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PROJECT IDENTIFICATION 

Th i s  r e p o r t  documents a p o r t i o n  o f  t he  work accomplished under DOE 

c o n t r a c t  number EM-78-C-01-5221, Development o f  Passive So la r  Calcu- 

l a t i o n  Methods. It i s  t he  f i n a l  r e p o r t  and encompasses the  p e r i o d  

f rom October 15, 1978 through June 15, 1979. Resu l ts  w i t h i n  each o f  

t h e  f o l l o w i n g  tasks  a re  discussed (see Statement o f  Work - Appendix H.2): 

1. TASK 1 - Eva lua t i on  o f  E x i s t i n g  Ana lys is  Techniques 

2. TASK 2 - BLAST/DOE-1 Program I n t e r f a c e  and Comparison 
w i t h  BR-202 

3 .  TASK 3 - Development o f  A n a l y t i c  Re la t ionsh ips  Between 
the Thermal Balance and Weight ing Fac to r  
Techniques 

4. TASK 4 - Development and Eva lua t i on  o f  A1 t e r n a t i v e  
Ana lys is  Techniques 

5. TASK5 - M u l t i p l e T h e r m a l  Zone Ana lys is  
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A. INTRODUCTION 

With in the immediate fu ture ,  Passive Solar design techniques w i l l  become 

an important p a r t  o f  the a r ch i t ec tu ra l  community's resources. The c r i t i -  

ca l  nature o f  f o s s i l  f ue l  suppl ies and the uncerta in effects o f  present 

day nuclear technology make i t  imperat ive t ha t  a l t e rna t i ve  energy sources 

be explored. However, p r i o r  t o  Passive Solar design methods becoming 

commonplace, as w i t h  any new development ce r t a i n  i n i t i a l  steps must be 

taken t o  i s o l a t e  those fac to rs  which d i r e c t l y  inf luence the feasi b i  1 i t y  

o f  such methods. This r epo r t  documents a por t i on  o f  the cu r ren t  work 

being done i n  Passive research and development under Department o f  Energy 

Contract number EM-78-01 -5221 , Devel opment o f  Passive Solar Ca lcu la t ion  

Methods. 

The Statement o f  Work f o r  t h i s  con t rac t  i s  l i s t e d  i n  the Appendix. F ive  

s p e c i f i c  tasks were i d e n t i f i e d  as p a r t  o f  the study as fo l lows:  

1. Evaluat ion o f  Ex i s t i ng  Analysis Techniques 

2. BLASTIDOE-1 Program In te r face  and Comparison w i t h  BR-202 

3. Development o f  Ana ly t i c  Re1 a t ionsh i  ps Between the  Thermal 
Balance and Weighting Factor Techniques 

4. Development and Evaluat ion o f  A l  t e rna t i ve  Analysis Tech- 
n i  ques 

5 .  M u l t i p l e  Thermal Zone Analysis 

This repor t  documents a cont inuat ion o f  the e f f o r t  de ta i l ed  i n  reference 1 

and represents the f i n a l  r e p o r t  o f  the  aforementioned DOE cont rac t .  Spec)i- 

f i c  discussions r e l a t i n g  t o  each b f  the tasks above are contained he r i i n ;  

however, the r e s u l t s  repor ted are  p r i m a r i l y  concerned w i t h  Tasks 1 ,  4 and 

5. The resu l t s  of Tasks 2 and 3 are f u l l y  documented i n  Reference (1). 

Section B presents an a n a l y t i c a l  treatment r e l a t ed  t o  the generat ion o f  

space spec i f i c  weight ing f ac to r s  using a recurs ion re1 a t ionsh ip  which 

employs a heat balance o f  both the outs ide and i ns i de  surface. A f t e r  which 

the mult izone problem i s  discussed, the analysis o f  which i s  f a c i l i t a t e d  

through the use o f  the ca lcu la ted weighting fac tors .  



To simp1 i fy  the treatment of a parametric study contained in Section D ,  
Section C de ta i l s  the use of frequency domain methods such that  the 
amplitude r a t io  and phase s h i f t  characteristics for  a sinusoidal excita- 
tion are derived for  the thermal load resulting from radiation heat gain/ 
loss and space a i r  temperature fluctuations. 

As stated above, Section D ,  presents the results of a parametric study 
related to  variable f loor  properties, radiation distributions and space 
sizes.  The weighting factors generated for  each perturbation, which are  
l i s ted  within the Appendix, were used to  define the expected differences 
i n  space response characteristics.  

Reference 1 describes various methods available for  use in calculating 
thermal loads and a specific comparison was made of two techniques: 
weighting factor and thermal balance. Section E of t h i s  report describes 
additional studies made using these methods without the program peculiar 
aspects inherent in the f i r s t  comparison. 

The Appendix,in addition to  containing the tabulated resul ts  of the para- 
metric study,also includes a specific discussion for  each of the tasks 
outlined w i t h i n  the statement of work. 



0 .  ANALYTICAL DEVELOPMENT OF SPACE SPECIFIC WEIGHTING FACTORS 
FOR MULTIPLE ZONES 

Reference 1 presented an analytical treatment describing the derivation of 
space specific weighting factors using a recursion technique. The method 
employed used the load response to  a unit radiation and/or space a i r  tem- 
perature pulse to  define the weighting factors through a convolution scheme 
which was also developed i n  Reference 1 .  The outside surface temperature 
was assumed t o  be zero thus eliminating the need for a heat balance solution 
a t  the external surface. While t h i s  procedure i s  valid for  internal ly  
generated excitation pulses, i t s  use i s  1 imi ted i n  that  responses to  exci - 
tations ar is ing from outside sources can not be ascertained. 

This section of the report documents an extension t o  the basic method which 
allows for  temperature variations on both inside and outside surfaces. A 

recursion relationship similar to  what was previously developed i s  shown to  
be valid for  t h i s  more general case. 

The internal surface heat balance equation can be written as follows: 

I t  i s  noted tha t  the radiation coupling between the surfaces has been 
1 inearized and the radiation related physical constants have been 
absorbed into the shape factors between surfaces i  and m ,  G i , m .  In 

th i s  equation, the superscripts,  I and 0, refer  to  the inside and out- 
side surfaces; the arguments of the various terms refer  to  time; and: 



Ai = area o f  sur face i 

h i  = i n s i d e  sur face convect ion c o e f f i c i e n t  o f  sur face i 

hy = ou ts ide  sur face f i l m  c o e f f i c i e n t  o f  sur face i 

NS = number o f  sur faces determin ing the  space 

I = r a d i a n t  f l u x  impinging on sur face i q~~ 

T:,T~ = i n s i d e  and ou ts ide  sur face temperatures a t  sur face i 

TR = space a i r  temperature 

Xi ,Yi ,Zi = response f a c t o r s  o f  sur face i 

I n  order  t o  o b t a i n  a  so lu t i on ,  the  i n s i d e  sur face heat balance equat ion 

must be coupled w i t h  the  ou ts ide  sur face balance equation. Th is  can be 

w r i t t e n  as: 

where 

O = i n c i d e n t  s o l a r  and thermal r a d i a t i o n  f l uxes  absorbed by 
''i the  ou ts ide  sur face on sur face i 

T: = ou ts ide  a i r  temperature t o  which the  ex terna l  sur face 
i s  exposed 

De f in ing  the  heat f l u x  coupl ing,  mi(t), (conduct ion)  between the  i n s i d e  and 

outs ide  sur faces i n  terms o f  response f a c t o r s :  



for  0 - < i - < NS. This represents the heat flux out of the inside of 

surface, i ;  also 

for  NS+l<i< - - 2NS. This represents the heat flux into the outside of the 

surface. 

Equations (8.1) and (8.2) represent 2NS equations in 2NS unknowns - the 
inside and outside surface temperatures. These equations can be p u t  in 

the following matrix form: 

< 
where f o r  i = - NS 



< 
and f o r  NS + i - j 2 2NS 

0 A 0 Bi = AihiTi ( t )  + q ( t )  - 
i 

This m a t r i x  inc ludes the  thermal balance on both the  i n t e r n a l  and ex te rna l  

surfaces together  w i t h  the  conduct ive coupl ings between the  i n s i d e  and 

outs ide  surfaces and the  r a d i a t i v e  coupl ings o f  bo th  se ts  of surfaces t o  

the  environment. 

Equation (8.5) can be solved f o r  a r a d i a t i o n  pu lse  and/or space a i r  

temperature pulse, as i n d i c a t e d  i n  Reference 1. For the  r a d i a t i o n  pulse:  

NS 1 I 1 qR (0)  = 1 and q R  ( t )  = 0 a t  t 2 1 
i = l  i i 

and f o r  the  a i r  temperature pulse: 

Un l i ke  the  methodology developed i n  Reference 1, t h i s  equat ion can a l s o  

beesolved f o r  a u n i t  e x c i t a t i o n  pu lse  i n  e i t h e r  heat ga in  o r  ou ts ide  

temperature as f o l l  ows: 

qi ( t )  o r  ~ : ( t )  = 1 a t  t = 0 f o r  some cons t ruc t i on  i 
i 

A qi ( t )  = Ti( t)  = 0 a t  t = 0 f o r  a l l  o the r  cons t ruc t ions  
i 

0 A 
qR ( t )  = ~ ~ ( t )  = 0 a t  t 21 f o r  a l l  i 
i 



The so lu t i on  temperatu'res i n  equation (B.5) are obtained by i n v e r t i n g  

the [C]  matr ix :  

[ T I  = [ c ] - ' * [ B ~  = [K]= [B]  (B.8) 

For j = t, w i t h  6,(0) = 0, these can be w r i t t en  as:  

where 
I I < < 

Bn(0) = AnhnTR(0) + q R  (0)  for  1 - n  - NS 
n  

and 
O T~ ( 0 ) + q O  Bn(") =  an-^^%-^^ n-NS f o r  NS + 1  2 n  5 2NS 

R n - ~ ~  

For j < t 2NS 
6  ( t - j )  T i ( t - j )  = - L Ki,n n  

n=l 
(B. 10) 

since f o r  a l l  times o ther  than t = 0  both externa l  and i n te rna l  exc i t a -  

t i o n  quan t i t i e s  a re  zero. Subs t i t u t i on  o f  equations (6.9) and (B.lO) 

i n t o  equations (B.3) and (8 .4 )  y i e l d s :  

< < 
For 1 - m - NS 

t - 1  2NS 2NS 
B (0)  6  ( t - j )  + AmXm(t) 1 Km+NS,n + 1 AmYm(j) 1 K m + ~ ~  ,n n  (B. 11 ) 

j = 1  n = l  n=l  



< < 
and for  NS + 1 - m -  2NS 

The weighting factors are determined by obta in ing the load response t o  the 

previously mentioned pulse i npu t  quant i t ies ,  i.e., by summing the convection 

gain of the a i r  due t o  each of the zone def in ing surfaces. 

A recursion re l a t i onsh ip  can be developed by consider ing the load c o n t r i -  
> 

but ion from each surface, both  i n t e r n a l  and externa l ,  thus f o r  t - 1 : 

> O I = hm for  rn - NS+1 being used t o  preserve the subscr ip t  w i t h  h, = h,,,+NS 

nomenclature, subs t i t u t i on  o f  equations ( B . l l )  and (8.12) i n t o  (8.14) 

y i e l ds  a f t e r  f u r t he r  reduction: 



The t o t a l  load i s  simply the sumnation o f  a l l  the component loads: 

(B. 1 5)  

Therefore, f o r  a l l  times a f t e r  t = 0, the resu l tan t  load can be determined 

by past values. This development which includes outside surface tempera- 

t u re  f luxuat ions can thus be used f o r  determining the coup1 i n g  e f f e c t  be- 
tween zones and i s  a lso a more accurate method o f  generating the rad ia t ion/  

space a i r  temperature weighting fac tors  f o r  a pa r t i cu l a r  zone. 

The fo l lowing paragraphs deal spec i f i ca l l y  w i th  the so lu t ion o f  the mu1 ti- 

zone heat t rans fe r  problem. 



Mu1 t i p 1  e Thermal Zone Analys is  

Thermal load ana lys is  procedures r e l a t e d  t o  in ter-zone heat t r a n s f e r  have 

been somewhat unwieldy i n  the pas t  because o f  the  i n v a r i a b l y  l a r g e  heat 

balance m a t r i x  requ i red  f o r  so lu t i on .  The general approach t o  such a prob- 

lem invo lves  the  simultaneous s o l u t i o n  o f  up t o  2.n.NS equations, where 

n i s  the  number o f  spaces,and NS, the  number of surfaces w i t h i n  each space. 

Reference 16 presents a d iscussion o f  such a technique which i s  s t r i c t l y  

r e l a t e d  t o  a thermal balance m a t r i x  so lu t i on .  

I t  appears t h a t  an a1 t e r n a t i v e  technique might be poss ib le  us ing methods 

developed by CCB/Cumali Associates dur ing  the  course o f  work conducted 

w i t h i n  t h i s  cont rac t .  The f o l l o w i n g  approach, however, needs f i r s t  t o  

be coded and a c t u a l l y  tes ted  f o r  e f f i  -<ency and accuracy p r i o r  t o  s p e c i f i c  

recornendations being made. 

The concept employs the same basic  s t r u c t u r e  c u r r e n t l y  i n  DOE-1, i n  t h a t  

a constant space temperature load p r o f i l e  i s  i n i t i a l l y  generated f o r  each 

space a f te rwh ich  the  va r iab le  space temperature i s  determined. Several 

procedurescan be used t o  i s o l a t e  the  constant temperature load; however, 

i n  t h i s  discussion, on ly  the  mod i f ied  thermal balance method i s  t rea ted .  

The modi f ied  thermal balance i s  based on an assumed i n i t i a l  surface temper- 

a tu re  f o r  each sur face w i t h i n  a space, which i s  determined by averaging 

the  temperatures from the  previous hour f o r  each o f  the  o ther  surfaces. 

An i t e r a t i v e  approach i s  then used t o  c a l c u l a t e  the  ac tua l  surface temper- 

atures based on the  d i f f e r e n c e  between assumed and ca lcu la ted  values being 

below some minimum value. This  procedure would be used fo r  a1 1 surfaces 

f o r  a1 1 spaces def ined. A t  t h i s  po in t ,  these temperat~ l res are  t rans la ted  

i n t o  space loads f o r  subsequent use by the  va r iab le  temperature a lgor i thm. 

The recurs ion  r e l a t i o n s h i p  discussed i n  the previous sec t i on  i s  

used i n  the  nex t  step t o  i s o l a t e  the  vary ing space temperature e f fec t .  

An outs ide temperature pulse would be app l ied  t o  each sur face from which 

external  temperature weight ing fac tc rs  are generated t o  be used t o  define 



a s e t  of simultaneous equations fo r  s o l u t i o n  o f  an incremental space temp- 

e ra tu re  and l oad  q u a n t i t y  due t o  the o ther  space temperature changes. These 

increments would be added t o  the temperatures and loads ca l cu la ted  f o r  each 

room independently which i s  accomplished i n  the Systems p o r t i o n  o f  DOE-1. 



C. FREQUENCY RESPONSE METHODS 

Weighting factors a re  generated by application of a distributed unit  f lux 
or temperature pulse from which a time response i n  space load i s  produced. 
To enable a more e f f i c i en t  interpretation of the influence of individual 
parameters on the resul t ing weighting factors and also to obtain an indi- 
cation of the resultant load response ar is ing from the use of specific 
weighting factors ,  an investigation was undertaken to  determine the appli- 
cabi 1 i ty  of frequency response methods of analysis. Rather than generating 

a load or temperature time history response for  a se t  of factors ,  i t  was 
envisioned that  wit4 a frequency domain analysis,  an immediate observation 
could be made of the damping inherent in the weighting factors themselves. 

The discussion tha t  follows re la tes  to  an analysis of the radiation and 
conduction type weighting factors as presently defined in the 1 i terature .  
Following t h i s  presentation a technique i s  proposed for  use with the 
space a i r  temperature weighting factors.  

The space load response t o  an arb i t ra ry  f lux i n p u t  exci ta t ion can be 
expressed in Z-transform format as follows: .. 

where 
q ( ~ )  = input exc i ta t ion  Z-transform 

Q(z) = output Z-transform 
VO,Vl  ,Wl = weighting fac tors  from a previously computed load 

response t o  a u n i t  pulse i n p u t ,  ( w i t h  V1 = (1+w1 )-YO). 

The Z-transform is  defined fo r  discrete  time ser ies  analysis through 
application of the equation Z = eSAt which enables the s-plane o r  
Laplace transform of a continuous function to  be analyzed i n  a d i sc re t e  

manner. The application of t h i s  equation maps the complex s-plane 8 



into a ser ies  of concentric c i r c l e s  in the Z-plane. For example: 

STABLE UNSTABLE 

S-PLAN1 2-PWdE 

Because of the periodicity of eSAt, with s = j ~ ,  one must apply a 
bi l inear  transformation to the 2-plane to enable the use of a1 1 the 

continuous time system frequency domain methods of analysis. These 

tools f o r  analyzing systems, such as Bode Diagrams, Nichols Charts and 

root locus procedures, a re  well known and have proven very useful f o r  

indicatirig system s t a b i l i t y  and isolat ing parameter influence on system 

character is t ics .  By introducing th is  new bi 1 inear transform, R ,  such t h a t :  

t h e  2-transform of a function can be conveniently analyzed in the u 

complex plane. With Z = ejuAt,u i s  related to  u as follows: 

= - gt tan-' ("1 

Rearranging equation (C.7 ) such that  : 

where 

K = VO 

a '  = V1 /VO 



and substi tuting equation (C.2) for  Z yields:  

where 

The frequency response t o  a sinusoidal i n p u t ,  q ( t )  = Sin ot can be 
obtained by the standard procedures using the R-transform, equation 

(C.4). T h u s  a frequency/amplitude plot  can be generated by l e t t i n g  

R = ju. 

In general, i f  a system transfer  function i s :  

( j v  + Ze) 
G(ju) = C(jv + 

where Ze represents a zero position and Po i s  the pole position, the 

corresponding ampl i tude r a t io  f o r  a u n i t  magnitude sinusoidal input 

would be: 

A Bode diagram approach can be used to  r e l a t e  the frequency t o  the 
ampl i tude r a t io .  Simp1 i f i  cation of the analysis resu l t s  when one 

employs the we1 1 known asymptotic re1 ationships,  fo r  example, with: 



From equations (C.4) and (C.5) a n d  realizing that  V1 = (l+WI)-YO, 
th i s  implies: 

Using these asymtotes and real i zing tha t  the break frequency posit ions 

would be a t  u = b and u = a (see equations C.5), a generalized Bode 
diagram can be constructed from which the real frequency response can 

eas i ly  be obtained by application of a 3 db correction a t  each break- 
point. Figure C . l  presents such a composite amplitude ra t io  plot 
re lat ing values of Vo and W1 t o  the frequency and amplitude rat io .  
The common r a t i o  or  W, weighting factor  can be d i rec t ly  related to  the 
frequency since the pole position or  (b)  root i n  equation (C.4) i s  
s t r i c t l y  dependent on W1.  The second breakpoint or ( a )  root i s  obtained 
from expression (C.9) for  u = a. Figure C . 2  shows the corresponding 
composite asymtotic phase diagram in which: 

-1 u 
( = ~ a n - ' ( t )  - tan (6) 

To rea l ize  the application o f  these curves, consider figure (C.3) which 
presents the load time responses of a room of both lightweight and 
heavyweight construction t o  a u n i t  sinusoidal radiation i n p u t  w i t h  a 

perlo# o f  24 hours. The weighting factors  used to  generate the re- 
sponses a re  also l i s t ed  on the figure. To preclude the need for  

generating such a sinusoidal response, one can use the procedure shown 
on figures (C.4) and (C .5 )  to  obtain essent ia l ly  the same information 
without resorting to  a time response generating program. Figure (C.4) 

presents the amplitude r a t io  fo r  varyinq input excitation frequencies 
resul t ing from appl ication of the techniques discussed herein. The 

low frequency asymptotic value i s  1.0 (see equation (C.9) and figure 

(C. 1 ) )  The intermediate frequency approximation i s  the 20 db/decade 

8 slope between the two breakpoint positions; and the high frequency 



asymptotic value i s  defined a t  the intersection of the Vo and W, values 
(see figure C.l). Applying a 3 d b  correction a t  each breakpoint yields 
the real frequency response. The resultant amp1 i tude rat io values for 
a n  input period of 24 hours agrees with the time response value. Figure 
C.5 presents the corresponding phase sh i f t  diagram, a1 though  in th is  
case only the asymptotic approximation curve i s  shown. The development 
of the resultant curve follows from application of the techniques 
stated on figure C.2 .  By application of these methods, a direct . 

comparison can be made of the relative amplitude and phase sh i f t  dif-  
ferences one can expect from varying sets of weighting factors. This 
information i s  very useful from the standpoint that for a space 
specific se t  of weighting factors, the expected damping and time dis- 
placement of,  for example, solar radiation can be somewhat quantified 
and parametric studies r u n  on the space properties. 

2. Space Air Temperature 

As presented in References 1 and 3 a transfer function relating 
load changes to space a i r  temperature fluxuations can be written as 
fol 1 ows : 

Go + G1z-' + G ~ z ' ~  
A Q ( Z )  = AT(Z)  (C.l l)  

1 + p,z-l 

where 
A T ( Z )  = a i r  temperature excitation input Z-transform 

A Q ( Z )  = load output Z-transform 

8 I GA, G~ , ~ ~ , p ~  = weighting factors from a previously computed load 
response to a limit a i r  temperature input a t  zero 
conductance such t h a t :  



By appl ication of a conductance correction t o  account for temperature 
fluxuations from a reference s ta te ,  the transfer function, K ( Z ) ,  in 
equation (C.11) can be written as: 

G; (1-Z-*) G i  Z-' (1-Z-I  ) 
K ( Z )  = + 

1 + p l z - '  1 + p l z e l  + Kt 

where Kt i s  the conductance i n  units of B T U / H R - O F  and 

Using the same precedure as presented in the previous section, i . e . ,  
transforming to the R-domain results in: 

where 

( C .  13)  

(C. 14)  

As i n  the radiation weighting factor case, a Bode diagram can be con- 
structed for this transfer function using asymtoti c approximati on 
methods. The second order zero expression in (C.14) can be written 
as: 



thus 

The ampli tude r a t i o s  corresponding t o  u near zero and i n f i n i t y  would 

be: 

u = O  

From equations (C.14) t h i s  imp l ies :  

(C. 18) 

Resul ts  from the  parametr ic study discussed i n  Sect ion D he re in  i n d i c a t e  

t h a t  a s i m p l i f i c a t i o n  o f  equation (C.13) i s  possib le.  Because o f  t h e  

nature  o f  t h e  room response t o  a u n i t  e x c i t a t i o n  as used i n  the  genera- 

t i o n  o f  t h e  space a i r  temperature weight ing fac to rs ,  t he  damping 

associated w i t h  t h e  second order  expression (250,) i n  equation (C. 15) 

was i n  a l l  cases much l a r g e r  than the  corresponding frequency term 
2 (wn ) and i t s  value was o f  t he  order  o f  1 .O. Thus equation (C.15) 

can be approximated by t h e  two f i r s t  o rder  roo ts :  

(R+1) (R+u~') (C. 19) 

and t h e  corresponding t rans fe r  funct ion, equat ion (C. 13) can be w r i t t e n  

as: 

(C. 20) 

The breakpoint  p o s i t i o n s  f o r  the  frequency response would occur a t :  

Cd v = -  
C- b and 
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FIGURE C.4  - RESPONSE AMPLITUDE RATIO v s  FREQUENCY FOR A U N I T  
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FIGURE C.5  - RESPONSE PHASE ANGLE vs FREQUENCY FOR A UNIT 



D. SENSITIVITY STUDY 

Th i s  s e c t i o n  discusses t h e  r e s u l t s  o f  a s e n s i t i v i t y  s tudy made t o  p rov ide  

i n s i g h t  i n t o  t h e  e f f e c t s  o f  va r ious  parameters which i n f l u e n c e  t he  magni- 

tude o f  room response c h a r a c t e r i s t i c s .  A s t r u c t u r e  s i m i l a r  t o  t he  BR202 

space de f i ned  i n  Reference 1 was used as a base1 i n e  from which room 

dimensions and s p e c i f i c  w a l l  c h a r a c t e r i s t i c s  were per turbed.  F igure  0.1 

presents a d e s c r i p t i o n  of thespace  which cons i s ted  o f  a south f a c i n g  w a l l  

composed o f  concrete and i n s u l a t i o n  w i t h  a window cove r i  ng approx imate ly  

41% o f  t h e  w a l l  area; a n o r t h  fac ing  w a l l  cons t ruc ted  o f  b r i c k  and p l a s -  

t e r ; e a s t  and west f a c i n g  p a r t i t i o n  wal1s;and a f l o o r  and c e i l i n g  con- 

s t r u c t e d  o f  concrete and t i l e .  The room was assumed t o  be surrounded on 

a l l  s ides  by s i m i l a r  spaces w i t h  t he  excep t ion  o f  t h e  south f a c i n g  w a l l .  

The r ecu rs i on  r e l a t i o n s h i p  used f o r  genera t ing  space s p e c i f i c  we igh t i ng  

f a c t o r s  (see Reference 1 ) was used t o  o b t a i n  t h e  room response and 

we igh t i ng  f a c t o r s  f o r  bo th  r a d i a t i o n  and a i r  temperature pu lses.  F i gu re  

D.2 presents  a d e s c r i p t i o n  o f  t he  f l o w  used f o r  t h e  ana l ys i s .  For  t h e  

r a d i a t i o n  pu l se  study, t h e  d i s t r u b u t i o n  o f  t h e  r a d i a t i o n  was des ignated 

as the  outermost element. W i th i n  t h i s  loop  were conta ined two d i s t i n c t  

se ts  o f  parametr ics :  a v a r i a t i o n  on room s i z e  f o r  va r ious  f l o o r  t h i c k -  

ness, c o n d u c t i v i t y  and d e n s i t y  values; and a paramet r i c  on bo th  f l o o r  and 

c e i l i n g  i n s i d e  convec t ion  c o e f f i c i e n t  q u a n t i t i e s  f o r  a designated base 

case. The a i r  temperature pu lse  s tudy  i nc l uded  each of t h e  above, a l so ,  

w i t h  t h e  excep t ion  t h a t  t he  d i s t r i b u t i o n  f u n c t i o n  was o f  course unneces- 

sary.  

The d iscuss ion  t o  f o l l o w  r e l a t e s  the  r e s u l t s  o f  t h e  r a d i a t i o n  pu lse  and 

room a i r  pu l se  ana l ys i s  separate ly ,  a l though c e r t a i n  conc lus ions concern- 

i n g  the  e f f e c t  o f  a p a r t i c u l a r  parameter a r e  the  same f o r  bo th  cases. 

Appendix H. 1 con ta ins  tabu1 a ted  data r e f 1  e c t i  ng t he  s p e c i f i c  va l  ues o f  

t he  we igh t ing  f a c t o r s  generated f o r  each parameter va r ied .  



1. Rad ia t ion  Pulse Analys is  

The space heat ing /coo l ing  load a t  any time, t, due t o  a  r a d i a t i v e  

heat ga in  can be obta ined by convo lu t ion  w i t h  a  s e t  of p rev ious l y  

tabu la ted  we igh t ing  f a c t o r s  which r e l a t e  the load response due t o  a  

u n i t  i n p u t  heat ga in / l oss  (see Reference 1  ) An equat ion such as: 

represents such a  convo lu t ion ,  where the ~ ( j )  and W(j )  a re  t h e  weight- 

i n g  f a c t o r s ,  q ( t )  represents the  heat ga in / loss  and Q ( t )  t h e  r e s u l t a n t  

load. Much o f  t h e  p a s t  work i n  t h e  development o f  we igh t ing  f a c t o r s  

(see References 4 and 7 )  has concentrated on the  Vo and W1 terms i n  the  

above expression. Vg i s ,  i n  fact ,  the response value a t  t=O ( i  .e. Q ( 0 ) )  

f o r  a  u n i t  pu lse  i n p u t  (q(0)=1);  Wl the  common r a t i o  which i s  t he  

r a t i o  of succeeding response values when t h a t  r a t i o  reaches a  constant 

value. Because o f  the  l a r g e  number o f  pe r tu rba t i ons  made t o  the  para- 

meters s tud ied  here in,  t h i s  ana lys i s  w i l l  a l s o  u t i l i z e  these two 

var iab les  t o  g i ve  an i n d i c a t i o n  o f  expectant r a d i a t i v e  l o a d  response. 

It should be noted t h a t  k i n  expression (D.l ) should be o f  the  o rde r  o f  

2 o r  poss ib l y  3. This  i s  p a r t i c u l a r l y  important  f o r  h i g h l y  delayed 

surfaces i n  which the  response f a c t o r  common r a t i o  i s n ' t  es tab l i shed  

u n t i l  t > 10. Add i t i ona l  i n fo rma t ion  regard ing  t h i s  f a c t  i s  g iven i n  

Sect ion E o f  t h i s  r e p o r t .  

For a  u n i t  pu lse  heat  ga in  input ,  t h e  l o a d  response i t s e l f  should equal 

u n i t y .  However, because o f  t he  conductance associated w i t h  the  p a r t i  - 
c u l a r  c o n s t r u c t i o n  u t i l i z e d ,  losses a r e  experienced such t h a t  t he  

instantaneous load, i n t e g r a t e d  over t ime i s  l e s s  than one. However, 

when generat ing we igh t ing  fac tors  the  losses a re  accounted f o r  by 

d e f i n i n g  the  V1 term t o  be: 

v1 = 1  - vo + W, 

8 This procedure ensures system s t a b i l i t y  and thus as discussed i n  Sec- 

t i o n  C o f  t h i s  r e p o r t ,  Figures C . l  and C.2 can be used t o  asce r ta in  



approximate values o f  expected amplitude r a t i o  and phase s h i f t  due t o  

a s inusoidal  i n p u t  func t ion .  I n t u i t i v e l y ,  one would expect the l oss  

func t i on  t o  increase w i t h  t ime such t h a t  a t  t=O there  are  no losses 

and there fore  the Vo term i n  conjunct ion w i t h  the  common r a t i o  would 

adequately approximate the  expected response. 

The d i s t r i b u t i o n  o f  r a d i a t i v e  type heat gains i s  d i r e c t l y  r e l a t e d  t o  

the source o f  the  rad ia t i on .  Typ i ca l l y ,  f o r  a south f a c i n g  window, 

f o r  example, one would expect t he  f l o o r  surface of a space t o  be 

a f fec ted  by so la r  r a d i a t i o n  more than the  o the r  surfaces w i t h i n  a 

space. Likewise f o r  r a d i a t i o n  a r i s i n g  from equipment and occupants 

w i t h i n  a space, a more evenly d i s t r i b u t e d  s i t u a t i o n  would occur. I n  

both instances, however, the f l o o r  c h a r a c t e r i s t i c s  e x e r t  a major i n -  

f luence on space l oad  response. Thus, the d iscussion below d e t a i l s  

P3e s e n s i t i v i t y  study r e s u l t s  due t o  per tu rba t ions  i n  t he  f l o o r  

thickness, c o n d u c t i v i t y  and densi ty ;  a f t e r  which, t he  v a r i a b l e  i n s i d e  

convect ion c o e f f i c i e n t  r e s u l t s  are analyzed. Las t l y ,  the  d i s t r i b u t i o n  

o f  r a d i a t i o n  and room s i z e  c h a r a c t e r i s t i c s  are presented. The speci-  

f i c  r a d i a t i o n  d i s t r i b u t i o n  used f o r  t he  va r iab le  p r o p e r t i  es presenta- 

t i o n  was one i n  which e igh ty  percent o f  t he  t o t a l  was i n p u t  t o  t he  

f l o o r  and the  remaining twenty percent d i s t r i b u t e d  uni formly by sur-  

face area. This s i t u a t i o n  would represent  a response t o  a d i r e c t  

so la r  r a d i a t i o n  i npu t  heat gain. The r e s u l t a n t  t rend  i n  load response, 

however,, would a lso  be v a l i d  f o r  an even1.v d i s t r i b u t e d  pulse. The 
basel ine space i s  as defined i n  F igure 13.1. 

( a )  F loor  Proper t ies  

Figures D.3, D.4, and 0.5 present the t ime response f o r  a u n i t  

pu lse i n p u t  f o r  vary ing thickness, conduc t i v i t y  and dens i t y  o f  

the f l o o r  surface. The corresponding composite ampl i tude r a t i o  

and phase s h i f t  diagrams are shown on Figures D.6 and D . 7 .  As 

one would expect w i t h  increas ing  thickness and decreasing con- 

duc t i  v i  t y  t he  amp1 i tude r a t i o  decreases and phase s h i f t  increases. 

Q 



This i s  e a s i l y  seen by a p p l i c a t i o n  o f  the  techniques discussed i n  

Sect ion C, which f o r  i l l u s t r a t i v e  purposes, Figures D.8 and D.9 

are  presented f o r  the  two endpoints i n  the thickness v a r i a t i o n .  

One o f  the most i n t e r e s t i n g  trends as seen on Figure D.6 and 

tabu la ted  i n  Appendix H. 1 i s  the  i n s e n s i t i v i t y  o f  the  Vo coef- 

f i c i e n t  f o r  vary ing  thickness. I n  each case s tud ied , fo r  t h i c k -  

ness greater  than .333', the V value i s  constant.  The v a r i a t i o n  0 
o f  thickness w i t h  common r a t i o  f o r  the basel ine con f i gu ra t i on  i s  

presented on Figure D. 10. A 1 inea r  r e l a t i o n s h i p  e x i s t s  between 

these two var iab les  f o r  the  s i t u a t i o n  where Yo i s  vary ing  ( low 

value o f  thickness and comon r a t i o ) .  As the  thickness increases 

and the  response becomes more delayed (see Figure D.3) an asymtot ic  

r e l a t i o n s h i p  becomes apparent. Thus, f o r  very l a r g e  subsequent 

changes i n  thickness, t h e  comnon r a t i o  change i s  minimal. Since 

the  common r a t i o  appears t o  be r e l a t e d  t o  the delay i n  response, 

i .e., h igh  conmon r a t i o s  (W1 .9) imply more delay, t h i s  1 i m i  t 

i n  comnon r a t i o  a lso  imp l ies  a l i m i t  i n  the expected amount o f  

delay. This  i s  somewhat important  f o r  passive so la r  s t ruc tu res  

because the  delay i s  p ropor t iona l  t o  the  phase s h i f t  character-  

i s t i c s  o f  t he  response. 

The conduc t i v i t y  v a r i a t i o n  i n  the  f l o o r  surface a f f e c t s  both the  

Yo and W1 c o e f f i c i e n t s  as seen on Figure 0.6. The corresponding 

ampli tude r a t i o  and phase s h i f t  change f o r  the  two endpoints are 

n o t  as l a r g e  as those values associated w i t h  vary ing  thickness 

(see Figures D . l l  and D.12); however, some measure o f  con t ro l  i s  

prevalent .  Since the  conduc t i v i t y  i s  d i r e c t l y  r e l a t e d  t o  the  

f i r s t  value o f  t ne  i n t e r n a l  response f a c t o r  o f  the  sur face which 

i n  t u r n  i s  i n v e r s e l y  r e l a t e d  t o  the  i n i t i a l  response through the  

[~l-' mat r i x  (see Reference 1 ),  low c o n d u c t i v i t i e s  imply l a r g e  

i n i t i a l  responses; there fore  the increase i n  delay t h a t  r e s u l t s  

from a reduced conduc t i v i t y  i s  counterbalanced by an increased 

i n i t i a l  response. The actual  v a r i a t i o n  i n  Vg and W, w i t h  con- 

@ d u c t i v i t y  i s  presented on Figure 0.13. The aforementioned 

inverse r e l a t i o n s h i p  vri t h  V,, i s  e a s i l y  apparent. 



Perhaps the  most con fus ing  parameter analyzed was t he  d e n s i t y  o f  

t he  f l o o r  sur face.  As seen on F igure  D.6 and D.14, t h e  dens i t y  

i s  a l s o  i n v e r s e l y  r e l a t e d  t o  the  i n i t i a l  response value, Vo. 

However, t h e  common r a t i o  t r e n d  i s  n o t  as s t r a i gh t f o rwa rd .  Both 

above and below a  c e r t a i n  minimum d e n s i t y  any change i n  d e n s i t y  

subsequent ly increases t h e  r e s u l t a n t  W1 va lue  and thus reduces 

t he  ampl i tude r a t i o .  Th is  i s  t o  be expected f o r  i nc reas ing  den- 

s i  ty and a t  t he  present  t ime no exp lana t ion  can be g iven  f o r  t he  

same occurrence f o r  low d e n s i t y  values. The amp1 i tude r a t i o  and 

phase s h i f t  c h a r a c t e r i s t i c s  a re  shown on F igures D.15 and D.16 

f o r  t h e  endpoints.  

The conc lus ions  t o  be drawn from the  f l o o r  p r o p e r t i e s  s tudy a re  

as f o l l o w s :  

( 1 )  The th ickness of the  sur face  appears t o  exe rc i se  t he  

most c o n t r o l  over  t he  r e s u l t a n t  l o a d  response, p a r t i c u l a r l y  

t he  de lay  i n  response assoc ia ted w i t h  t h e  common r a t i o  term, 

W1 ' 

( 2 )  The c o n d u c t i v i t y  i n f l uences  bo th  t h e  i n i t i a l  response 

V o ,  and common r a t i o  value. Since decreasing c o n d u c t i v i t y  

i s  assoc ia ted w i t h  i nc reas ing  VO and W1, e x p l i c i t  c o n t r o l  o f  

the  r e s u l t a n t  response i s  n o t  as c l e a r  c u t  as t h e  th ickness  

capab i l  i ty. 

( 3 )  The d e n s i t y  l i k e w i s e  a f f e c t s  bo th  Vo and W1. However, 

above a  c e r t a i n  minimum dens i ty ,  t he  conanon r a t i o  increases 

w i t h  decreasing i n i t i a l  response; thus a  more p o s i t i v e  

pass ive s o l a r  l oad  response can be ob ta ined  as expected f o r  

h i gh  d e n s i t i e s .  

( b )  F l oo r /Ce i l  i n g  I n s i d e  Convection C o e f f i c i e n t s  

The s e n s i t i v i t y  o f  t he  space response due t o  v a r i a t i o n s  i n  t he  

f l o o r / c e i  l i n g  convect ion c o e f f i c i e n t s  were analyzed i n  t h i s  por -  

t i o n  o f  the  s tudy.  As s t a t e d  i n  Reference 7 t he  d i r e c t i o n  o f  8 



heat flow within a space in combination with the horizontal 
orientation of the f loor/cei l  ing surfaces resul ts  in s ignif icant  
variations i n  the convection coefficient values. In th i s  analy- 
s i s ,  the f loor  coeff ic ients  were varied from hif = . 2  t o  hif = 1.0 

and the cei l ing values from hic = .I62 to  hic = .7. Table H.1.7 
contains the tabulated resu l t s  of the weighting factors generated 
and Figure D.17 presents the responses for a u n i t  radiation pulse 
i n p u t  f o r  the endpoints of the h i  envelope which i s  contained on 
Figure D.18. Also presented on th i s  figure are the four possible 
heat flow character is t ics .  The amplitude and phase s h i f t  charac-. 
t e r i s t i c s  of the endpoints are  shown on Figures D.19 and 0.20. 

Since the radiation dis t r ibut ion was primarily input to  the f loor  
surface (80%), the ce i l ing  coefficient does not have much inf lu-  
ence. However, as will be discussed l a t e r ,  for  a more evenly 
distributed pulse, the cei l ing value increases i n  importance. 
The maximum differences i n  ampli tude r a t io  and phase s h i f t  for  a 
sinusoidal i n ~ u t  with a 24 hour period for  the endooints are  of 
the order of . 2  and 2.1 hr respectively. 

These resu l t s  indicate tha t  the inside convection coeff ic ient  
values exercise a strong influence on resultant weighting 
factor values. Generation of space specific weighting factors  
should therefore be based on the expected a i r  flow direction. 
Of primary importance i s  the e f fec t  the f loor  coeff ic ient  has on 
the resultant response. 

(c)  Space Size 

One of the major uncertainties a t  the s t a r t  of t h i s  analysis was 
the effect  of space s i ze  changes on resultant load response values. 

Figure D.2 1 i s t s  the perturbations applied to  the space s i ze  

values. The length and w i d t h  variations ranged from 10' t o  40' 
for  square and rectangular shaped structures.  The height was 
held constant a t  10 '  and the r a t io  of window area to  south wall 
area was maintained a t  41%. As seen in Appendix H.l the Yo and W1 



v a r i a t i o n  f o r  a l l  cases tes ted was neg l i g ib le ,o f  the order  o f  

5%. Figure D.21 presents a graphical d i sp lay  o f  t he  c o e f f i c i e n t  

va r ia t i ons  f o r  changing f l o o r  p roper t ies  and room sizes. A more 

s i g n i f i c a n t  e f f e c t  was r e a l i z e d  on the  room a i r  temperature fac-  

t o r s  which i s  discussed below. 

(d)  Radiat ion D i s t r i b u t i o n  

As s ta ted  i n  Sect ion D.l of t h i s  repor t ,  the  d i s t r i b u t i o n  o f  

r a d i a t i v e  heat gains i s  d i r e c t l y  r e l a t e d  t o  the  source o f  rad ia-  

t i o n .  The previous r e s u l t s  have discussed a d i s t r i b u t i o n  i n  

which 80% o f  the  i n p u t  was on the  f l o o r  surface. To ensure as 

complete an ana lys is  as possible, a d i s t r i b u t i o n  o f  r a d i a t i o n  by 

surface area was a lso  made for  each o f  t he  prev ious ly  discussed 

parameters. 

The primary e f f e c t  r e s u l t i n g  from changing the  d i s t r i b u t i o n  from 

the  f l o o r  t o  the  other  surfaces was an increase i n  the  i n i t i a l  

response value, Yo, which f o r  t he  same common r a t i o  y i e l d s  a 

h igher amplitude r a t i o .  Figure D.22 shows the  v a r i a t i o n  o f  Yo 

and W1 f o r  t he  two d i s t r i b u t i o n s  s tud ied t o  inc lude the  v a r i a t i o n  

i n  thickness, conduc t i v i t y  and dens i ty  o f  the  f l o o r  surface f o r  

the  base room s i z e  (20 x 20 x 10). 

The ac tua l  response t o  a u n i t  pulse i n p u t  fo r  the  base case pro- 

p e r t i e s  i s  presented on Figure D.23 and the  r e s u l t a n t  surface 

component con t r i bu t i ons  t o  the  t o t a l s  are shown on Figures D.24 

and 0.25. I n  both instances, the  f l o o r  cha rac te r i s t i cs  dominate 

the  t o t a l  response. However, f o r  the  evenly d i s t r i b u t e d  case the  

o ther  surfaces combine t o  generate a l a r g e r  i n i t i a l  response. 

The r e s u l t a n t  amp1 i tude r a t i o  and phase s h i f t  cha rac te r i s t i cs  

f o r  the base case are  as shown on Figures D.26 and D.27. The 

aforementioned increase i n  amplitude r a t i o  f o r  the  evenly d i s -  

tri buted case i s  approximately propor t iona l  t o  the  nV0 value 

wh i le  the  phase angle d i f f e rence  i s  roughly 5' f o r  the  frequency @ 



range of in te res t .  

A much more significant effect  due to the distribution of radia- 
t ionis  seen by considering Table H.1.7 in Ap7endix H.l 
and Figure D.28 which includes the inside convection coefficient 
parametric variation for the floor and ceil ing surfaces. For 

the evenly distributed pulse, the ceiling h i  value has a more 
pronounced ef fec t  on the i n i t i a l  response value, Yo. Therefore, 

the suggestion made i n  Section D.l .(b) regarding the calculation 
of specific weighting factors for  each flow direction i s  addi- 
t ionally substantiated by these.resul ts .  

This portion of the study indicates that :  

(1)  The distribution of radiation i s  important and that  a 
well defined procedure should be used to  determine the form 
of the distribution. 

(2)  The inside convection coefficients of the floor and 
cei l ing and the calculated space specific weighting factors 
should be made variable to  account for possible reversals 
in heat flow direction. 

2 .  Space Air Temperature Pulse Analysis 

The weighting factor  technique of determining zone loads and tempera- 
tures i s  composed of two d is t inc t  phases: i n i t i a l l y  a constant space 
temperature thermal load profile i s  generated by convolution of the heat 
gain components wi t h  a s e t  of radiation/conduction/convection weight- 
ing factors.  The thermal load so generated i s  used in the second phase 
in which space temperature wei-ghti ng factors are appl ied to  determine 
the space temperature profile.  This section discusses the results of 
the parametric study related t o  the generation of the space tempera- 

Q ture weighting factors.  



As s ta ted  i n  Reference 1 , the space a i r  temperature v a r i a t i o n  w i t h  

heat e x t r a c t i o n  rate, i n  i t s  s imp les t  form, i s  represented by an expres- 

s ion  such as: 

Where the  P. and G .  are weight ing fac to rs ,   AT(^) i s  t he  temperature 
J J 

d i f f e r e n c e  between a reference c o n d i t i o n  and the  ac tua l  room tempera- 

t u re ,  and A Q ( ~ )  the  thermal l o a d  v a r i a t i o n .  The G c o e f f i c i e n t s  i n  

expression (D.3) are determined by a p p l i c a t i o n  o f  a conductance cor -  

r e c t i o n  t o  a se t  o f  G' c o e f f i c i e n t s  r e s u l t i n g  from a p p l i c a t i o n  o f  a 

u n i t  a i r  temperature pulse a t  zero conductance. This  conductance 

c o r r e c t i o n  accounts f o r  temperature i f luc tua t ions  from the  reference 

value. A frequency domain ana lys is  s i m i l a r  t o  t h a t  discussed f o r  t he  

r a d i a t i o n  weiqht ing fac to rs  was used t o  r e l a t e  ah i n ~ u t  s inuso ida l  AT 

t o  the  corresponding outout  AQ. The a ~ p r o n r i a t e  r e l a t i o n s h i p s  f o r  

t rans forminq from the Z plane t o  a continuous plane are  aiven i n  

Sect ion C o f  t h i s  repor t .  

Appendix H.1 conta ins the  tabu la ted  r e s u l t s  o f  t h e  parametr ic  study. 

The same f l o o r  p roper ty  pe r tu rba t i ons  discussed p rev ious l y  were 

app l i ed  i n  a d d i t i o n  t o  the convect ion c o e f f i c i e n t  values o f  t h e  f l o o r  

and c e i l i n g  surfaces and the  room s i z e  va r ia t i ons .  

(a )  F loo r  Proper t ies  

F igures D.29, D.30 and D.31 present  the  t ime response f o r  a u n i t  

a i r  temperature pulse i n p u t  f o r  va ry ing  thickness, conduct iv i t , y  

and dens i t y  of the f l o o r  surface. The response t rends i n  each 

case a re  s i m i l a r  t o  those due t o  the  r a d i a t i o n  pu lse  p rev ious l y  

analyzed. App l i ca t i on  of the  frequency response techniques d i s -  

cussed i n  Sect ion C r e s u l t e d  i n  a t r a n s f e r  f unc t i on  (see equat ion 

(C.13)) cons i s t i ng  o f  a second order  numerator expression and two 

f i r s t  order  denominator terms. However, the damping and low 8 



frequency associated w i t h  the  second order  system resu l ted  i n  a 

much more s i m p l i f i e d  t r a n s f e r  func t i on  cons is t i ng  o f  a f i r s t  order  

zero and pole, t he  values o f  which were a func t i on  o f  the response 

common r a t i o ,  conductance, and second response term (see Sect ion 

C) .  I n  fac t ,  t h e  amplitude r a t i o  asymptotic 1 i m i  t s  f o r  v = 0 was 

the  conductance o f  the  space i t s e l f .  For v = a the  value was a 

func t i on  o f  the three items mentioned above (see equation C.18)). 

I n  most cases tested, f o r  the  same room size, the  l i m i t  v a r i a t i o n  

was o f  t he  order  o f  7%. Thus the  per turbat ions  app l ied  t o  t h i c k -  

ness, conduct iv i ty ,  and dens i t y  resu l ted  i n  p r i m a r i l y  frequency 

s h i f t s  w i t h  minimal impact on amplitude r a t i o  and phase s h i f t  

magnitudes. Figures D.32 through D.37 show the  ampl i tude r a t i o  

and phase angle response c h a r a c t e r i s t i c s  f o r  each o f  t he  end 

po in ts  i n  the  parameter va r ia t i ons .  As i n  the  r a d i a t i o n  pulse 

analys is ,  the  thickness exercises the most inf luence. For 

frequencies w i t h  periods less  than 12 hours and more than one 

month, vary ing thickness has no e f f e c t  on the  response. However, 

between these extremes, the th inne r  the  f l o o r  surface, the  l ess  

AQ r e s u l t i n g  from a s inusoidal  temperature input .  For an i npu t  

frequency o f  48 hours, the AQ would be approximately 130 BTU/"F. 

This imp l ies  o f  course t h a t  the  t h i c k e r  wa l l s  tend t o  requ i re  

more heat e x t r a c t i o n / v e n t i l a t i o n  because o f  t h e i r  increased 

absorpt ion c a p a b i l i t y .  The same i s  t r u e  f o r  low conduct ive 

f l o o r s  and h igh  dens i ty  f l o o r s  al though the  e f f e c t  i s  no t  as pro- 

nounced. The imp1 i c a t i o n  o f  these resu l  t s  i n d i c a t e  the  f o l  lowing 

t s i t u a t i o n :  t h i c k ,  low conductive, h igh  dens i ty  f l o o r s  tend t o  
smooth ou t  over t ime loads due t o  r a d i a t i v e  heat gains which i s  

a p o s i t i v e  passive s o l a r  a t t r i b u t e ;  however, these same f l o o r s  

requ i re  more heat e x t r a c t i o n / v e n t i l a t i o n  energy t o  mainta in a 

constant room temperature. 

(b) F loor /Ce i l  i n q  Ins ide  Convection Coef f ic ien ts  

Figure D.38 contains the  ampl i tude r a t i o  1 i m i  t envelope due t o  

@ the  f l o o r l c e i l  i ng convection c o e f f i c i e n t  per turbat ions.  The 



i n f l u e n c e  o f  the convect ion c o e f f i c i e n t  values i s  somewhat the 

same as the  p rev ious l y  discussed r a d i a t i o n  case. The AQ requ i red  

per  u n i t  space a i r  temperature i n p u t  va r i es  from approximately 

30 BTU/"F f o r  low frequencies t o  350 BTU/OF a t  h igh  frequencies 

f o r  t he  base l ine  space d e f i n i t i o n .  The ampli tude r a t i o  and phase 

s h i f t  f o r  the  two endpoints a re  shown on Figures D.39 and D.40. 

C a l c u l a t i o n  o f  the space a i r  we igh t ing  f a c t o r s  as a  f u n c t i o n  o f  

a i r f l o w  i s  recommended. 

( c )  Space Size 

As i n  t he  r a d i a t i o n  pulse ana lys is ,  t he  e f f e c t  o f  space s i z e  on 

r e s u l t a n t  room a i r  temperature we igh t ing  f a c t o r s  was unknown. 

However, whereas the  r a d i a t i o n  f a c t o r s  i n d i c a t e d  a  minimal e f f e c t ,  

the  space a i r  we igh t ing  f a c t o r s  were d e f i n i t e l y  i n f l uenced  by 

s i z e  c h a r a c t e r i s t i c s .  As an example, cons ider  F igure  D.41 which 

presents the  ampli tude r a t i o  asymtot ic  l i m i t  values f o r  u = 0 

and LI = = a t  var-ying room s izes  us ing  t h e  base l ine  f l o o r  proper- 

t i e s .  The e f f e c t  of t he  h igh  conductance associated w i t h  the  

south fac ing window and thus t h e  space w i d t h  i s  immediately 

apparent, i .e. ,  l a r g e r  changes i n  l i m i t  values a re  preva len t  

w i t h  space w id th  increments than w i t h  space l e n g t h  changes. This  

i s  p a r t i c u l a r l y  t r u e  f o r  the lcw frequency s i t u a t i o n .  A t  h igh  

f requencies,  changes i n  the  l eng th /w id th  dimensions r e s u l t  i n  

approximate ly  t he  same ampli tude r a t i o  l i m i t  value. Thus, space 

s i z i n g  cou ld  be accomplished us ing  the  conductance q u a n t i t y  

associated w i t h  the space. 



FIGURE D . l  - BASELINE SPACE DESCRIPTION - PARAMETRIC STUDY 
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FIGURE D.2 - PARAMETRIC STUDY FLOW DIAGRAM 
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FIGURE D.3  - RESPONSE TO A UNIT RADIATION PULSE 
FOR VARYING FLOOR THICKNESS 
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FIGURE D.4 - RESPONSE TO A U N I T  RADIATION PULSE 

FOR VARYING FLOOR CONDUCTIVITY 

L O U  
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Den = 140 l b / f t 3  
Cp = .I56 f ~ t u / l b - O ~  



FIGURE D.5 - RESPONSE T O  A UNIT RADIATION PULSE 
FOR VARYING FLOOR DENSITY 
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FIGURE 0.6 - COMPOSITE RESPONSE AMPLITUDE R A T I O  vs FREQUENCY FOR A U N I T  R A D I A T I O N  

I N P U T  FOR VARYING FLOOR THICKNESS, CONDUCTIVITY AND DENSITY 



FIGURE D . 7  - COMPOSITE RESPONSE PHASE ANGLE vs  FREQUENCY FOR A U N I T  RADIATION 

I t iPUT FOR VARYING FLOOR THICKNESS, CONDUCTIVITY AND DENSITY 



FIGURE D.8 - RESPONSE AMPLITUDE RATIO vs FREQUENCY FOR A UNIT 

RADIATION INPUT FOR VARYING FLOOR THICKNESS 
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FIGURE D . 9  - RESPONSE PHASE ANGLE vs FREQUENCY FOR A U N I T  

RADIATIOii INPUT FOR \'A!?Y ING FLOOR THICKNESS -- 

168 72 48 24 18 12 8  6 4  3  PfAlOO (hours) 

I I  I I 1  I I I I  I 
I I  I  I 1  I I  I  I  I  
I I I 1 1  1 I  I I 

.001 .Ol I I 8 .1 1 1 I  8 1 1.j) v ( r rd lsec)  

.. -20 

-. -40 

-60 

-. -80 .  

0 .0  

-20 

-40 

-60 . -  

-80 

r 4-h 

. -  

'- /' 
- - 
,a 

n 

CI 
u 

L m 

x Y 
-0 - - w 

- 

ii 2 w z 4 

w Con - .75 ~ tu /hr - f t -OF  W 

P Den a 140 l b / f t 3  a z 
- -  Cp • . I56 ~ t u l l b - ~ ~  



FIGURE D.10 --- - RESPONSE COMMON RATIO VARIATION -- WITH FLOOR 

THICYNESS FOR A U N I T  RADIATION PULSE 
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FIGURE D.ll - RESPONSE AMPLITUDE RATIO vs FREQUENCY FOR A UNIT 
RADIATION INPUT FOR VARYING FLOOR CONDUCTIVITY 
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FIGURE D.12 - RESPONSE PHASE ANGLE vs FREQUENCY FOR A U N I T  

R A D I A T I O N  - ItiPUT FOR VARYING FLOOR CONDUCTIVITY 

Thk = .333 f t  

Den = 140 lb / f t3  

CP = .I56 ~tu/lb-OF 



FIGURE D.13 - INITIAL RESPONSE AND COMMON RATIO VARIATION WITH 
FLOOR CONDUCTIVITY FOR A UNIT RADIATION PULSE 
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FIGURE D.14 - INITIAL RESPONSE AND COMMON RATIO VARIATION WITH 
FLOOR DENSITY FOR A UNIT RADIATION PULSE 
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FIGURE D. 15 - RESPONSE AMPLITUDE RATIO vs FREQUENCY FOR A U N I T  
RADIATION INPUT FOR VARYING FLOOR DENSITY 
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FIGURE D.16 - RESPONSE PHASE ANGLE vs  FREQUENCY FOR A U N I T  

RADIATION INPUT FOR VARY I NG FLOOR DENSITY 
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FIGURE D.17 - RESPONSE T O  A UNIT RADIATION PULSE FOR 
VARYING FLOOR/CEILING CONVECTION COEFFICIENTS 
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FIGURE 0.18 - INITIAL RESPONSE AND COMMON RATIO VARIATION WITH 
FLOOR/CEILING CONVECTION COEFFICIENTS FOR A UNIT 
RADIATION PULSE 
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FIGURE 0.19 - RESPONSE AMPLITUDE R A T I O  v s  FREQUENCY FOR A U N I T  - 
R A D I A T I O N  I N P U T  FOR VARYING F L O O R / C E I t I N G  CONVECTION C O E F F I C I E K T S  
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FIGURE D . 2 0  - RESPONSE PHASE ANGLE vs  FREQUENCY FOR A U N I T  RADIAT ION 

INPUT  FOR VARY I tlG FLOOR/CEIL I N G  CONVECTION COEFF IC IENTS  
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FIGURE D.21 - INITIAL RESPONSE AND COMMON M T I O  VARIATION WITH 
SPACE SIZE FOR A UNIT RADIATION PULSE 

ace Geometry Variation 



FIGURE D.22 - INITIAL RESPONSE AND COMMON RATIO VARIATION WITH 
RADIATION DISTRIBUTION FOR A UNIT RADIATION PULSE 
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FIGURE D.23 - RESPONSE T O  A UNIT RADIATION PULSE FOR 
VARYING RADIATION DISTRIBUTION 
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FIGURE D. 24 - SURFACE COMPONENT RESPONSE TO A UNIT RADIATION PULSE 
(DISTRIBUTION : 80% FLOOR, 20% OTHER SURFACES) 
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FIGURE D.25 - SURFACE COMPONENT RESPONSE TO A UNIT RADIATION PULSE 

(DISTRIBUTION: SURFACE AREA WEIGHTED) 
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FIGURE D.26 - RESPONSE AMPLITUDE RATIO v s  FREQUENCY FOR A UNIT  RADIATION 

I t lPUT  FOR VARYING RADIATION D ISTRIBUTION 

168 72 48 24 18 12 8 6 4 3 PERIOD (hours) 
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FIGURE D.28 - INITIAL RESPONSE AND COMMON RATIO VARIATION WITH 
FLOOR/CEILING CONVECTION COEFFICIENTS AND RADIATION 
DISTRIBUTION FOR A UNIT RADIATION PULSE 
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FIGURE D.29 - RESPONSE TO A U N I T  SPACE A I R  TEMPERATURE PULSE 

FOR VARYING FLOOR THICKNESS 
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FIGURE D.30 - RESPONSE T O  A UNIT SPACE AIR TEMPERATURE PULSE 
FOR VARYING FLOOR CONDUCTIVITY 

Thk = .333 f t  
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FIGURE D.31 - RESPONSE TO A UNIT  SPACE A I R  TEMPERATURE PULSE 

FOR VARYING FLOOR DENSITY 

LOAD 

Thk = . 333  f t  

Con = . 7 5  ~ t u / h r - f t - O F  

Cp = .I56 8 t u / l b - O ~  



FIGURE D . 3 2  - RESPONSE AMPLITUDE RATIO VS FREQUENCY FOR A UNIT SPACE A I R  

TEMPERATURE INPUT FOR VARYING FLOOR THICKNESS 
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F I G U R E  D. 33 - RCSPONSI: PI IASE AIIGI-C vs FREQUENCY FOR A UNIT SPACE A I R  - - - - - - - - - - - - - - - - - - - - - - - - - - - - - . - -- -- - - -- - - - -- 
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FIGURE D.34 - RESPONSE AMPLITUDE RATIO v s  FREQUENCY FOR A UNIT  SPACE A I R  

TEMPERATURE INPUT FOR VARYING FLOOR CONDUCTIVITY 
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FIGURE D.35 - RESPONSE PHASE ANGLE vs FREQUENCY FOR A UNIT  SPACE A I R  

TEMPERATURE INPUT FOR VARYING FLOOR CONDUCTIVITY 
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FIGURE D. 36 - RESPONSE AMPLITUDE RAT IO  vs  FREQUENCY FOR A U N I T  SPACE A I R  

TEMPERATURE INP I IT  FOR VARYING FLOOR DENSITY 
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FIGURE D.37 - RESPONSE PHASE ANGLE vs FREQUENCY FOR A UNIT SPACE AIR 

TEMPERATURE INPUT FOR VARYING FLOOR DENSITY 
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FIGURE 0.38 - RESPONSE AMPLITUDE RATIO LIMITS FOR A UFIIT 
SPACE AIR TEMPERATURE INPUT FOR VARYING FLOOR/ 

CEILING CONVECTION COEFFICIENTS 
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FIGURE 0.39 - RESPONSE AFlPLITUDE RATIO vs FREQUENCY FOR A UNIT SPACE A I R  

TEMPERATURE INPUT FOR VARYItJG FLOOR/CEILING CONVECTION COEFFICIENTS 
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FIGURE D.40 - RESPONSE PHASE ANGLE vs FREQUENCY FOR A UNIT SPACE AIR 

TEMPERATURE INPUT FOR VARYING FLOOR/CEIL ING CONVECTION COEFFICIENTS 
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FIGURE D.41  - RESPONSE AMPLITUDE RATIO L I M I T S  FOR A U N I T  SPACE A I R  

TEMPERATURE INPUT FOR VARY I t4G SPACE SIZES 
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E.  WEIGHTING FACTORS/THERMAL BALANCE DISCUSSION 

The Interim Report, Reference 1 ,  detailed the algorithms used i n  the weight- 
i n g  factor and thermal balance techniques to  calculate the thermal loads and 
a i r  temperature variations within a space. The analytical treatment was pre- 
sented without regard to  the current simulation programs which apply the 
techniques. However, a t  the time the Interim Report was written, actual 
comparisons between the resul ts  calculated by the methods could only be 
made by employing the published simulation routines. Although the loads and 
temperatures obtained by the two schemes were i n  general agreement, i t  was 
f e l t  a more pure comparison could be made i f  the program peculiar aspects of 
the i n p u t  quantity calculations were eliminated. Thus, CCB,  in the course 
of this contract, compared the resul ts  from general purpose weighting factor 
and thermal balance techniques capable of accepting the same i n p u t  excita- 
tions. In addition, the thermal balance scheme was used to  define the 
weighting factors for  use i n  the weighting factor method. Figure E.l 
presents a diagram depicting the nature of the cal cul a t i  on procedure used 
for  the comparison. The thermal balance technique performs a heat balance 
a t  both inside and outside surfaces of a space defined primarily by i t s  
structural properties. Since the algorithm accepts any arbi t rary input 
excitation form in flux or  temperature, coordinate orientation i s  un-  
necessary and the only geometrical considerations resul t  from the view 
factors which are  calculated in an approximate manner through the area 
r a t io  relationship discussed i n  Reference 7 .  A matrix solution i s  used 
to obtain inside surface temperatures from which the space load or a i r  
temperature is  obtained. In i t i a l ly ,  the space properties are defined 
a f t e r  which a unit pulse i n  radiation and air temperature i s  applied t o  
determine the weighting factors through the use of the recursion relation- 
s h i p  described in Section B of th is  report. The next step en ta i l s  the 
application of a sinusoidal radiation or other arbitrary radiation input 
a t  fixed space temperature. A direct  comparison of the space load calcu- 
lation i s  then made. In the thermal balance procedure, th i s  same 
excitation i s  again i n p u t  and the space temperature allowed to fluctuate. 
The weighting factor procedure, however, uses the constant 



temperature load profile in conjunction w i t h  the previously defined space 
a i r  weighting factors to  calculate the temperature variation. 

Figure E.2 and E . 3  show the response t o  a unit pulse in radiation and space 
a i r  temperature for  the base1 ine configuration of the space defined i n  

Section D of t h i s  report. The values of the weighting factors generated 
are  somewhat different because the i nside/outside surface heat balance 
recursion relationship was used for tn is  analysis; whereas, in the para- 
metric study, the recursion form presented in Reference 1 was used. 

For the radiation pulse case, sets  of 2 ,  3 and 4 weighting factors were 
generated by visual determination of succeeding c o m n  rat ios .  The load 
response to a 10,000 BTU amp1 itude sinusoidal radiation input for  both 
the thermal balance and weighting factor methods i s  shown on Figure E.4. 
Readily apparent i s  the convergence of the two schemes w i t h  increased 
number of factors.  A more exact procedure for  deteming the comon 
rat ios  would no doubt improve the comparative resul ts .  Figure E.5 shows 
the space a i r  temperature variation for  the two methods. The maximum 

difference i s  roughly l/Z°F over a total  excursion of 15OF. Presented on 
Figure E.6 i s  another temperature variation. In th i s  case, the excitation 
ar ises  froma 10" Fsinusoidal variation i n  outside a i r  temperature and a 10K 
B t u  radiation i n p u t .  The constant space temperature load generated by 
the thermal balance was used as input to  the variable temperature weight- 
ing factor calculations. 

These resul ts  indicate that  there are no substantial differences between 
loads and temperatures calculated by ei ther  the weighting factor or ther- 
mal balance methods of approach. As stated i n  the Interim Report, what- 
ever differences ex is t  are  due to  the program specific aspects of the 
routines defining the i n p u t  quantities necessary for  solution. 
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FIGURE E.2 - LOAD RESPONSE TO UNIT RADIATION PULSE 
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FIGURE E . 3  - LOAD RESPONSE TO A U N I T  SPACE A I R  TEMPERATURE PULSE 
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FIGURE E . 4  - WEIGHTING FACTOR/THERMAL BALANCE LOAD RESPONSE COMPARISON FOR 
A 10k BTU SINUSOIDAL RADIATION INPUT 
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FIGURE E . 5  - WEIGHTING FACTORjTHERMAL BALANCE SPACE A I R  TEMPERATURE RESPONSE 

COMPARISON FOR A 10k BTU SINUSOIDAL R A D I A T I O N  INPUT 



FIGURE E . 6  - WEIGHTING FACTOR/THERMAL BALANCE SPACE A I R  TEMPERATURE RESPONSE 

COMPARISON FOR A 1 0 k  BTU SINUSOIDAL RADIATION I N P U T  AND A 1 0 ' ~  

SINUSOIDAL OUTSIDE A I R  TEMPERATURE I N P U T  



F. SUMMARY 

This  r e p o r t  has documented a p o r t i o n  o f  the work accomplished under DOE 

Contract number EM-78-C-01-5227, Passive So la r  Ca l cu la t i on  Methods. I t  
i s  the  f i n a l  r e p o r t  and presents, along w i t h  t he  i n t e r i m  r e p o r t  (Reference 

I ) ,  a  consol i d a t i o n  o f  thermal load  c a l c u l a t i o n  methods f o r  poss ib le  use 

i n  analyz ing passive s o l a r  s t ruc tu res .  

The recurs ion  technique used f o r  generat ing space s p e c i f i c  weight ing f a c t o r s  

discussed i n  Reference 1 was expanded t o  inc lude heat balances on the  ou t -  

s ide  surfaces. The d e r i v a t i o n  shown i n  Sect ion B makes f e a s i b l e  a technique 

f o r  analyz ing zone t o  zone heat t rans fer .  

A f i r s t  s tep i n  u t i l i z i n g  frequency response methods was presented i n  

Sect ion C. The r a d i a t i v e  and space temperature d i s c r e t e  Z-transform repre-  

sen ta t ion  of t he  weight ing fac to rs  was r e l a t e d  t o  a continuous S-transform. 

Amplitude r a t i o  and phase angle parameters were de f ined  across a frequency 

range such t h a t  ou tpu t  q u a n t i t i e s  were de f ined  f o r  a u n i t  s inuso ida l  

e x c i t a t i o n  i npu t .  

To a s s i s t  i n  b e t t e r  understanding the  in f luence o f  s p e c i f i c  cons t ruc t i on  

parameters, a  comprehensive parametr ic study was conducted, w i t h  r e s u l t s  

publ ished i n  Sect ion D. Thickness, c o n d u c t i v i t y  and dens i t y  o f  the  f l o o r  

surface o f  a  t y p i c a l  s t r u c t u r e  were va r i ed  Also the  i n s i d e  convect ive 

heat t r a n s f e r  c o e f f i c i e n t  o f  t he  f l o o r  and c e i l i n g  surfaces was va r i ed  i n  

a d d i t i o n  t o  t he  d i s t r i b u t i o n  o f  t he  i n p u t  r a d i a t i v e  heat gain. The f r e -  

quency response methods discussed p rev ious l y  were used t o  analyze the  

r e s u l t s  o f  the ana lys is .  

Sect ion E presented a comparison of thermal loads and temperatures us ing 

both weight ing fac to r  and thermal balance procedures. I npu t  parameter 

d i f f e rences  were e l  i m i  nated thus enabl i ng a more s a t i s f a c t o r y  comparison 

than the  one presented i n  the  i n t e r i m  repo r t .  The r e s u l t s  i nd i ca ted  t h a t  

both methods are equ iva len t .  
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APPENDIX H.l - SENSITIVITY STUDY TABULATED DATA 



TABLE H.l.l - RADIATION WEIGHTING FACTORS - TABULATED DATA 
SPACE SIZE: L=20', W=20', H=10' 

FLOOR PROPERTIES WEIGHTING FACTORS 

'DISTRIBUTION A 'OlSTRIBUTION B 

THICKNESS CONOUCTlVlTY DENSITY 

(ft) (Btu/hr-ft-OF) (lbs/ft3) VO v1 "1 "0 " 1 U1 

A - 80% Floor, 20% Surface Area 

B - 100% Surface Area Weighted 



TABLE H . 1 . 2  - RADIATION WEIGHTING FACTORS - TABULATED DATA 
SPACE S I Z E :  L = l O t ,  W = l O 1 ,  H = l O 1  

FLOOR PROPERTIES UEIGHTINC FACTORS 

*DISTRIBUTION A 'DISTRIBUTION B 

THICKNESS CONDUCTIVITY DENSITY 

( f t )  ( B t u / h r - f t - O F )  ( l b s / f t 3 )  Vo v1 "1 "0 v1 H1 

*DISTRIBUTION 

A - 8 0 %  F l o o r ,  2 0 %  S u r f a c e  Area 

0 - 100% S u r f a c e  A r e a  Weighted 



TABLE H . 1 . 3  - RADIATION WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L=20', W=lO' ,  H=10 '  

FLOOR PROPERTIES UEIGHTING FACTORS 

*OISTRIBUTION A *DISTRIBUTION B 

THICKNESS CONOUCTIVITY DENSITY 

( f t )  ( B t u / h r - f t - O F )  ( : b s / f t 3 )  Vg " 1 U1 "0 " 1 "1 

A - 80% F l o o r ,  20% S u r f a c e  Area 

8 - 100% S u r f a c e  A r e a  U e i g h t c d  



TABLE H . 1 . 4  - RADIATION WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L = 4 0 ' ,  W=201 ,  H = 1 0 '  

FLOOR PROPERTIES WEIGHTING FACTORS 

*OISTRIBUTION A 'DISTRIBUTION B 

THICKNESS CONDUCTIVITY DENSITY 

( f t )  ( B t u l h r - f t - O F )  ( l b s / f t 3 )  Vg- V1 "1 v~ v 1  

'OISTRIBUTION 

A - 8 0 %  F l o o r .  2 0 %  S u r f a c e  A r e a  
B - 1 0 0 %  S u r f a c e  A r e a  W e i g h t e d  



TABLE H . I  .5 - RADIATION WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L = l O 1 ,  W=20'. H = l O 1  

FLOOR PROPERTIES WEIGHTING FACTORS 
*OISTRIBUTION A *OISTRIBUTION B 

THICKNESS CONDUCTIVITY DENSITY 

(ft) (Btu/hr-ft-OF) (lbs/ft3) Vo "1 W1 "0 " 1 1 

*O~STRIBUTION 

A - 801 Floor. 20% Surface Area 
B - 100% Surface Area Weighted 



TABLE H . 1 . 6  - RADIATION WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L = 2 0 1 ,  W=401,  H = 1 0 '  

FLOOR PROPERTIES WEIGHTING FACTORS 

'OISTRIBUTION A 'DISTRIBUTION B 

THICKNESS CONDUCTIVITY DENSITY 

( f t )  ( B t u l h r - f t - O F )  ( l b s / f t 3 )  VO "1 W 1  v~ v1 W1 

*OISTRIBUTION 

' A  - 8 0 %  F l o o r .  2 0 2  S u r f a c e  A r e a  - 100% S u r f a c e  Area Weighted 



TABLE H.1.7 - RADIATION WEIGHTING FACTORS - TABULATED DATA 

SPACE S IZE :  L = 2 0 1 ,  W=20', H=10' 

FLOOR/CEILING CONVECTION 

COEFFICIENTS 

hi, h i f  

.I62 . 2  
.4  

.6  

.712 

.8 

1 .o 

W_EflING FACTORS 

*DISTRIBUTION A *DISiR!BUTION B 

A - 80% Floor. 202 Surface Area 

B - 100Z Surface Area weighted 



TABLk H. 1.8 - SPACE A I R  TEMPERATURE WEIGI1TING FACTORS - TABULATED DATA 

SPACE SIZk:  L = 2 0 1  , W=201 , H=lO1  

FLOOR PROPERTIES YE IGtITINf; FACTORS CONDUCTANCE WE1 CHTItlC FACTORS 

THlCKtdESS CONOUCT1YI?V DEYSITY GO G2 P1 K t  Go 1 
( f t )  (8tu/hr- f t -OF)  ( ! b r / f t 3 )  ZERO CONDUCTANCE CONDUCTANCE CORRECT l O N  



TABLE H . 1 . 9  - SPACE A I R  TEMPERATURE WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L = l O 1 ,  W = l O 1 ,  H = l O 1  

FLOOR PROPERTIES 

THl CKNESS CONDUCTIVITY DENSITY 

( f t )  ( 8 t u / h r - f t - O F )  ( l b s / f t 3 )  

CIEIGIITINC FACTORS 

Go G1 G2 

ZERO CONOUCTANCE 

128.41 -141 .85  13.44 

130.98 -145.37 14 .39  

131.88 -152.15 20 .27  

132.56 -156.56 24 .00  

133.25 -161 .12  28 .26  

132.36 -161 .51  29 .15  

CONOUCTANCE WE1 GHTIIIG FACTORS 

P1 Kt Go 1 G2 

CONOUCTANCE CORRECTION 



TABLE H . l . 1 0  - SPACE A I R  TEMPERATURE WEIGHTING FACTORS .- TABULATED DATA 

SPACE S I Z E :  L = 2 0 ' .  W=lO1.  H = l O 1  

FLOOR PROPEITIES V E l G H T l  NG FACTORS CONDUCTANCE WE I G H T I  IIG FACTORS 

THICKNESS CONOUCTIVITY DENSITY Go G1 G2 P1 Kt Go 
( f t )  ( 8 t u / h r - f t - O F )  ( l b s / f t 3 )  ZERO CONDUCTANCE CONDUCTANCE CORRECTION 



TABLE H. 1.11 - SPACE A I R  TEMPERATURE WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L = 4 0 t ,  W=20' ,  H=lOb 

-- 

FLOOR PROPERTIES UEIGHTING FACTORS CONDUCTANCE WEIGHT1 IIG FACTORS 

THICKNESS CONDUCTIVITY DENSITY Gd, G2 P1 Kt Go 1 
( f t )  ( ~ t u / h r - f t - O F )  ( l b s / f t 3 )  ZERO CONDUCTANCE CONDUCTANCE CORRECT 1 ON 



TABLE H . 1 . 1 2  - SPACE A I R  TEMPERATURE WEIGHTING FACTORS - TABULATED DATA - 
SPACE S I Z E :  L = l O 1 ,  W=201,  H = l O 1  - 

FLOOR PROPERTIES WEIGtITING FACTORS CONDUCTANCE WE I GHTI IIG FACTORS 

THICKNESS CONOUCTlVITY DENSITY GO 

( f t )  (8 tu /hr - f t -OF)  ( l b s / f t 3 )  
G1 G2 P1 Kt Go 1  

ZERO CONDUCTANCE CONDUCTANCE CORRECTION 



TABLE H . 1 . 1 3  - SPACE A I R  TEMPERATURE WEIGHTING FACTORS - TABULATED DATA 

SPACE S I Z E :  L = 2 0 1 ,  W=401,  H = l O 1  

THICKNESS 

( f t )  

FLOOR PROPESTIES 

CONOUCTIVITY DENS I T V  

( 8 t u / h r - f t - O F )  ( l b r / f t 3 )  

HEIGHTING FACTORS CONWCTANCE WEIGHT1 IIG FACTORS 

G1 G 2  P1 Kt Go 1 G2 

ZERO CONWCTANCE CONOUCTANCE CORRECTION 



TABLE ---- H.1 .14  - SPACE A I R  - TEMPERATURE WEIGHTINKFACTORS - TABULATED -.-- DATA 

SPACE SIZE: L = Z O ' ,  w=2og, ~ = l o '  

Fl.OOR/CE I L I N G  CONVECTION WEIGIITING FACTORS CONDUCTANCE WE I G I U I  IIG FACTORS 

- COEFFICIENTS .- 

hic 
Go G2 1 Kt Go 1 G2 

hi f ZERO CONDIJCTANCE CONOUCTANCE CORRECTION 

. ( 8 t u l h r - f  t 2 - O ~  - 
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APPENDIX H.2 - STATEMENT OF WORK 

The statement o f  work f o r  DOE cont rac t  number EM-78-C-01-5221 consisted 

o f  the tasks l i s t e d  below. Fol lowing each task desc r ip t i on  i s  a b r i e f  

summary o f  the work accomplished and conclusions which were ascertained. 

1. Evaluat ion o f  Ex i s t i ng  Analysis Techniques 

a. I d e n t i f y  the  s p e c i f i c  algori thms and techniques used f o r  

thermal load ca lcu la t ions  i n  DOE-1. 

DOE-1 i s  a thermal load c a l c u l a t i o n  computer program which employs weight- 

i n g  fac to rs  t o  determine space loads and temperature var ia t ions .  The 

program i s  we l l  documented and as a r e s u l t  a minimum e f f o r t  was requ i red  

t o  de f ine  the  c a l c u l a t i o n  schemes employed. Cer ta in  rev i s ions  t o  the  

program have been recommended based on the  techniques developed dur ing  

the  course o f  t he  contract .  A b r i e f  discussion o f  DOE-1 was presented i n  

Reference 1. 

b. I d e n t i f y  the  s p e c i f i c  algori thms and techniques used f o r  

thermal load ca lcu la t ions  i n  BLAST. 

BLAST i s  a thermal load c a l c u l a t i o n  computer program which employs the  

thermal balance method t o  determine space loads and temperature va r ia t i ons .  

A s i g n i f i c a n t  amount o f  t ime was u t i l i z e d ,  p r i m a r i l y  a t  the  s t a r t  o f  the  

contract ,  i n  becoming f a m i l i a r  w i t h  the  program f l ow  and a lgo r i t hm ic  

cha rac te r i s t i cs  of the  BLAST program. I n i t i a l l y ,  i t  was envisioned t o  

use BLAST t o  generate space s p e c i f i c  weight ing fac to rs  and a1 though t h i s  

aspect was accompl ished, the  development o f  a simple recurs ion  re1 a t i on -  

ship negated the  subsequent use o f  BLAST f o r  t h i s  purpose. The i n t e r i m  

repor t ,  Reference 1, presented a cursory d iscussion o f  s p e c i f i c  BLAST 

concepts. 

c.  Es tab l ish  approximate degree o f  divergence o f  the  weight ing 

f a c t o r  technique from the thermal balance technique. DOE-1 

uses pretabulated weight ing fac to rs  pub1 i shed by ASHRAE. 



The comparison of BLAST and DOE-? r e s u l t s  f o r  a  selected s e t  

o f  rooms w i t h  d i f f e r e n t  construct ions and parameters w i l i  be 

used t o  i d e n t i f y  the  degree of divergence. Thermally l i g h t  
rooms ( n e g l i g i b l e  delay i n  heat t rans fer ) ,  medium, heavy and 

very heavy construct ions w i l l  be used and some changes i n  

sur face and heat t r a n s f e r  parameters w i l l  be made. 

Because of the  successful  d e r i v a t i o n  o f  generat ing space s p e c i f i c  weight- 

i n g  factors through the  use o f  a  recurs ion  technique (see paragraph 3d 

below), t he  degree o f  divergence between the thermal bal ance and weight ing 

f a c t o r  techniques e s s e n t i a l l y  does not  e x i s t .  The divergence a r i ses  be- 

cause o f  the  use o f  pretabulated weight ing fac to rs  which were generated 

f o r  spaces somewhat general i n  nature. Whatever d i  f ferences ex i  s t  be- 

tween the two techniques i s  due t o  the  a lqor i thms which c a l c u l a t e  the  

var ious i n p u t  q u a n t i t i e s  necessary f o r  so lu t i on ,  such as s o l a r  r a d i a t i o n  

q u a n t i t i e s ,  i n f i  1  t r a t i o n ,  etc .  Wi th in  Sect ion E o f  t h i s  r e p o r t  a re  con- 

t a ined  r e s u l t s  comparing the weight ing f a c t o r  and thermal balance methods 

from which a1 1  i n p u t  a1 g o r i  thmic d i f fe rences have been e l iminated.  How- 

ever, t o  p rov ide  i n s i g h t  i n t o  s p e c i f i c  parameter i n f l uence  on weight ing 

f a c t o r  values, a  comprehensive parametr ic study was undertaken, the 

r e s u l t s  o f  which are  repor ted i n  Sect ion D o f  t h i s  repo r t .  A space d e f i -  

n i t i o n  s i m i l a r  t o  t he  BR202 s t r u c t u r e  was def ined and per tu rbat ions  

app l i ed  t o  f l o o r  thickness, conduc t i v i t y  and dens i ty  va l  ues, f l o o r / c e i l  i n g  

i n s i d e  convect ion c o e f f i c i e n t s ,  space s i z e  and type o f  r a d i a t i o n  d i s t r i h l l -  

t i o n .  Both r a d i a t i v e  and a i r  temperature weights were qenorated and the 

expected load response determined us ing frequency resonse methods out1 i ned 

i n  Sect ion C and repor ted  i n  Paragraph 4d below. 

d. I d e n t i f y  the  methods used fo r  coup l ing  thermal ly  massive 

elements i n  the  load c a l c u l a t i o n  and system s imula t ion  pa r t s  

o f  DOE-1,and BLAST proqrams. 

See Paragraph 4 below. 



2 .  BLAST/DOE Program In te r faces  and Comparison W i  t h  BR-202 

The purpose o f  t h i s  task i s  t o  implement an i n te r face  between DOE-1 pro-  

gram and the  BLAST program and compare the pulse generated r e s u l t s  of  

BLAST w i t h  t h a t  of t he  NRC program BR-202 which i s  the basis  o f  the 

weight ing f a t t o r s  used i n  ASHRAE and DOE-1 load ca l cu la t i ons .  

a. Implement a method f o r  generat ing pulses on room surfaces 

and room a i r  i n  BLAST due t o  r a d i a t i v e ,  conduct ive and con- 

vec t i ve  loads. This  w i l l  i nc lude d i r e c t  and d i f f u s e  s o l a r  

rad ia t i on ,  loads due t o  equipment, l i g h t s ,  ex terna l  and 

i n t e r n a l  surfaces and occupancy. Document changes made t o  

BLAST. 

b. Establ i s h  methods f o r  conver t ing the  pulse generated resu l  t s  

from BLAST t o  the  pretabulated weight ing f a c t o r  form f o r  

en t r y  i n t o  DOE-1. 

A method was implemented i n  BLAST f o r  generat ing r a d i a t i v e  and room a i r  

temperature pulses. The r a d i a t i v e  r e s u l t s  agree w i t h  the  recurs ion  tech- 

nique described i n  Paragraph 3d below. However, the  room a i r  pu lse  re -  

s u l t s  from BLAST were u n r e a l i s t i c .  To generate the  room a i r  response i n  

BLAST, the  thermal balance s o l u t i o n  ma t r i x  had t o  be rev ised and i t  i s  

thought a t  t h i s  t ime t h a t  perhaps the  app l ied  r e v i s i o n  was no t  v a l i d .  The 

purpose o f  these tasks was t o  be able t o  generate space s p e c i f i c  weight- 

i n g  fac to rs ;  however cont inued work w i t h  BLAST i n  t h i s  regard was n o t  

necessary because o f  the recurs ion  method derived. 

c. Implement a method f o r  en te r i ng  weight ing factors i n t o  DOE-1 

and modify the Loads & Systems Programs so t h a t  new weight- 

i n g  f a c t o r s  are used i n  the  ca l cu la t i ons  when provided. 

With minor mod i f i ca t ions  t o  DOE-?, the recurs ion  method f o r  generat ing 

space s p e c i f i c  weight ing fac to rs  can be implemented i n  the  program s t ruc -  

tu re .  Most o f  the data requ i red  f o r  s o l u t i o n  are  a l ready  present i n  the  

standard f i l e  s t ruc tu re ;  however, add i t i ona l  commands might be necessary 

f o r  adequate d e f i n i t i o n  o f  space proper t ies .  
a 



d. Compare pu lse  generated r e s u l t s  o f  BR-202 w i t h  t h a t  o f  BLAST. 

The i n t e n t  here i s  t o  e s t a b l i s h  a base o f  re fe rence  t o  pre-  

v i o u s l y  publ ished work done a t  NRC, ASHRAE and NBS and iden-  

t i f y  and, i f  f e a s i b l e ,  r e c o n c i l e  d i f fe rences  i n  r e s u l t s  p ro -  

duced by BLAST program. I f  the  d i f f e r e n c e  i n  r e s u l t s  cannot 

be exp la ined  a t  t h i s  t ime, recommendations w i l l  be made 

e i t h e r  t o  i n v e s t i g a t e  t h i s  problem f u r t h e r  o r  t o  bypass i t  

w i t h  t h e  development o f  p a r a l l e l  thermal balance r o u t i n e s  i n  

DOE-1/2. 

Resul ts  f rom t h e  BR-202 program were compared w i t h  t he  BLAST generated 

responses t o  u n i t  pu lse  i npu t s .  To accomplish t h i s  task,  a  l a r g e  q u a n t i t y  

o f  t ime was spent becoming f a m i l i a r  w i t h  t he  BR-202 s t r u c t u r e .  Resu l ts  of 

t h e  comparison a r e  presented i n  Reference 1 as w e l l  as a b r i e f  d i scuss ion  

o f  t h e  BR-202 program. A s h i f t  o f  emphasis f rom cont inued comparisons 

w i t h  BR-202 was made because o f  t h e  r a t h e r  s p e c i f i c  na tu re  o f  t h e  space 

s t r u c t u r e  i n t r i n s i c  t o  t h e  rou t i nes .  

e. U t i l i z e  s p e c i f i c  we igh t ing  f a c t o r s  developed f o r  t h e  t e s t  

rooms i n  DOE-1 and compare w i t h  r e s u l t s  o f  t h e  p re tabu la ted  

we igh t i ng  f a c t o r s  i n  t h e  p r e v i o u s l y  d i ve rgen t  cases. 

See Paragraph 1 c  above. 

3.  Development o f  A n a l y t i c  Re la t ionsh ips  Between t he  Thermal 

Balance and Weight ing Fac to r  Techniques 

a. Develop a n a l y t i c a l  expressions f rom a very  s imp le  model f o r  

t he  we igh t i ng  f a c t o r s  t o  e s t a b l i s h  t h e i r  f u n c t i o n a l  depend- 

ence on room parameters and sur face  thermal p rope r t i es .  

b. Compare t he  a n a l y t i c a l  forms t o  r e s u l t s  ob ta ined  f rom an 

equ i va len t  RC c i r c u i t  i n  both cont inuous and sampled forms. 

c.  I n v e s t i g a t e  the  use o f  p e r t u r b a t i o n  techniques i n  more com- 

p l e x  cases t o  r e l a t e  t he  r a d i a t i o n  coupled mat r i ces  t o  



vec tor  forms, i .e .  thermal balance requ i res  the  s o l u t i o n  o f  

a  r a d i a t i o n  coupled ma t r i x  which i s  used t o  prov ide a  solu-  

t i o n  t o  a  u n i t  pu lse input ,  t h i s  r e s u l t  i s  then used as the  

coupl ing mechanism i n  the weight ing f a c t o r  technique. Use 

ma t r i x  pe r tu rba t i on  methods t o  prov ide a t  l e a s t  t o  f i r s t  

order  the func t iona l  dependence o f  weight ing fac to rs  t o  room 

parameters. 

The recurs ion  re1 a t i onsh ip  described i n  Paragraph 3d be1 ow was developed 

from i n i t i a l  work done on a  simple two-surface model o f  the  thermal ba l -  

ance scheme developed f o r  completion o f  t h i s  task.  A d e f i n i t e  pa t te rn  

was es tab l ished dur ing  t h i s  ana lys is  which r e l a t e d  c e r t a i n  space para- 

meters t o  the  r e s u l t a n t  weight ing fac to rs .  

Both TASK 3b and 3c i n  the  Statement o f  Work were thought necessary t o  

cissist  i n  understanding the  func t i ona l  dependence o f  space s p e c i f i c  

weight ing fac to rs  on room parameters, assuming an empir ica l  o r  m a t r i x  

pe r tu rba t i on  a n a l y t i c a l  technique would have t o  be used t o  de f i ne  the  

weight ing fac to rs .  The recurs ion  method negated f u r t h e r  ana lys is  i n  

these areas. 

d. I nves t i ga te  the p o s s i b i l i t y  o f  es tab l i sh ing  weight ing 

fac to rs  from room parameters e i t h e r  d i r e c t l y  o r  w i t h  the  

use o f  a  pretabulated se t  w i t h  appropr iate co r rec t i on  

elements. 

A recurs ion  r e l a t i o n s h i p  was developed such t h a t  space s p e c i f i c  weight ing 

fac to rs  can be generated f o r  any a r b i t r a r i l y  def ined space. Both r a d i a t i o n  

and a i r  temperature weight ing can be obtained. I nves t i ga t i ons  are  con- 

t i n u i n g  i n t o  conduct ive type f a c t o r s  - a  s i t u a t i o n  which developed as a  

r e s u l t  o f  the  ana lys is  o f  the  BR-202 program i n  which conductive weight ing 

fac to rs  were n o t  e x p l i c i t l y  def ined. The simple equations developed imply 

minor mod i f i ca t ions  t o  DOE-1 such t h a t  t he  use o f  pretabulated weight ing 

fac to rs  are no t  needed. Two approaches were developed. I n i t i a l l y ,  a  heat 

balance o f  the  i n s i d e  surface y i e l d e d  a  recurs ion  equat ion from which the 



aforement ioned responses cou ld  be generated. Resul ts  were presented i n  

t he  I n t e r i m  Report, Reference 1.  W i th i n  Sect ion B o f  t h i s  r e p o r t  i s  con- 

t a i n e d  an extens ion t o  t h e  technique which employs a heat  balance a t  both 

i n s i d e  and o u t s i d e  surfaces. Th is  enables the  genera t ion  of  we igh t i ng  

f a c t o r s  which cou ld  be used i n  mu1 t i zone ana lys is  . 

4. Develop and Evaluate A l t e r n a t i v e  Analys is  Techniques 

a. Review methods f o r  coup l i ng  passive s o l a r  elements w i t h  t he  

thermal balance and we igh t ing  f a c t o r  methods and i d e n t i f y  

t he  assumptions requ i red  f o r  such coupl ing.  

b. Develop and compare l i n e a r l y  coupled forms aga ins t  d e t a i l e d  

simultaneous o r  i t e r a t i v e  so lu t i ons .  

c. I f  t h e  r e s u l t s  o f  subtask ( b )  a re  n o t  acceptable, i n v e s t i g a t e  

o t h e r  coup l ing  techniques t h a t  may be more appropr ia te .  The 

goals  here a r e  t o  develop techniques t h a t  approach t h e  accur- 

acy o f  d e t a i l e d  thermal balance method and t he  computat ional  

e f f i c i e n c y  of t h e  we igh t ing  f a c t o r  method. 

A t  t h e  present  t ime, n e i t h e r  the  we igh t ing  f a c t o r  nor  thermal balance 

schemes have t h e  c a p a b i l i t y  f o r  ana lyz ing  pass ive s o l a r  elements and t h e i r  

i n f l u e n c e  on l oad  q u a n t i t i e s .  Whi le some thought has gone i n t o  t h i s  por-  

t i o n  07 the  Statement of Work no th i ng  conc lus ive  has been ascer ta ined  due 

t o  t he  u n a v a i l a b i l i t y  o f  t e s t i n g  a lgor i thms a t  the  t ime o f  c o n t r a c t  com- 

p l e t i o n .  



d. I f  t ime permi ts  the  f e a s i b i l i t y  o f  spec t ra l  methods w i l l  

a lso be inves t iga ted  as t h i s  method i s  the  most e f f i c i e n t  

i n  cont ras t  t o  the  prev ious ly  considered approaches. 

Sect ion D o f  t h i s  r e p o r t  presents a  d isucssion i n  which a  se t  of weight ing 

fac to rs  and thus Z-transform expressions are r e l a t e d  t o  a  Laplace o r  S- 

t ransform thus enabl ing the use o f  frequency domain a n a l y t i c a l  t oo l s .  

An immediate observat ion can thus be made o f  the damping and phase s h i f t  

c h a r a c t e r i s t i c s  o f  any a r b i t r a r i l y  def ined space and s t ruc tu re .  The 

parametr ic study mentioned i n  Task 1C above r e l i e d  heav i l y  on the  pro- 

cedures def ined here. An i n i t i a l  i n v e s t i g a t i o n  i n t o  pure spec t ra l  tech- 

niques ind ica tes  a  s i g n i f i c a n t  scope o f  app l i ca t i on  p a r t i c u l a r l y  f o r  

passive so la r  s t ruc tures  because of the r e l a t i v e  importance o f  e x c i t a t i o n  

frequency on design op t im iza t ion .  

5. Mu1 t i p l e  Thermal Zone Analysis 

a. Review mu1 t i zone  coup1 i ng techniques i n  s ta te -o f - t he -a r t  

bui  1  d ing  energy analys is  programs. 

b.  Review in te rzone convect ion a lgor i thms which couple zones 

through open doors, windows and stack e f f e c t .  

c .  Select  a  method f o r  implementation which i s  compatible w i t h  

the r e s u l t s  o f  Task 4 and document. 

A cursory d iscussion o f  the mu1 t i zone coupl ing s i t u a t i o n  i s  presented i n  

Sect ion B of t h i s  repor t .  However, p r i o r  t o  f i n a l  recommendations being 

made, subs tant ia l  coding change t o  DOE-2 would be necessary and appro- 

p r i a t e  t e s t i n g  conducted. I n  add i t ion ,  the  incomplete nature o f  Task 4 
j u s t i f i e d  a  reduc t ion  i n  scope fo r  t h i s  Task. 
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