  fo r  the e ig h t-day  

period . The roo t mean square (rms) d e v ia t io n  was 1.4°C (2 .6 ° F )  and the  

maximum d e v ia t io n  was 5 . 4°C ( 9 .7 ° F ) .

The Trombe w all system model performance was v e r i f i e d  fo r  a s ix -day  

period beginning November 19, 1978. The simulated globe temperature was 

estimated using a mathematical approximation o f  a sphere w ith  the same 

s ize  and lo c a t io n  as the measuring device in  the te s t  c e l l s .  A sphere 

10.1 cm (4 inches) in  diameter w ith  an e m is s iv ity  o f  0 .95  was lo ca ted  in  

the cen ter  o f  the room, 30.5  cm ( I  fo o t )  from the c e i l in g .  R adiative  

in te ra c t io n s  between the sphere and the storage w all and between the  

sphere and the room's i n t e r i o r  surface were considered. Convection from 

the sphere to  the a i r  was a lso considered. A steady heat balance on the  

sphere was used to  approximate i t s  temperature. Figure 2 .9  shows the  

measured and simulated globe temperatures fo r  the te s t  c e l l .  The ambient 

temperature arid in s o la t io n  are a lso included. The simulated temperature  

shows good agreement w ith  the measured va lues. During the f i r s t  two 

days, the d e v ia t io n  o f  the s im ula tion  re s u lts  from the data is  r e la t i v e ­

ly  la rg e . This is  due to  inaccuracies in  the i n i t i a l  temperatures which 

were used fo r  the s im u la t io n . However, the model e x h ib i ts  the a b i l i t y  . 

to  overcome these i n i t i a l  inaccuracies and becomes more accurate as the



-------Experimental room temperature
------Simulation room temperature

Ambient
Temperature

kw 0.5

11/19 11/20 11/21 11/22 11/23 11/24

80 
70 
60 
50 
40 ° 
30 
20 

1 0  

0

300
200

1 0 0

0

F

B
hr-Ft2

Day

-F*O

Figure 2 .9  Trombe Wall V a l id a t io n



41

the s im u la tion  proceeds. This is  a good property f o r  a model to possess 

because the model is  thus s e l f - c o r r e c t in g .  The mean d e v ia t io n  o f  the 

sim ulated temperature from the measured was - I . I °C ( - 1 .9 °F )  fo r  the 

p erio d . The rms d e v ia t io n  was 2 . Q0C (3 .6 °F )  and the maximum d ev ia t io n  

was 7 .2°C  ( I 3 ° F ) .



CHAPTER I I I

RESULTS

The purpose o f  th is  study was to perform a comparison o f , fo u r  basic  

types o f  passive s o la r  heating  systems. The types compared were d i r e c t  

gain , in d i r e c t  ga in , is o la te d  gain and natura l passive systems. A com­

puter model was developed to  s im ulate  the thermal response o f  each type 

o f  passive system, as described in  Chapter I I .  A Trombe w all  system was 

chosen to represent the in d i r e c t  gain systems, since i t  is  the most com­

mon type o f  passive s o la r  system in  use today. Natural passive systems

were included because i t  was suspected th a t  re lo c a t io n  o f  the normal 

window area present in  a house to the south side o f the b u i ld in g  would 

r e s u l t  in  s ig n i f ic a n t  s o la r  heatin g . A d i r e c t  gain (o r  na tu ra l passive)

system is  i l l u s t r a t e d  in  Figure 2 .1 .  A Trombe w all and a n . is o la te d  gain

system are shown in  Figures 2 .6  and 2 .5 ,  re s p e c t iv e ly .

The fo u r  passive systems were simulated fo r  two s ix -d ay  periods o f  

d i f f e r e n t  c le a r  and cloudy day groupings. Total in s o la t io n  and the am­

b ie n t  temperature v a r ia t io n  were id e n t ic a l  fo r  the two periods. The 

f i r s t  p er io d , case I ,  consisted o f  th ree  c le a r  days fo llow ed by three  

cloudy days. This represented a "worst" case s i tu a t io n ,  where the th e r ­

mal storage o f  each system was required  to  heat i t s  b u i ld in g  fo r  a r e la ­

t i v e l y  long, lo w - in s o la t io n  period . The second grouping, case I I ,  began 

w ith  a c le a r  day which was followed by a l te r n a t in g  cloudy and c le a r  days 

This represented a "best" case s i tu a t io n  where the storage o f  each sys­

tem was allowed one f u l l  c le a r  day to recharge before being c a l le d  upon



43

to  heat i t s  b u ild in g  fo r  the next (c loudy) day. For reasons explained in  

Chapter I I ,  hourly  and sub-hourly  in s o la t io n  and ambient temperature data  

were required  in  order to perform the desired s im u la tions . Since actual 

measured data o f  the desired form were not a v a i la b le  fo r  Bozeman, Montana, 

the requ ired  data were generated such th a t  they represented ty p ic a l  mid^ 

w in te r  conditions in  Bozeman. The ambient temperature data had 8.55°C  

days (h e a t in g )  and 18.3°C nights each day. The to ta l  d a i ly  in s o la t io n  

was required  to be 3.76 kw-hr/m g laz in g  (1195 B t u / f t  ) f o r  c le a r  days 

and 10% o f  th is  on cloudy days. The cloudy day in s o la t io n  was determined 

from experimental da ta . Study o f  in s o la t io n  data from B u tte ,  Montana and. 

Los Alamos, New Mexico revealed th a t  the to t a l  in s o la t io n  on cloudy days 

is  approximately 10-12% o f  th a t  o f  c le a r  days. Appendix E contains the 

equations (and t h e i r  d e r iv a t io n s )  which were used to generate the neces­

sary data from these average cond itions.

Each passive s o la r  system was incorporated in to  a W e l l - in s u la te d  

s in g le  f lo o r  dw e ll ing  w ith  a f lo o r  area o f  139 m (1500 f t  ) .  The house 

was constructed such th a t  the eq u iva len t R -fac to rs  o f  the b u ild in g  com­

ponents were:

Foundation Perimeter

Walls R = 3 .3 5 , (1 9 ) ;

C e i l in g R = 6 .6 9 ,  (3 8 ) ;  and 

R = 0 .3 5 9 , ( 2 .0 4 ) .

\

Windows
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A ll  windows ( in c lu d in g  the c o l le c to r )  were assumed to be covered with  
2 2

R 1.76 ~ ~  ( 10 — - )  in s u la t io n  a t  n igh t because o f  the increase in

thermal e f f ic ie n c y  which passive s o la r  heating systems always e x h ib i t  

w ith  i t s  use [ 1 0 ,1 1 ] .  The i n f i l t r a t i o n  ra te  was taken to  be 1 /2  a i r  

change per hour. The c o l le c to r  a rea , thermal storage and heating load  

were id e n t ic a l  fo r  the formal passive ( d i r e c t ,  in d i r e c t ,  and is o la te d  

gain) systems. This was done so th a t  the systems would be compared un­

der id e n t ic a l  c o n d it io n s . The thermal storage o f the d i r e c t  gain system 

was assumed to be d is t r ib u te d  evenly over the portion  o f  the room re c e iv ­

ing d i r e c t  in s o la t io n  ( i ;e . the f l o o r ,  n o rth ,  west, and east w a l ls ) .

The thermal storage o f  the in d i r e c t  gain system was concentrated in a 

high density  (2 4 0 0 .kg/m3 ) concrete w a ll  40 .6  cm (16 i n . )  th ic k ,  located  

30.5  cm ( I  f t )  from the window. The is o la te d  gain system was assumed to  

be a d i r e c t  gain system 3.05 m (10 f t )  deep by 15.2 m (50 f t )  long a t ­

tached to  the south w a l l  o f  the house. The thermal storage was d i s t r i ­

buted evenly over the c o l le c to r 's  f lo o r  and north w a l l ,  because those 

two surfaces received most o f  the in s o la t io n .  A fan which de livered
O

approximately 0 .236 m /s  (500 cfm) o f  a i r  was used to provide a i r  i n t e r ­

change between the c o l le c to r  and the house.

The natura l passive system was simulated fo r  two d i f f e r e n t  window 

areas. The f i r s t  area was approximately the normal window area present 

in  a house. Al I windows were assumed to  be located on the south w all o f  

the b u i ld in g ,  so a l l  could provide s o la r  heating . The second window
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area was approximately one h a l f  o f  th a t  used in  the formal passive sys­

tems. The thermal storage o f  the natu ra l passive systems was estimated  

by summing the thermal storage o f  a l l  in te rn a l  w a l ls .  They were con- . 

s tru c ted  o f  2" x 4" wooden studs w ith  1 /2" gypsum board on both s ides.

In  a d d i t io n ,  the in s id e  surfaces o f  the ex terna l w a lls  (1 /2 "  gypsum 

board) were assumed to s to re  heat. The thermal storage o f  the b u i ld in g 's  

contents was approximated as equal to  th a t  o f  the house i t s e l f .  This 

estim ate is  probably co nservat ive , since most houses contain several 

la rg e ,  massive app liances , such as a r e f r ig e r a t o r  and a s to v e , . in  add i­

t io n  to  cab in e ts ,  f u r n i t u r e ,  and o ther p roperty . The storage was then 

d is t r ib u te d  evenly over the f l o o r ,  n o rth ,  west, and east w a l ls .  The 

c o l le c to r  window area and thermal storage o f  each simulated system are  

l i s t e d  in  Table 3 .1 .

The temperatures o f  the passive system components were i n i t i a l i z e d  

such th a t  the thermal storage o f  each was nearly  f u l l y  charged before the  

f i r s t  cloudy day was encountered. A l l  components o f the d i r e c t  gain, 

is o la te d  gain and natura l passive systems were i n i t i a l i z e d  a t  18.3°C (65  

° F ) ,  since the time constant o f  t h e i r  storage is  short (one day or less).  

The in d i r e c t  gain system's storage w all temperature d is t r ib u t io n  was 

i n i t i a l i z e d  somewhat h igher because i t s  time constant is  la rg e r  (several  

days). These i n i t i a l  conditions were combined w ith  the physical para­

meters and weather data c i te d  above and used to s im ulate  the passive 

systems (except the is o la te d  gain system) w ith  no a u x i l i a r y  heating .
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Table 3.1 Physical Parameters o f  the Passive S o lar  Systems

System Type

Window 
(C o l le c to r )  

Area m2 
( f t 2 )

Thermal
Storage
kw-hr/°C
(BtuZ0F)

D ire c t  Gain 34.8 6 .85
(375) (13000)

In d i r e c t  Gain 34.8 6 .85
(Trombe W all) (375) (13000)

Is o la te d  Gain 34.8 6 .85
(375) - (13000)

Natural Passive 9.26 2 .74
■ (100) (5200)

r 17.7 2 .74
(190) (5200)

The room a i r  temperature o f  each system was allowed to " f lo a t "  w ith  no 

upper or lower l i m i t s .  The systems were then simulated w ith  a u x i l ia r y  

heating . Whenever the a i r  temperature was ca lcu la ted  as being less than 

15.6°C (SO0F ) ,  i t  was re se t to 15.6°C . A term, equal to the a u x i l ia r y  

heat supp lied , was then added to the a i r  energy balance equation to main­

ta in  the balance. The to ta l  a u x i l i a r y  heat supplied fo r  the te s t  period  

was p r in te d  a t  the end o f  each s im u la tio n . The is o la te d  gain system was 

simulated only w ith  a u x i l i a r y  heating . I f  the c o l le c to r  a i r  temperature  

was higher than the b u i ld in g  a i r  tem perature, the fan c o n tro l l in g  a i r  

flow between the c o l le c to r  and the b u ild in g  was turned on whenever the
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b u ild in g  a i r  temperature dropped below 15 .6°C . I t  was turned o f f  i f  the  

b u ild in g  a i r  temperature rose above 2 1 .1°C (7 0 oF ) » or i f  the c o l le c to r  

a i r  temperature was less th a t  the b u i ld in g  a i r  temperature. The a u x i­

l i a r y  heating was c a lc u la ted  in  the same manner as i t  was f o r  the other  

th ree  systems.

The re s u lts  o f  the d i r e c t  and in d i r e c t  gain s im u la tio n s , w ithout  

a u x i l i a r y  h eat in g , are i l l u s t r a t e d ,  fo r  cases I  and I I ,  in  Figures 3.1 

and 3 .2 ,  r e s p e c t iv e ly .  Also shown are the ambient temperature and inso ­

la t io n  d is t r ib u t io n s  fo r  both cases. The d i r e c t  gain system, as expect­

ed, e x h ib i ts  la rg e r  a i r  temperature f lu c tu a t io n s  fo r  both cases. The 

in d i r e c t  gain system maintains a higher a i r  temperature during the cloudy 

days o f  both cases. For case I I ,  both systems experience a higher f in a l  

a i r  temperature ( a t  the end o f  day 6 ) .  This is  due to the lower peak and 

mean a i r  temperatures which occur, on c le a r  days, in  case I I .  Lower 

temperatures r e s u l t  in  lower heat loss r a te s ,  which in  tu rn  cause the 

storage to lose less heat over the p e r io d , re s u lt in g  in  h igher f in a l  

temperatures. Figures 3 .3  and 3 .4  i l l u s t r a t e  the re s u lts  o f  the natura l  

passive systems ( f o r  both window areas) f o r  cases I  and I I ,  re s p e c t iv e ly .  

Both systems e x h ib i t  la rge  a i r  temperature f lu c tu a t io n s . For both cases, 

the f lu c tu a t io n s  are  la rg e r  than those o f  the d i r e c t  gain system. This 

is  due to the r e l a t i v e l y  small thermal storage o f  the n a tu ra l passive 

systems (see Table 3 . 1 ) .  These systems a lso  experience higher f in a l  a i r  

temperatures f o r  case I  than fo r  case I I .  However, the d i f fe re n c e  in
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Figure 3 .4  Natural Passive A ir  Temperature Without A u x i l ia r y  Heating, Case I I .
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f in a l  temperatures (between the two cases) is  less than th a t  fo r  e i t h e r  

the d i r e c t  o r  in d i r e c t  gain systems. N a tu ra l I y 9 the a i r  temperature is  

g re a te r  fo r  the la r g e r  window area system in both cases. The a i r  tem­

perature  o f  the three  systems ( d i r e c t  g a in ,  in d i r e c t  ga in , and natural  

passive) is  maintained w e ll  above ambient by the s o la r  h ea t in g . None o f  

the systems performs w ell  on cloudy days, showing l i t t l e  or no a i r  tem­

perature  increase due to absorption o f  cloudy day in s o la t io n ,  since lo s ­

ses to  the ambient outweigh these gains.

The re s u lts  o f  the s im ulations o f  the d i r e c t  and in d i r e c t  gain pas­

s ive  s o la r  heating  systems, w ith  a u x i l i a r y  heatin g , are i l lu s t r a t e d  in  

Figures 3 .5  and 3 .6 .  Both systems m aintain  the a i r  temperature a t  or  

above 15.6°C fo r  the f i r s t  th ree  ( c le a r )  days o f  case I . The d ir e c t  gain 

system required  a small amount o f  n ightt im e a u x i l ia r y  heating  fo r  the  

f i r s t  th ree  days because o f  i t s  la rg e r  a i r  temperature f lu c tu a t io n s .  The 

in d i r e c t  gain system maintains the a i r  temperature above 15 .6 °C fo r  the  

th ree  days w ith o u t the a id  o f  a u x i l i a r y  heatin g . The presence o f  a u x i­

l i a r y  heating  is  evidenced by a uniform 15 .6 °C a i r  temperature. Both 

systems drop to a steady a i r  temperature o f  15.6°C a t  about the same 

time e a r ly  in  the fo u rth  day. Beyond th is  t im e , the a i r  temperature is  

maintained by a u x i l i a r y  heating . In case I I  (F igure 3 . 6 ) ,  however, the  

d i r e c t  gain system appears to outperform the in d i r e c t  gain system. Both, 

systems m aintain  the a i r  temperature above 15.6°C fo r  the f i r s t  day, but 

both drop to and remain a t  15.6°C fo r  most o f  the second. During each
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succeeding c le a r  day, the d i r e c t  gain system a t ta in s  about the same peak 

tem perature, and the system supplies a l l  the requ ired  heating  fo r  about 

1 /2  o f  each c le a r  day. The in d i r e c t  gain system, on the o ther hand,
■i

provides a l l  the requ ired  heating only fo r  sh o rte r  periods each succeed­

ing c le a r  day. The d if fe re n c e  in  the performance o f  the. two systems is  

due to  the d if fe re n c e  in  storage surface area . The d i r e c t  gain system 

has a much la r g e r  storage surface a re a ,  which enables i t  to  respond, 

q u ic k ly  to  absorbed in s o la t io n .

Figures 3 .7  and 3 .8  i l lu s t r a t e ,  the  re s u lts  o f  the t e s t  case sim ula­

tions  o f  the natu ra l passive systems w ith  a u x i l ia r y  h ea t in g . The systems 

perform in  much the same manner as the d i r e c t  gain system. Both systems 

e x h ib i t  a i r  temperatures in  excess o f  15.6°C during the sunny portion  o f  

each c le a r  day, in d ic a t in g  th a t  s o la r  gain is  provid ing a l l  the necessary 

heat fo r  th a t  portion  o f  the day. In  both cases I  and IT ,  the height and 

length o f  the temperature peaks are ( f o r  each system) id e n t ic a l  fo r  each 

c le a r  day a f t e r  day I .  This is  because the storage o f  each system has a 

r e la t i v e l y  short time constant and thus reacts  ra p id ly  to absorption o f  

s o la r  ra d ia t io n .

Figures 3 .9  and 3.10 i l l u s t r a t e  the hourly  average b u ild in g  a i r  

temperature o f  the is o la te d  gain system fo r  cases I  and IT ,  respec tive ly .  

Due to the ac t io n  o f  the fa n ,  which was turned on and o f f  several times 

per hour, the b u i ld in g  a i r  temperature var ied  continuously between 

1 5 .6 QC and 2 1 .1°C . The f lu c tu a t io n  was g re a tes t when the c o l le c to r  a i r  .
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temperature was much g re a te r  than the minimum temperature needed to heat
i

the b u i ld in g .  Whenever the c o l le c to r  a i r  temperature f e l l  to  a leve l  

which allowed the fan to  run continuous ly , an abrupt r is e  in  the average 

b u ild in g  a i r  temperature occurred. This s i tu a t io n  caused the unexpected 

r is e  in  b u i ld in g  a i r  temperature e a r ly  in  day 3 o f  case I .  This phenom­

enon a lso  caused the odd shapes o f  the temperature r ise s  on day I o f  

case I  and on days I and 3 o f  case I I .  The is o la te d  gain system demon­

s tra te s  good s o la r  heating  c a p a b i l i t ie s  by m aintain ing the b u ild in g  a i r  

temperature above 15 .6 °C , w ithout the a id  o f  a u x i l ia r y  h ea t in g , w ell in to  

the cloudy days o f  both cases.

In order to compare the performances o f  the simulated passive s o la r  

heating  systems, some d e f in i t io n  o f  system e ffec t ive n e ss  is  necessary.

The most common measure o f  system e ffe c t ive n e ss  is  the s o la r  f r a c t io n .

I t  is  de fined as the f r a c t io n  o f  the b u i ld in g 's  heating load which is  

supplied by s o la r  h ea t in g . The heating  load was c a lc u la ted  fo r  each 

system, using standard ASHRAE techniques [ 1 7 ] ,  as the energy needed to  

m aintain the b u ild in g  a i r  temperature (above ambient) a t  15.6°C (60°F)  

fo r  the s ix -d ay  p e r io d ,  w ith o u t s o la r  h eat in g . During the s im u la t io n s , . 

the b u i ld in g  a i r  was heated only by heat from the thermal s to rage, the  

a u x i l i a r y  heat source and s o la r  r a d ia t io n .  The heat supplied  by s o la r  

ra d ia t io n  was thus defined as

[s o la r  h e a t in g ]  = [h ea tin g  load ] + [n e t  change in  thermal s torage]

-  [ a u x i l i a r y  h e a t in g ] .
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The net change in  thermal storage was c a lc u la ted  from the i n i t i a l  and 

f i n a l  s torage tem peratures . I f  the f in a l  storage temperature fo r  a sys­

tem was less than the i n i t i a l  tem perature, the net change in  thermal 

storage was n egative . The s o la r  f r a c t io n  was then defined as the s o la r  

heating  d iv ided  by the heating load. Table 3 .2  l i s t s  the heating  load ,  

to ta l  a u x i l i a r y  heat supp lied , net change in  thermal storage and the 

s o la r  f r a c t io n  o f  each simulated system, fo r  both te s t  cases.

As expected, the formal passive s o la r  systems achieved higher s o la r  

f ra c t io n s  f o r  the "best" case (case I I )  than fo r  case I . However, the 

d if fe re n c e  between the two cases is  much sm aller  than was a n t ic ip a te d  

(on ly  a few p e rc e n t ) . This was probably due to the i n i t i a l  system tem­

peratures and/or the length o f  the t e s t  periods. Inspection  o f  Table 

3 .2  reveals  th a t  each system e x h ib i ts  a d i f f e r e n t  magnitude o f  p e r fo r ­

mance change between the two te s t  cases. Each natura l passive system 

performs v i r t u a l l y  the same fo r  cases I  and I I .  The is o la te d  gain sys­

tem, however, e x h ib i ts  the la rg e s t  d if fe re n c e  in  performance, w h ile  the  

d i r e c t  and in d i r e c t  gain system performances d i f f e r  some, but not as 

much as those o f  the is o la te d  gain system. The magnitudes o f  the d i f ­

ferences seem to  be d i r e c t l y  re la te d  to  the leve l o f  heat d e l iv e ry  con­

t r o l  present in  the system. The natura l passive system w ith  the la rg e r  

c o l le c to r  window area produced a s ig n i f ic a n t l y  la rg e r  s o la r  f ra c t io n  

than d id  the one w ith  the sm aller  window area . This r e s u l t  was expected, 

but inspection  o f  the re s u lts  fo r  these two systems in d ica te s  th a t



Table 3 .2  A u x i l ia r y  Heating and S o lar  Fractions fo r  the Test Case Simulations

Case I Case I I

System

H e a t ing 
Load 
kw-hr 

( IO 6Btu)

A u x i l ia r y
Heating

kW'-hr
( IO 5Btu)

Net Change 
in  Storage  

kw-hr 
( IO 5Btu)

Solar
Fract ion

%

A u x i l ia r y
Heating

kw-hr
( IO 5Btu)

Net Change 
in  Storage  

kw-hr 
( IO 5Btu)

Solar
Fraction

%

D ire c t  Gain 562
(1 .9 2 )

171
(5 .8 5 )

-19
( - 0 .6 5 )

66.1 166
. (5 .6 8 )

-19
( - 0 .6 5 )

67 .0

In d i r e c t  Gain 562
(1 .9 2 )

96
. ( 3 . 2 7 )

-112
( - 3 .8 2 )

63.1 114
(3 .9 0 )

-82
( - 2 .8 1 )

65.1

Is o la te d  Gain 565
(1 .9 3 )

166
(5 .6 8 )

-19
( - 0 .6 5 )

67.2 168
(5 .7 5 )

+19
(+ 0 .65 )

73.6

Natural Passive

9.3m2 486
(1 .6 6 )

316
(1 0 .8 )

-23
( - 0 .7 8 )

30.2 316
(1 0 .8 )

-23
( - 0 .7 8 )

30.2

17.7m2 512 269 -23 43 .0 269 -23 43.1
(1 ,7 5 ) (9 .1 9 ) ( - 0 .7 8 ) (9 .1 8 )  . ( - 0 .7 8 )
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doubling the c o l le c to r ,  area does not double the s o la r  f r a c t io n .  This i s .

in p a r t  due to the increase in  heat loss which always accompanies in -
-

creased window area .

For both t e s t  cases, the d i r e c t  gain system outperformed the i n ­

d i r e c t  gain ( Trombe w a l l )  system. This is  consistent w ith  the resu lts  

o f  Wray and Balcomb [1 2 ]  f o r  storage mass to window area ra t io s  in ex­

cess o f  830 kg/m2 (170 l b / f t 2 ) .  The r a t io  fo r  the formal passive s o la r
p p

heating  systems used in  th is  study was 976 kg/m (200 l b / f t  ) .



CHAPTER IV

CONCLUSIONS

The re s u lts  o f  th is  study in d ic a te  th a t  passive s o la r  heating sys­

tems are good means o f  space heatin g . With adequate c o l le c to r  area and 

thermal storage a passive system may heat a home fo r  a f a i r l y  long cloudy 

period (one f u l l  day or lo n g e r ) ;  however, some source o f  make-up heat is  

often  needed to m ainta in  human comfort le v e ls  during these cloudy 

periods, e s p e c ia l ly  in cold c lim ates . For the conditions o f  th is  study, 

the d i r e c t  gain system is  a b e t te r  choice fo r  space heating  than is  the 

Trombe w a ll  system. However, th is  does not mean th a t  a d i r e c t  gain sys­

tem is  a b e t te r  choice than an in d i r e c t  gain system, s ince w ater w all  

systems c o n s is te n t ly  out-perform  Trombe w all  systems [ 1 0 ] ,  and may per­

form b e t te r  than d i r e c t  gain systems. Is o la te d  gain systems, which are  

r e t r o f i t t a b l e ,  e x h ib i t  the p o te n t ia l  to provide space heating  comparable 

to d i r e c t  and in d i r e c t  gain systems w ith  the same c o l le c to r  area and 

thermal s torage.

Although formal passive s o la r  heating  systems may e a s i ly  provide 

more than 50% o f  the space heating requirements o f  a dw e ll ing  under 

average m id -w in te r  conditions in  Bozeman, Montana, mere re lo c a t io n  o f  

the  normal window area present in  a house onto the south w a ll  o f  the 

b u ild in g  re s u lts  in  s u b stan t ia l  s o la r  h eat in g . This re lo c a t io n  would be 

d i f f i c u l t  and expensive fo r  houses which have a lready been b u i l t ,  but 

would cost l i t t l e  or nothing a t  the o r ig in a l  construction l e v e l .  N ight  

c o l le c to r  window in s u la t io n  is  d es irab le  fo r  use w ith  a l l  types o f
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passive s o la r  heating  systems because o f  the increase in  thermal e f f i ­

ciency which always accompanies i t s  use.

The performance o f  a l l  passive s o la r  systems seems to be dependent 

on the d is t r ib u t io n  o f  the in c id e n t s o la r  ra d ia t io n  ( in s o la t io n )  over 

the  period in  question . The performance o f  passive systems appears to 

be best when the in s o la t io n  is  spread evenly over the p e r io d , such as 

when c le a r  and cloudy days a l t e r n a te .  A decrease from th is  performance 

is  e x h ib ite d  by passive s o la r  systems when the in s o la t io n  is  more con­

c e n tra te d ,  such as when c le a r  and cloudy days occur in  groups o f  three  

each. The magnitude o f  th is  decrease is  dependent on the type o f  system 

considered. Natural passive systems, which e x h ib i t  la rg e  a i r  tempera­

tu re  f lu c tu a t io n s  when a u x i l i a r y  heat is  not supp lied , experience a 

n e g l ig ib le  decrease in  performance from one d is t r ib u t io n  to the other.

On the o th er hand, is o la te d  gain systems, which contro l heat d e l iv e ry  to  

the b u i ld in g  a i r  b e t te r  than the o ther types o f  passive systems s tud ied ,  

e x h ib i t  the g re a tes t decrease in performance when c le a r  and cloudy days 

occur in  groups o f  th re e ,  ra th e r  than a l t e r n a t in g .  This seems to show a 

d i r e c t  re la t io n s h ip  between the degree o f  heat d e l iv e ry  con tro l inherent  

in  the system and the magnitude o f  the decrease in  system performance 

(from one in s o la t io n  d is t r ib u t io n  to the o th e r ) .  This trend  is  also  

e xh ib ite d  by d i r e c t  and in d i r e c t  gain systems, and only ap p lies  to sys­

tems w ith  equal c o l le c to r  area and thermal storage.
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APPENDIX A

SELECTION CRITERIA FOR LOCATION OF PROJECTED POINTS

Development o f  the d i r e c t  gain model required  a s e t  o f  s e le c t io n  

c r i t e r i a  to determine the lo c a t io n  o f .p ro je c te d  window corner p a in ts .  

Table 2.1 l i s t s  the equations which were used to determine the coord i­

nates o f  each p ro jec ted  p o in t .  However, these coordinate equations ^ re  

dependent on where w i th in  the room the p ro jec ted  p o in t f a l l s .  The equa­

tio n s  are d i f f e r e n t  fo r  each surface ( f l o o r ,  north w a l l ,  west w a l l ,  and 

eas t w a l l )  upon which the p o in t may f a l l .  , The procedure which was used 

to  determine the proper s e t  o f  equations to  use was as fo l lo w s :

F i r s t ,  the p o in t was checked to see i f  i t  f e l l  on the f lo o r .  I f  

th is  was t r u e ,  then the in s o la t io n  d ire c t io n  met

C^boty £  W,

Ctj -  Wtany £  0 ,

and one o f  e i t h e r

Cfa + C^tanycota £  O 

or
'

Cg -  (L -  Ca H anycota  £ 0 .

I f  these c r i t e r i a  were not met, then the north w all was checked, 

p o in t f e l l  on the north w a l l ,  the fo l lo w in g  conditions were met:

(A .3 j

(A. 4 )  

I f  the

(A. I )  

(A .2 )
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and one o f  e i t h e r

( I  -  Ca ) cota > W (A .6)

or

-CaCOta ^  W. (A .7)

I f  these c r i t e r i a  were a lso  not met, the west w all  was te s te d . The p o in t  

f e l l  on the west w a ll  i f  the in s o la t io n  d ire c t io n  s a t is f ie d

-C_cota < 0 ,a — (A .8 )

+ C^cotytana > I , (A .9 )

(L -  Ca )tanycota  _> 0 , (A. 1.0)

(L -  Cg ) cota £  W. (A .11)

I f  none o f  the preceding sets o f  c r i t e r i a  were met, then the projected  

p o in t f e l l  on the east w a l l .  However, in  order to d e te c t  any erro rs  in  

th is  method, the east w a ll  was also te s te d .  I f  the p o in t was found not 

to f a l l  on any o f  the fo u r  a llow able  surfaces , an e r ro r  message was 

p r in te d .  This e r r o r  message remained in  the model throughout i t s  deve l­

opment and use and was never encountered during any run. The projected  

p o in t f e l l  on the east w all  i f  the fo l lo w in g  conditions were met:

(L -  Cg ) cota £  0 , (A .12)
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and

Cb + Cgtanycota >_ 0 ,

-C^cota < W.a —

(A .13) 

(A .14)

These c r i t e r i a  were derived using physical reasoning combined w ith  the 

inheren t physical l im i ta t io n s  o f  the d i r e c t  gain system.



APPENDIX B

DETERMINATION OF THE SUNLIT AREA CONFIGURATION .

The d i r e c t  gain model contains a subroutine which generates equiva­

le n t  rectangles  fo r  each s u n l i t  area in  the room (see Chapter I I ) .  there  

are 19 possib le  co n figura tions  th a t  the s u n l i t  areas could assume. Table  

B .I  l i s t s  the locations  o f  the pro jected  window corner points (Ap, Bpl 

C , and D ) f o r  each possib le  c o n f ig u ra t io n .  Each o f  these cases has i t s
H r

own se t o f  equations fo r  the c a lc u la t io n  o f  the s izes  and locations  o f  

the e q u iva len t  re c tan g le s . Each o f  the sets was incorporated in to  the  

subroutine as an in d iv id u a l  s ec t io n , n ecess ita t in g  some means o f  d e te r ­

mining which section  to  execute fo r  any in s o la t io n  d i r e c t io n .  The pro­

gramming lo g ic  which was used to accomplish the s e le c t io n  proceeded as 

fo llo w s:

A v a r ia b le  was used to in d ic a te  on which surface ( f lo o r ,  north  

w a l l ,  west w a l l ,  or east w a l l )  each pro jected  window corner po int  

f e l l .  These v a r ia b les  were then used to d i r e c t  program execution  

to the proper s e c t io n  ̂ Since th is  model was w r i t te n  in  Fortran IV 

programming language, computed GO TO statements were used. This 

type o f  statement t ra n s fe rs  contro l o f  the program to  d i f f e r e n t  

lo c a t io n s ,  depending on the value o f  a v a r ia b le  ( i . e .  the a fo re ­

mentioned v a r ia b le s ) .  Execution o f  the subroutine was tra n s fe rre d  

through a se t o f  17 computed GO TO statements. The f i r s t  statement 

t ra n s fe rre d  contro l to various o ther GO TO statements as a function

o f  the lo c a t io n  o f  Brs. These statem ents, in  tu rn ,  tra n s fe rre d
P
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Table B .l  Possible Configurations o f  the S u n l i t  Areas

C onfiguration
Location o f

AP BP S : ■ dp

. I f lo o r f lo o r f lo o r f lo o r  ;

2 f lo o r  . f lo o r west w all f lo o r

3 f lo o r f lo o r West w all west wall
••' \

4 north w all north w all north w a ll  •. north w all

5. f lo o r north w all north w all f lo o r

6 f lo o r north w all west wall f lo o r

7 f lo o r north w all west w all west w all

8 north w all north w a l I west w a l I west wall

9 f lo o r west w a ll west w a l l f lo o r

10 f l  oor west w all west w all west w all

Tl west w a ll west w a ll west w all west wall

12 f lo o r east w all north wall f lo o r

13 east w all east w all north w a ll  . f lo o r

14 east w all east w a l l north wall north wall

15 • f lo o r east w all f lo o r f lo o r

16 east w all east w a ll f lo o r f lo o r

17 f lo o r east w all east w a l I • - f lo o r

18 east w all east w all east wall . f l  otir

19 east w all
.

east w all east wall
. .

east wall
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contro l as a fu nc tion  o f  another pro jected  p o in t .  This procedure 

was repeated u n t i l  the proper case was reached. For example, i f  

Bp f e l l  on the f lo o r  (Ap must a lso  f a l l  on the f l o o r ) , the next 

statement checked the lo c a t io n  o f  Cp , and the fo l lo w in g  statements

checked the lo c a t io n  o f  D^.
P

As a check on th is  method, the subroutine contained an e r ro r  mes­

sage which was p r in te d  i f  the s u n l i t  area co n fig u ra tio n  d id not match 

one o f  the 19 a llow able  ones. The e r ro r  message was never encountered 

during any run, in d ic a t in g  th a t  a l l  o f  the possible con figura tions  are  

contained in  Table B . l . The p o s s ib i l i t i e s  were derived using physical 

reasoning and the inheren t physical l im i ta t io n s  o f  the system.



APPENDIX C

DIFFERENTIAL ELEMENT VIEW FACTORS

The method which was used in  the d i r e c t  gain model to c a lc u la te  the

d if fu s e  ra d ia t io n  view fa c to rs  necessita ted  expressions f o r  view fac tors  

from d i f f e r e n t i a l  elements to p lanar surfaces . Equations were needed 

f o r  two c o n fig u ra t io n s ,  perpendicu lar surfaces and p a r a l le l  surfaces.

The equations were derived from expressions obtained from Seigel and. 

Howell [ 2 1 ] .

Figure 3.1 i l l u s t r a t e s  a d i f f e r e n t i a l  element, dA^, which is  perpen­

d ic u la r  to surface Ag. The element l i e s  in  a plane which in te rse c ts  Ag , 

along i t s  bottom edge. ,Using the nomenclature given in the f ig u r e ,  the  

view fa c to r  from dA-j to Ag, F^  ̂ g, is  given by

Figure C.2 i l l u s t r a t e s  a d i f f e r e n t i a l  element which l i e s  in  a plane 

p a r a l le l  to surface Ag. The expression f o r  F ^ ^ g  was found by summing 

the view fa c to rs  from the element to each section o f  Ag (a ,  b , ; c , and d). 

The terms were then regrouped, re s u l t in g  in

f

( C . l )



74

I
d l - 2  2 tts

7= = = =  ( ta n " 1V T  +(x/s)2 v

m  ( tan" 1

,  y /s  + tan "1 , ( " - .W A  )
V l  +(x/s)2 V l  +(x/s)2 •

w - y /s

V l  + ( ^ ) 2 Vl  + ( ^ ) 2
+ tan -I (h-,y)/s) /s  )  

zX \2  /

V i  + ( y / s ) 2
 ̂ ta n " 1 Ji/s_ + tan

V i 4 ^ ) 2

- I  (w -x ) /s  j  +

V i  + ( y / s ) 2 V i  + ( y / s ) 2

f t #  ( a )
(C .2 )

Equations ( C . l ) and (C .2 )  were used in  conjunction w ith  Equation 

( 2 .2 )  to c a lc u la te  the d i f fu s e  ra d ia t io n  view fa c to r  fo r  each p a ir  o f  

heat t ra n s fe r  surfaces w ith in  the d i r e c t  gain system.
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Figure C .l D i f f e r e n t ia l  Element fo r  Perpendicular Surfaces
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Figure C.2 D i f f e r e n t i a l  Element fo r  P a ra l le l  Surfaces



APPENDIX D

NUMERICAL DOUBLE INTEGRATION

In order to c a lc u la te  the d i f fu s e  ra d ia t io n  view fa c to r  fo r  each 

p a ir  o f  heat t r a n s fe r  surfaces w ith in  the d i r e c t  gain model, as presen­

ted in  Chapter I I ,  a method fo r  performing numerical double in te g ra t io n  

was needed. Such methods appear in  many numerical methods te x ts .  The 

method which was used is  very s im i la r  t o ,  but v/as developed independent­

ly  from, th a t  presented by Gerald [2 2 ] .  The technique which follows is  

a p p lic a b le  to  any numerical in te g ra t io n  method. Simpson's method was 

used f o r  th is  development because i t  is  the most commonly used numerical 

in te g ra t io n  method.

Suppose the in t e g r a l ,  I ,  o f  the fu n c tio n  F (x ,y )  is  d es ired , defined  

as

( D . l )

This equation may be re w r i t te n  as

(D .2 )

where

I
,xn

G(y) = (D .3 )
x,0

F (x ,y )d x .
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Using a Simpson's ru le  in te g r a t io n .  Equation (D .2 ) may be approximated 

as

I = [G(y0 ) + 4G(y1) . +  2G(y2 ) + 4G(y3) + 2G(y^) + . . .

+ 4G(y m „ 3 ) * 2 6 ( y m„2 ) 4 46 ( y m „ , ) + G(ym) ]  (D .4 )

where

f*n
G(Y1) = J  F (x ,y 1 )dx . (D .5 )

xO

However, G(Yi ) may a lso  be approximated, using Simpson's r u le ,  as

G(Yi ) = [F(XQ1Yi ) + 4F (x i ,Y i ) + 2F (x2 ,Yi ) + . . .

+ 2F(x^_2 ,y i ) + 4F(xn_-|,Yi ) + F(XfilYi ) ] .  (D .6 )

Numerical double in te g ra t io n  may thus be performed by using Equa­

t io n  ( D .4 ) ,  w ith  each term determined from Equation (D .6 ) .



APPENDIX E

INSOLATION AND AMBIENT TEMPERATURE DATA GENERATION

As expla ined in  Chapter I I ,  the various passive s o la r  system models 

used to perform th is  study could only be run w ith  hourly  or sub-hourly  

in s o la t io n  and ambient temperature da ta . Actual measured hourly  in s o la ­

t io n  data were not a v a i la b le  fo r  Bozeman, Montana. They are  a v a i la b le  

fo r  Great F a l ls ,  Montana, but the e x tra p o la t io n  o f  th is  data to Bozeman 

could r e s u l t  in  la rg e  e r r o r s ,  due to s ig n i f ic a n t  e le v a t io n  and c lim atic  

d if fe re n c e s  between the two lo c a t io n s . Average d a i ly  in s o la t io n  values,  

however, are a v a i la b le  fo r  Bozeman. The necessary sub-hourly  in s o la t io n  

data were generated such th a t  they s a t is f ie d  the average conditions.

The in s o la t io n  was assumed to  be d is t r ib u te d  throughout the day in  a 

s inusoida l form, as shown in  Figure E . l .  The general equation fo r  the  

in s o la t io n  d is t r ib u t io n ,  qs , o f  th is  form is  ( f o r  d a y l ig h t  hours)

QaveI 1 " c° s
2rr(t-SR)

)• ( E . l )

The to t a l  in s o la t io n  f o r  the day, Hg , is  given by

Hs (E .2 )

Equation ( E . l )  was su b s t itu te d  in to  ( E . 2 ) , the in te g ra t io n  was performed 

and qave was found to  be

qave - H -
(E .3 )
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12 - so lar time  
(hours)

Figure E . l  The Assumed In s o la t io n  D is tr ib u t io n  

The necessary sub-hourly  in s o la t io n  data were thus generated using

qS '  If0 -  c °s2l,( q' SR) ) ;  SR < t  < SS

= 0 a t  n ig h t.  (E .4 )

The day le n g th , DL, was c a lc u la ted  using re la t io n s  obtained from D u ff ie  

and Beckman [1 4 ] .  I t  is  a function  only o f  the day o f  the year and o f  

the la t i t u d e  o f  the te s t  lo c a t io n .

Hourly ambient temperature data are a v a i la b le  fo r  Bozeman, as they 

are fo r  any U.S. Weather Service recording s ta t io n .  These data were not 

used d i r e c t l y ,  because a s p e c i f ic  number o f  heating degree days and 

nights were desired fo r  the te s t  case ambient temperature d is t r ib u t io n .
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Heating degree days, DD, are defined as

DD = heating degree days ( f o r  one day)

<Tr e f  '  W dt (E .5 )

where Tr e f  = re ference temperature = 1 8 .3°C (6 5 ° F ) .

Degree n ig h ts ,  DN, are defined the same, except th a t  the in te g ra t io n  is  

performed only fo r  n ightt im e ambient tem peratures. The hourly  ambient 

temperature data which were a v a i la b le  were used to determine the average 

to t a l  monthly heating degree days and n ights fo r  Bozeman (from 1968 to 

1977). These values are l i s t e d  in Table E . l .  The sum o f  degree days 

and nights equals conventional degree days, DDcony.

The sim ulations which were performed fo r  th is  study used f ic t ic io u s  

(h y p o th e t ic a l)  ambient temperature data . The temperature d is t r ib u t io n  

was assumed to be s inusoida l in form, as shown in  Figure E .2 .  The 

general equation fo r  th is  d is t r ib u t io n  is

The d is t r ib u t io n  was a lso  constrained to have a number o f  heating degree 

days and nights equal to the d a i ly  average fo r  January in  Bozeman, as 

determined from Table E . l .  Degree days are defined by Equation (E .5 ) .

mean (E .6 )
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O 12 24 so lar  time

Figure E.2 The Assumed Ambient Temperature D is t r ib u t io n

Conventional degree days are defined as

24

DDc o n v  = DD +  DN I <Tr e f  * Tamb>d t - (E .7 )

Equation (E .6 )  was su b s t itu te d  in to  (E .5 )  and the in te g ra t io n  was per­

formed, re s u l t in g  in

D0 = Tr=f &  + Tmean<? s i" W ' #  '  T-  % ^max Ti 24 • (E .8 )

Equations (E .6 )  and (E .8 )  were then s u b st itu te d  in to  (E .7 )  and the i n t e ­

g ra tion  was performed, re s u lt in g  in

°N  = T r e f O Bk) + T [—
24' meanL24 i ]  +

Tmax T s1n W (E .9 )



Table E . I  Degree Dav/Niqht Averages fo r  Bozeman. Montana ClQRR

Month Degree Days °C Degree Nights °C

January 265 567

February 228 413

March 250 361

A p ri l ' 190 230

May 127 141

June 66 79

July 31 46 .

August 32 57

September 78 ' 147

October 134 277

November 173 405

December 235 522

977)

Equations (E .8 )  and (E .9 )  were solved simultaneously fo r  T and T ,
IIIGdi I IlldA

re s u lt in g  in

Tmean = Tref '  <DD + DN> (E.10)

and

max s in  #

T UL , / -r
r e f  24 v r e f - D D -

-  DD

dnĤ 1n̂ Ok)
24; ( E . n )

The necessary sub-hourly  ambient temperature data were then generated
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using Equation ( E . 6 ) , w ith  T and T determined from Equations
IU tS c lii I l iQ A

(E .10 )  and (E .T 1 ) .  The data then had the required number o f  heating  

degree days and n ig h ts .
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