
Publisher’s version  /   Version de l'éditeur: 

ASHRAE Transactions, 93, 1, pp. 146-160, 1987

READ THESE TERMS AND CONDITIONS CAREFULLY BEFORE USING THIS WEBSITE. 

https://nrc-publications.canada.ca/eng/copyright

Vous avez des questions? Nous pouvons vous aider. Pour communiquer directement avec un auteur, consultez la 

première page de la revue dans laquelle son article a été publié afin de trouver ses coordonnées. Si vous n’arrivez 

pas à les repérer, communiquez avec nous à PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca.

Questions? Contact the NRC Publications Archive team at 

PublicationsArchive-ArchivesPublications@nrc-cnrc.gc.ca. If you wish to email the authors directly, please see the 

first page of the publication for their contact information. 

NRC Publications Archive

Archives des publications du CNRC

This publication could be one of several versions: author’s original, accepted manuscript or the publisher’s version. / 

La version de cette publication peut être l’une des suivantes : la version prépublication de l’auteur, la version 

acceptée du manuscrit ou la version de l’éditeur.

Access and use of this website and the material on it  are subject to the Terms and Conditions set forth at

Experimental determination of the Z-transfer function coefficients for 

houses
Barakat, S. A.

https://publications-cnrc.canada.ca/fra/droits

L’accès à ce site Web et l’utilisation de son contenu sont assujettis aux conditions présentées dans le site

LISEZ CES CONDITIONS ATTENTIVEMENT AVANT D’UTILISER CE SITE WEB.

NRC Publications Record / Notice d'Archives des publications de CNRC:
https://nrc-publications.canada.ca/eng/view/object/?id=bada7af5-7730-4765-ac20-c428333fbdf2

https://publications-cnrc.canada.ca/fra/voir/objet/?id=bada7af5-7730-4765-ac20-c428333fbdf2



Ser 

TH1 
I T A T  2 
L l L Z I U  

National Research Conseil national no. 1506 b l  
c .  2 ouncil Canada de recherches Canada 

BLDG 

-- 
Institute for lnstitut de 
Research in recherche en 
Construction construction J' 

Experimental Determination of the 
Z- Transfer Function Coefficients 
for Houses 

by S.A. Barakat 

A!'! A i ' f  ZED 
NRC - ClSTl 

L I B R A R Y  

Appeared in 
ASHRAE Transactions 1987 
Part I, p. 146-160 
(IRC Paper No. 1506) 

Reprinted by permission of the 
American Society of Heating, Refrigerating and 
Air-Conditioning Engineers, Inc., Atlanta, GA 

Price $3.00 

NRCC 28659 

B ~ B L I O T H ~ Q U E  

I R C 
CNRC - CIST I 

I 



Des experiences conpes @ialement en vue de d6-er les coefficients de fonction de 
transfert z charge cdorifique dus awc apports solaires, ainsi que les coefficients de fonction 
de transfert air de pi&ce, ont CtC r6alistks sur un site d'essai. Trois series de coefficients ont 
CtC obtenus pour differents niveaux de masse de maisons B ossature de bois. Ces niveaux, 
qui couvrent une plage inferieure B celle du ASHRAE Handbook, sont particuli6rement 
utiles pour les calculs CnergCtiques visant les maisons. Les niveaux de masse examinks 
sont bases sur 46, 130 et 535 kg/m2 (9,4,26,6 et 110 IbIpi2) d'aire de plancher. 

- -  - -  

Ser 

Nat iona l  Research Council TH1 

Canada. I n s t i t u t e  f o r  N21d 

Research i n  Construct ion no. 1506 
Paper c .  2 

Barakat , S. A. BLDG 
J r n ~ r i  m e v m  d e + p m i  &< fir! nf- +.W .- 



I 
I 

I 
EXPERIMENTAL DETERMINATION OF THE Z-TRANSFER 
FUNCTION COEFFICIENTS FOR HOUSES 

! S.A. Baraka t ,  Ph.D., P.E. 
I 

S p e c i a l l y  designed exper iments  were performed a t  an outdoor t e s t  f a c i l i t y  t o  determi.ne t h e  

cool tng- load z-trii11sEer f u n c t i o n  c o e f f i c i e n t s  due t o  s o l a r  g a i n  i n p u t ,  as w e l l  a s  t h e  room-air 

t r a n s f e r  f u n c t i o n  c o e f f i c i e n t s .  Three s e t s  of c o e f f i c i e n t s  were ob ta ined  f o r  d i f f e r e n t  mass 

l e v e l s  i n  wood-f rame houses.  ' h e s e  l e v e l s ,  which cover  a range lower than  t h o s e  covered i n  

the  ASHRAE Handbook, a r e  p a r t i c u l a r l y  u s e f u l  f o r  energy c a l c u l a t i o n s  f o r  houses.  The mass 
l e v e l s  examined a r e  based on 46,  130, and 535 kg/& (9.4, 26.6, and 110 lb / f  t 2 )  of f l o o r  

a r e a .  

I INTRODUCTION 

The z - t r a n s f e r  f u n c t i o n  t echn ique  ( a l s o  c a l l e d  t h e  thermal  response f a c t o r  o r  t h e  w e i g h t i n g  

f a c t o r  method), in t roduced  by Stephenson and M i t a l a s  (1967; M i t a l a s  1972, 1978; ASHRAE 1985), 
i s  a well-known method f o r  energy a n a l y s i s  of b u i l d i n g s .  With t h i s  t echn ique ,  hour ly  the rmal  

l o a d s  can be c a l c u l a t e d  based on t h e  p h y s i c a l  d e s c r i p t i o n  of t h e  b u i l d i n g  and t h e  ambient 

weather cond i t ion .  These loads  a r e  then used, t o g e t h e r  wi th  in fo rmat ion  about t h e  
h e a t i n g / c o o l i n g  system, t o  c a l c u l a t e  t h e  space a i r  t empera tu re  and h e a t  a d d i t i o n / e x t r a c t i o n  

r a t e s .  To perform t h e s e  c a l c u l a t i o n s ,  t h e  method u t i l i z e s  s e t s  of p r e c a l c u l a t e d  t r a n s f e r  

f u n c t i o n  c o e f f i c i e n t s .  These a r e  given i n  t h e  ASHRAE procedures  (ASHRAE 1975) f o r  t h r e e  room 

mass l e v e l s ;  namely, l i g h t ,  medium, and heavy, c h a r a c t e r i z e d  r e s p e c t i v e l y  by 146, 341, and 

635 kg/m2 (30,  70, and 130 l b / f t 2 )  of f l o o r  a r e a .  

An examinat ion of conven t iona l  wood-frame houses y i e l d s  a  room s p e c i f i c  mass va lue  as low 

a s  50-60 kg/& (10-12 l b / f t 2  ), which is  much lower than  ASHRAE v a l u e s  f o r  l i g h t w e i g h t  

b u i l d i n g s .  The p r e c a l c u l a t e d  response f a c t o r s  g iven  i n  ASHRAE (1975) a r e ,  t h e r e f o r e ,  n o t  

a p p r o p r i a t e  f o r  most houses.  This  is confirmed by t h e  l a c k  of agreement between measured and 

p r e d i c t e d  energy consumption when ASHRAE va lues  were used i n  an energy a n a l y s i s  program 

(Konrad and Larsen  1978) t o  s i m u l a t e  t h e  performance of a  wood-f rame s t r u c t u r e .  F igure  1 
shows the  r e s u l t s  of one such c a l c u l a t i o n .  This  l a c k  of agreement i n d i c a t e s  t h a t  t h e  

s i m u l a t e d  performance c o n s i s t e n t l y  i m p l i e s  a much h e a v i e r  bu i ld ing .  

I n  t h i s  s tudy ,  exper iments  were c a r r i e d  out  t o  determine t h e  cool ing- load t r a n s f e r  

f u n c t i o n  c o e f f i c i e n t s  f o r  s o l a r  h e a t  g a i n  i n p u t  and t h e  room-air t r a n s f e r  func t io i l  
c o e f f i c i e n t s  f o r  t h r e e  d i f f e r e n t  mass l e v e l s  of houses corresponding t o  46, 130, and 535 kg/m2 

(9.4, 26.6, and 110 l b / f t 2 )  of f l o o r  a r e a .  

I THE Z-TRANSFER FUNC'PION METHOD 

I For a  dynamic hea t  t r a n s f e r  system,  dependent and independent v a r i a b l e s  can be r e l a t e d  by 
I d i f f e r e n t i a l  equa t ions .  The s o l u t i o n  of t h e s e  equa t ions  may t a k e  s e v e r a l  forms. I n  t h i s  

1 case ,  t h e  i n p r ~ t  and o u t p u t  z - t r ans f  orms ( i  .e., t r a n s f  orms of independent and dependent 
v a r i a b l e s )  a r e  r e l a t e d  by a  z - t r a n s f e r  f u n c t i o n  as fo l lows :  

S.A. Harakat is a  Research O f f i c e r ,  I n s t i t u t e  f o r  Reseatch i n  Cons t ruc t ion ,  Na t iona l  Research 

Council  of Canada, Ottawa, Canada, K1A OR6. 



where O(z) = z-transform of the output  

I ( z )  = z-transform of the  input  
G(z) = system t r a n s f e r  func t ion  

The z-transformation of a  time-dependent funct ion (e.g., s o l a r  r ad i a t i on ,  ou ts ide  a i r  

temperature)  is a sequence of values of the  func t ion  a t  equal  time i n t e r v a l s  (usua l ly  one 
hour) ;  t ha t  is, it is  a  time s e r i e s  r ep re sen ta t i on  of the funct ion.  

The most important c h a r a c t e r i s t i c  of the z - t ransfer  funct ion method, a s  compared with 
o the r  ca l cu l a t i on  methods, is t h a t  the  inputs  and the  outputs  a r e  sequences of values equal ly  

spaced i n  time. Thus, t he  weather records of ou ts ide  a i r  temperature and s o l a r  r ad i a t i on ,  

which a r e  given on ar? hourly bas i s ,  can be used a s  input  with l i t t l e  o r  no preprocessing. The 
main l i m i t a t i o n  of the z - t ransfer  method is  t ha t  the  system under cons idera t ion  must be 

cons tan t  with time and l i n e a r ;  ( i n  o ther  words, the  thermal p rope r t i e s  and heat  t r a n s f e r  
c o e f f i c i e n t s  used i n  the system must be cons tan t ,  and independent of temperature).  

The z- t ransfer  funct ion method f o r  energy ca l cu l a t i ons  is explained i n  Chapter 26 of t h e  

1985 e d i t i o n  of ASHRAE Fundamentals (ASHRAE 1985). The ca l cu l a t i on  cons i s t s  of two s teps .  I n  
the f i r s t  s t ep ,  the space a i r  temperature is assumed t o  be constant  a t  some reference  value 
and the  instantaneous heat  ga ins / l o s se s  f o r  t he  room a r e  ca lcu la ted .  These include s o l a r  and 
i n t e r n a l  heat  gains and envelope conduction and i n f i l t r a t i o n  losses .  A cool inglhea t ing  load 
f o r  the  room (defined a s  t he  r a t e  a t  which heat  must be removedladded t o  maintain t he  a i r  

temperature i n  the room a t  the constant  re ference  value)  is ca lcu la ted  f o r  each component of 

instantaneous heat ga in l lo s s .  

The z- t ransfer  func t ion  tha t  r e l a t e s  the  z-transforms of the room heat  gain,  I ( z ) ,  t o  t h e  

room cooling+ load,  Q(z),  may be expressed a s  

where v o ,  vl , and wl a r e  the z - t ransfer  funct ion coe f f i c i en t s .  While v,, and vl a r e  d i f f e r e n t  

f o r  each type of heat ga in ,  wl is the  same f o r  a l l  types and depends only on the  thermal 
s torage  c h a r a c t e r i s t i c s  of the room. In  the time domain, the room cooling load is given by 

where t is  the t i m e  and A is the t i m e  i n t e r v a l  between successive va lues ,  usua l ly  one hour. 

A t  the end of the f i r s t  s t e p ,  the cooling loads from various heat  gains a r e  added t o  g e t  

t h e  t o t a l  cool ing load f o r  the  room. 

In the second s t e p ,  the net  heat  input  t o  the room ( t o t a l  cool ing load l e s s  any hea t  

e x t r a c t i o n  o r  add i t i on  provided by the  HVAC system) is used t o  c a l c u l a t e  the  devia t ion  of the  
space a i r  temperature from the reference value s e t  during the cooling load ca l cu l a t i on .  

' 1 ' 1 1 ~  z-Lt-;i~l?tLer l r ~ t ~ c t i o r i  tlliit r e l a t e s  ttlc z-transfotmtl of the ~ p t l c e  tt?~nl)t!rature devin t ion  

from the reference,  8 ( z ) ,  t o  the  net  heat  input  t o  the  space, QN(z), is termed the  room-air 

(or  air- temperature)  t r a n s f e r  func t ion  and is given by 

where g o ,  g l ,  g2 and pl a r e  the  t r a n s f e r  func t ion  coe f f i c i en t s .  The value of the c o e f f i c i e n t  

p, is equal t o  w1 f o r  the same room mass. The net  heat  input  and space temperature a r e  

r e l a t ed  by 

+TO avoid r e p e t i t i o n ,  re ferences  t o  hea t ing  loads w i l l  be el iminated;  t he se  loads can always 

be considered a s  negat ive cooling loads. 



Some i n t e r e s t i n g  p rope r t i e s  of the  t r a n s f e r  funct ion c o e f f i c i e n t s  can be obtained by 
applying the  s teady-s ta te  condit ions.  For the  cooling-load t r a n s f e r  func t ion  c o e f f i c i e n t s ,  i t  

can be shown tha t  

where f  represents  the f r a c t i o n  of the s teady-s ta te  heat  gain tha t  appears a s  a  cooling load.  

The c o e f f i c i e n t s  given i n  ASHKAE Fundamentals a r e  such tha t  f  = 1. An es t imate  of f can be 

made using the procedure i n  Chapter 26 of the Handbook. The v c o e f f i c i e n t s  can be ad jus ted  

accordingly.  

S imi la r ly ,  under s teady-s ta te  condi t ions ,  Equation 4 can be rearranged t o  g ive  

where KT is the thermal conductance of the  room, including a l l  heat  flow paths.  

In ASHRAE l i t e r a t u r e ,  the  air-temperature c o e f f i c i e n t s  a r e  presented a s  normalized 

f a c t o r s  t o  remove the  e f f e c t  of va r i a t i ons  i n  room thermal conductance, and the  e f f e c t  of room 
s i z e .  The normalized t r a n s f e r  func t ion  c o e f f i c i e n t s  a r e  ca l cu l a t ed  a s  

where A f  is the f l o o r  area.  Equation 7 becomes 

Another property inherent  i n  the a i r  temperature c o e f f i c i e n t s  is a measure of the  hea t  

capac i ty  of the room. It can be shown t h a t  the heat capac i ty ,  C,  is  given by 

THE OUTDOOR TEST FACILITY 

The t e s t  f a c i l i t y ,  described i n  d e t a i l  i n  Barakat (19841, cons i s t s  of t h r ee  one-story 

i n su l a t ed  wood-frame bui ld ings  with basements. They a r e  divided i n t o  four  two-room u n i t s  and 
four single-room un i t s .  Three of the four  two-room u n i t s  (Uni t s  1 t o  3 )  were used f o r  the  
experiments. Construct ion d e t a i l s  and thermal r e s i s t a n c e  values of the  wal l s  and c e i l i n g s  a r e  
given i n  Tables  1 and 2. 

Each of the two-room un i t s  cons i s t s  of a  south and a north room with a  connecting door. 

Each south room has a  south-facing window with a  net  g l a s s  a rea  of 2.6 m 2 ;  each north room has 
a  1 d window fac ing  north.  The th ree  u n i t s  d i f f e r  only i n  the  type and amount of thermal 

mass used a s  i n t e r i o r  f i n i s h  of the wal l s ,  a s  given i n  Table 2. A l l  rooms i n  t he  f a c i l i t y  a r e  
heated t o  20°C with an e l e c t r i c  baseboard hea ter  cont ro l led  by a  prec is ion  c o n t r o l l e r  t o  
wi th in  O.l°C. To e l imina te  any hea t ing  load due t o  outdoor a i r  i n f i l t r a t i o n ,  a  s l i g h t  

pos i t i ve  pressure  is maintained i n  a l l  rooms, using a i r  preheated t o  t he  same temperature a s  
the  a i r  t n  the  t e s t  room. 

! Measurements were taken of t he  following: t he  average indoor a i r  temperature a t  

mid-height of each room (1.2 m above the f l o o r ) ;  t h e  temperature of the a t t i c  a i r  and the  
cor r idor  a i r ;  the s o l a r  r ad i a t i on  inc ident  on a  ho r i zon ta l  sur face ,  and on a south- and a 

north-facing v e r t i c a l  sur face ;  t h e  d i r e c t  normal component of the  s o l a r  r ad i a t i on ;  t h e  
e l e c t r i c  space-heating energy consumption of each room; and the  wind speed and d i r e c t i o n .  



A data  logger was used t o  scan and record the  da ta  on magnetic tape. Wind da ta ,  
r ad i a t i on  rind t e~npe ra t~ r r e  values were scanned every minute, averaged over n s p e c i f i c  period,  

and recorded. Energy consumption values were accumulated and recorded f o r  the  same period. 

EXPERIMENTAL PROCEDURE 

111 pr inc ip l e ,  the experiments were based on measuring the room response (heating-system power 

output  or  room-air temperature) t o  a known input  ( s o l a r  ga in  or  per turba t ion  i n  t he  system 
input  t o  the room). Applicat ion of the t r a n s f e r  func t ion  r e l a t i onsh ips  of Equation 2 o r  4 
using the  measured input and output  da t a  would then y i e ld  t he  values of the  coe f f i c i en t s .  
Since the t e s t  u n i t s  a r e  loca ted  outdoors, the o v e r a l l  measured output contained a second 
s i g n i f i c a n t  component, which is the  o v e r a l l  response of t he  room t o  t he  outdoor weather 
parameters. This component had t o  be subt rac ted  before the t r a n s f e r  func t ion  could be 
obtained.  

To e l imina te  the dynamic e f f e c t  of s o l a r  ga in  through windows and the  a s soc i a t ed  

overheat ing of the  space on sunny days, both windows of each u n i t  were shaded from s o l a r  
r ad i a t i on  by an e x t e r n a l ,  v e r t i c a l  shade about 40 cm i n  f r o n t  of the  window. 

For the s o l a r  t r a n s f e r  func t ion  experiments, the shade on the  south window was t o t a l l y  o r  

p a r t i a l l y  removed on a sunny day t o  al low s o l a r  ga in  through the  window f o r  1 hour. This 

created a 1-hour s o l a r  input  pulse on the room. The magnitude of the  pulse ( s i z e  of opening) 
was chosen so  t ha t  the  room-air temperature would not exceed the s e t  point  ( r e f e r ence )  
temperature. A l l  the parameters,  including the  e l e c t r i c  hea t ing  power consumption f o r  t h e  

room, were measured every f i v e  minutes. Mid-hour values were then used f o r  the  ana lys is .  

For the room-air t r a n s f e r  func t ion  experiments, the window remained f u l l y  shaded and an 

add i t i ona l  e l e c t r i c  hea t e r ,  placed i n  t he  center  of the u n i t ,  was s t a r t e d  a t  a prescribed time 

driring the night ,  and kept on for  th ree  o r  four  hours, causing the room t o  overheat .  The 

temperature r i s e  above the  re ference  value ( s e t p o i n t )  is the  output response f o r  Equation 5 
(or  input for Equation 4 ) .  

Figures 2 and 3 represent  examples of the measured parameters and outdoor weather 
condi t ions  during a s o l a r  pulse experiment, and during a heat-addit ion pulse experiment, 

respec t ive ly .  Further  d e t a i l s  of both types of experiments a r e  given i n  a companion 
pub l i ca t i on  (Barakat 1985). 

DATA ANALYSIS 

In both pulse experiments, t h e  t o t a l  output ,  t h a t  is, the change i n  power consumption f o r  t h e  

s o l a r  gain experiments, and the  r i s e  i n  room temperature f o r  the  heat  add i t i on  experiments, 
was the r e s u l t  of two simultaneous inputs:  the  i n t e n t i o n a l l y  generated per turba t ion  and t h e  

outdoor weather parameters (ambient temperature, wind and s o l a r  r a d i a t i o n  on the  bui ld ing  
sur faces) .  To sepa ra t e  the net output  due t o  t he  pulse,  the component due t o  outdoor weather 

v a r i a t i o n  was f i r s t  subt rac ted  from the t o t a l  output .  A t r a n s f e r  func t ion  r e l a t i o n s h i p  was 
then e s t ab l i shed  between the  input  pulse and the corresponding net  ou tput ,  and t h e  
c o e f f i c i e n t s  were determined. The procedure is described i n  d e t a i l  i n  t h e  fol lowing 
paragraphs. 

Step 1. Measuring Room Response t o  Outdoor Weather Parameters 

A number of periods were chosen during which no pulses  were appl ied  and the room 

temperature remained a t  a sei: point .  The measured power consumption, t he re fo re ,  represented 
the response t o  the outdoor weather parameters. Using mul t ip le  l i n e a r  regress ion ,  a t r a n s f e r  
func t ion  was obtained l i nk ing  the  input  parameters and the  room power consum~t ion ,  Ea* This 

funct ion has the form 

E,(z) a. +alzml 
=, (11)  

- 1 + bl z-' 

In the time domain t h i s  t r a n s l a t e s  i n t o  

Ea ( t )  = a,,AT*(t) + alAT*(t-1) - blEa(t-1) (12) 

149 



where A P  i s  a  weighted temperature d i f f e r ence  defined a s  

and UA = o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t  f o r  a  p a r t i c u l a r  wall ,  windaw o r  c e i l i n g  

AT a Ts - Tr, f o r  ou ts ide  wal l s  

= Ta - Tr, f o r  p a r t i t i o n  walls  and c e i l i n g  

= To - Tr, f o r  windows 
Ts = s o l - a i r  temperature of t he  outs ide  sur face  
Ta = a i r  temperature of the  adjacent  room o r  a t t i c  

To = outdoor a i r  temperature 
Tr = room temperature ( s e t  a t  20°C). 

The o v e r a l l  heat  t r a n s f e r  c o e f f i c i e n t s ,  UA, were ca lcu la ted  based on the cons t ruc t ion  

d e t a i l s .  Sol-air  temperatures were ca lcu la ted  using the  following data:  sur face  absorptance; 

s o l a r  r ad i a t i on  inc ident  on the sur face  (measured f o r  south and nor th  wal l s  and ca l cu l a t ed  

from hor izonta l  measurements For e a s t  and west walls  [Barakat 19801); and the  outdoor f i l m  
heat t r a n s f e r  c o e f f i c i e n t  ca lcu la ted  hourly as  a  funct ion of wind speed (ASHRAE 1985). 

The c o e f f i c i e n t s  ( ao ,  al , and b l )  of Equation 12 were determined using mul t ip le  l i n e a r  
regress ion .  The adequacy of these  c o e f f i c i e n t s  was checked by using them t o  predic t  t h e  power 

consumption during o ther  periods. F igure  4a shows measured power consumption f o r  a  four-day 

period i n  January 1983; i t  a l s o  shows the  predic ted  power using the  t r a n s f e r  func t ion  

c o e f f i c i e n t s  ca lcu la ted  f o r  the same da ta ,  with the  f i r s t  value a s  an i n i t i a l  condit ion.  
Figure 4b shows the  measured power values f o r  a  d i f f e r e n t  period i n  March 1983 compared with 
the values predicted using the c o e f f i c i e n t s  produced fo r  the da t a  i n  Figure 4a. The 

predic t lon ,  which has an rms e r r o r  of l ea s  than 25 W (compared with an average powor of 380 W 
over the per iod) ,  is good. 

Step 2. Generating an Input Pulse  

For a  period with an input  pulse,  the c o e f f i c i e n t s  generated i n  Step 1 were used t o  

p red i c t  the  room response due t o  ambient weather, Ea ( t ) ,  using Equation 12. The net  output 

response due t o  the pulse,  E ( t )  was then ca lcu la ted  a s  
P 

where E ( t )  represents  Q f o r  t he  s o l a r  gain experiments (Equation 2) and QNt f o r  the  room-air 

temperaeure experiments [ ~ ~ u a t i o n  4) ,  and E ( t )  is the  t o t a l  power consumption of the  room 

( inc luding  add i t i ona l  hea t e r  input  i n  the room-air temperature experiments).  Step 2 i s  

i l l u s t r a t e d  i n  Figure 5 f o r  a  s o l a r  pulse a t  noon i n  the  south room of Unit 2  and i n  Figure 6 

f o r  a  heat-addit ion pulse i n  Unit 1. In  these  f i g u r e s  and a l l  those t h a t  follow, t h e  hourly 

d i s c r e t e  data  poin ts  a r e  joined by s t r a i g h t  l i n e s  f o r  both measured and predic ted  r e s u l t s .  

Data used t o  produce the  response f a c t o r  s t a r t  only a t  the  pulse time. 

For the s o l a r  pulse,  the input  is  ca lcu la ted  a s  

where I is the average s o l a r  r a d i a t i o n  i n t e n s i t y  over t h e  1-hour pulse period,  F is t he  s o l a r  

gain f a c t o r  f o r  double g laz ing  ca l cu l a t ed  f o r  t h a t  hour (Barakat 1980); and A is t he  net  
g laz ing  area  exposed during the period. 

Step 3. Calcu la t ing  the  Transfer  Function Coe f f i c i en t s  

Mult iple  l i n e a r  regress ion  ana lys i s  was used t o  produce a  f i r s t  approximation t o  t h e  

t r a n s f e r  func t ion  c o e f f i c i e n t s  i n  Equations 2 and 4. These c o e f f i c i e n t s  were then used a s  

i n i t i a l  assumptions f o r  a  soph i s t i ca t ed  p red i c t i on  program t o  generate  more accura te  values of 

t h e  c o e f f i c i e n t s .  A pred ic t i on  program was used (DFMF'P 1968), which c a l c u l a t e s  the  l o c a l  

minimum of a  funct ion ( t he  e r r o r  value)  of s eve ra l  va r i ab l e s  ( t he  c o e f f i c i e n t s )  using t h e  



method of F le tcher  and Powell (1963). This is t he  same method commonly used f o r  t he  design of 
recurs ive  d i g i t a l  f i l t e r s  ( S t e i g l i t z  1970). The minimized func t ion  was t he  square of the  
d i f f e r e n c e  between the  measured and predicted responses. The method s u b s t i t u t e s  t he  predic ted  
value f o r  the  previous hour i n  Equation 2 o r  4 t o  c a l c u l a t e  the  value and e r r o r  f o r  the  
present  hour, r a t h e r  than the  measured value f o r  the  previous hour, as i n  regress ion  
ca l cu l a t i ons .  a 

RESULTS 

Solar  Responae Fac tors  

A total .  of 11 experiments were performed during t h e  1980181 hea t ing  season i n  t he  south  
rooms of IJnlts 1,  2 ,  and 3 of the  t e s t  Fac i l i t y .  Table 3 g ives  the  average ca lcu la ted  values 

of the t r a n s f e r  func t ion  c o e f f i c i e n t s  f o r  a l l  experiments and the  average f o r  each room 
( l i g h t ,  medium, heavy). The t a b l e  a l s o  gives values of the  nus d i f f e r ence  between t h e  
measured and predicted responses. In  addi t ion ,  F igure  7a t o  c  shows examples of both t h e  
measured and predic ted  cooling load response t o  a  s o l a r  pu lse  f o r  each of the  l i g h t ,  medium 
and heavy rooms. 

A s  with the response f a c t o r s  i n  t he  the c o e f f i c i e n t s  presented i n  

Table 3 a r e  normalized, a s  explained e a r l i e r  i n  t h i s  Note, t o  give an f  value ( i n  Equation 6 )  
of 1. Before normalizat ion,  average ca lcu la ted  values of f  were 0.7, 0.89, and 0.86 f o r  t h e  
t h r e e  room mass l e v e l s ,  respec t ive ly .  

Room-Air Response Fac tors  

Experiments were performed i n  two hea t ing  seasons, 1980181 and 1982183. Between the  two 
periods,  an add i t i ona l  ex t e rna l  l aye r  of i n s u l a t i o n  was appl ied  t o  t h e  wal l s  and c e i l i n g s  of 
a l l  t e s t  un i t s .  The change i n  thermal c h a r a c t e r i s t i c s  i s  r e f l e c t e d  i n  the da ta  i n  Table 1. 

I n  1980181, experiments were performed i n  a l l  t h r ee  2-room u n i t s  f o r  both rooms simultaneously 
( p a r t i t i o n  door open). I n  1982183, the medium-weight un i t  was not a v a i l a b l e  fo r  f u r t h e r  
experiments. De ta i l s  of the experiments performed during both hea t ing  seasons (19 i n  a l l )  a r e  
given in  Table 4. Figure 8a t o  c  shows examples of the measured and predic ted  net heat  input  
t o  the room (output )  corresponding t o  the  measured va r i a t i on  i n  room temperature ( i npu t )  f o r  

each of the three  room mass values. The r e s u l t i n g  average response f a c t o r s  f o r  a l l  the  
experiments a r e  l i s t e d  i n  Table 4. Resul t s  of ind iv idua l  t e s t s  a r e  a l s o  given by Barakat 
( 1985). 

Due t o  measurement e r r o r s ,  the t r a n s f e r  func t ion  c o e f f i c i e n t s  obtained d id  not exac t ly  
s a t i s f y  the  s teady-s ta te  condi t ion  given by Equation 7. To s a t i s f y  t h i s  condit ion,  t he  g2 

coef € i c i e n t  was ca lcu la ted  from t h i s  equation. The o v e r a l l  thermal conductance of the  u n i t ,  

KT, was obtained by adding the  corr idor-wall  conductance t o  t he  indoor-outdoor UA value of t he  
u n i t  obtained i n  a  previous i nves t iga t ion  (Barakat 1984). The maximum change i n  any value 
was l e s s  than 10%. 

In addi t ion ,  t o  be cons i s t en t  with the ASHRAE presenta t ion ,  the room-air response f a c t o r s  

were normalized using Equation 8. These ad jus ted  and normalized f a c t o r s  a r e  presented i n  

Table 5 fo r  the three  mass l eve l s .  

A s  ind ica ted  e a r l i e r ,  the thermal capaci ty of a  bu i ld ing  can be determined us ing  
Equation 10. Table 5 g ives  t he  r e s u l t i n g  values f o r  t he  t h r ee  u n i t s ,  a s  wel l  a s  t he  values 
ca lcu la ted  from the cons t ruc t ion  d e t a i l s ,  the bui ld ing  elements, and the  s p e c i f i c  hea t  of each 
element ( taken from Table 2). The da t a  i n  the  t a b l e  show good agreement between the  two s e t s  
of thermal capaci ty values. 

DISCUSSION 

The response f a c t o r s  obtained i n  t h i s  s tudy,  toge ther  with the  values i n  the  ASHRAE Handbook, 

a r e  summarized i n  Table 6. Examination of t he  decay c o e f f i c i e n t s  (wl and p l )  shows t h a t  the  

new values a r e  cons i s t en t  with the  mass l e v e l s  of the  bui lding.  The new response f a c t o r  
values,  t he re fo re ,  f i l l  the  gap tha t  ex i s t ed  f o r  wood-frame houses, Addit ional  work is 
needed, however, t o  produce the remaining s e t s  of cooling load response f a c t o r s  (conduction, 

l i g h t s ,  e t c . ) .  
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Work is underway t o  c a l c u l a t e  the  z - t ransfer  func t ion  c o e f f i c i e n t s  a n a l y t i c a l l y ,  f o r  t he  
same mass l e v e l s  reported i n  t h i s  s tudy,  using the procedure developed by Mi ta las  (1983). 
Prel iminary r e s u l t s  of these ca l cu l a t i ons  (Sander 1985) a r e  reported i n  Table 7. Calculated 

values fo r  the s o l a r  cooling load and the room-air t r a n s f e r  func t ion  c o e f f i c i e n t s  show f a i r l y  

good agreement with experimental values. The l a rge  values of the  new g c o e f f i c i e n t s  of t h e  
room-air t r a n s f e r  func t ion  a r e  probably due t o  the l oca t ions  of heat  input  and temperature 

measurement. A s  mentioned previously,  temperature was measured a s  the  average (of 12 
loca t ions )  a t  room mid-height. However, i f  the measured average temperature is l e s s  than t h e  

t r u e  mixed average assumed i n  any ca l cu l a t i on ,  t h i s  w i l l  r e s u l t  i n  higher values of the g 

coef F ic ien ts  compared with those ca lcu la ted  a n a l y t i c a l l y .  In add i t i on ,  euch d i f  Eerencea may 

account f o r  the  discrepancy between the  assumed l i n e a r  indoor convective f i l m  c o e f f i c i e n t s  

used i n  the ca l cu l a t i on ,  and the  a c t u a l  convective c o e f f i c i e n t s  f o r  the  wal l s  of the t e s t  
un i t s .  

The response f a c t o r s  i n  Table 7 were used i n  t he  ENCORE Program (Konrad and Larsen 1978) 

t o  s imulate  the  performance of Unit 1  of the  t e s t  f a c i l i t y  fo r  t he  same period shown i n  
Figure 1. Room temperature and power consumption a r e  compared with measured values i n  
Figure 9. The new response f a c t o r  values gave r e s u l t s  t h a t  corresponded much b e t t e r  t o  a c t u a l  
monitored performance f o r  such l ightweight  bui ldings.  Further  improvement i n  the  s imula t ion  
r e s u l t s ,  p a r t i c u l a r l y  f o r  heavyweight bu i ld ings ,  can be expected i f  more c o e f f i c i e n t s  a r e  used 
t o  express  the z - t ransfer  funct ion.  

SUMMARY 

New s e t s  of z - t ransfer  func t ion  c o e f f i c i e n t s  were generated experimental ly f o r  the  s o l a r  

cooling load and the  room-air temperature. The c o e f f i c i e n t s  were obtained f o r  wood-frame 

houses with t h r ee  d i f f e r e n t  s p e c i f i c  mass l eve l s :  46, 130, and 535 kg/m2 of f l o o r  a rea .  
These c o e f f i c i e n t s  improved the  thermal performance p red i c t i on  c a p a b i l i t y  of energy ana lys i s  
programs based on the response f a c t o r  p r inc ip l e .  The response f a c t o r s  reported i n  t h i s  Note 

complement those i n  the  ASHRAE Handbook and increase  the  scope of the response f a c t o r  method. 
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TABLE 1 

C h a r a c t e r i s t i c s  of Test Uni t s  

Wall thermal r e s i s t a n c e  (m2 OC/W) 
Cei l ing  thermal r e s i s t ance  (m2 OC/W) 
Floor thermal r e s i s t a n c e  (n? OC/W) 
South-window g la s s  a rea  (m2 ) 

North-window g la s s  a rea  (m2 ) 
Window thermal r e s i s t a n c e  (m2 OC/W) 

Floor a rea  per room (d ) 
Room height  (m) 

TABLE 2 

Thermal Storage Cha rac t e r i s t i c s  of Test Units  

Test  Thermal capac i tya  
un i t  (MJ/K) Construct ion 

Light  - Standard wood-frame, 12.7 mu 
gypsum board f i n i s h  on walls  and c e i l i n g s ,  
carpe t  over wooden f loo r .  i 
Medium - A s  above, but 50.8 mm gypsum board 
f i n i s h  on wal l s  and 25.4 mm f i n i s h  on 
c e i l i n g .  

Heavy - I n t e r i o r  wall f i n i s h  of 101.6 mm 
br ick ,  12.7 mm gypsum board f i n i s h  on 

c e i l i n g ,  carpe t  over wooden f loo r .  

aIncludes framing i n  walls  and c e i l f n g  

TABLE 3 

So la r  Transfer  Function Coeff ic ien ts  

Weight v~ W1 RMS f i t  e r r o r  (W) 

Light 0.635 -0.240 -0.605 11.7 

Medium 0.400 -0.140 -0.740 9.2 

Heavy 0.335 -0.205 -0.870 9.2 
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TABLE 4 
Room-Air Response Factors 

- -- - 

RMS f i t  Number of 
Date go gl 82 P1 error  (W) t e s t s  

Light 

Average 1981 334.4 -398.8 91.2 -0.601 33.5 3 

Corrected g2 334.4 -398.8 82.8 -0.601 

Average 1983 368.9 -508.4 153.7 -0.693 25.9 b 
Corrected g2 368.9 -508.4 151.0 -0.693 

Medium - 
Average 1981 446.3 -547.7 120.2 -0.724 34.0 
Corrected g2 446.3 -547.7 113.5 -0.724, 

Heavy 

Average i981 453.7 -529.2 81.5 -0.901 30.2 
Corrected g2 453.7 -529.2 80.1 -0.901 

Average 1983 400.3 -452.2 51.4 -0.895 24.0 4 
Corrected g2 400.3 -452.2 56.3 -0.895 

TABLE 5 
Normalized Room-Air Response Factors 

Thermal 
Unit Data go * gl * g2* P1 capacity 

( J / K )  
- - -  

Light 198 1 10.40 -13.37 2.97 -0.601 
1983 11.92 -17.35 5.43 -0.693 

Average 11.16 -15.36 4.20 -0.647 1.98(1.96)a 

Medium 1981 14.50 -18.58 4.08 -0.724 3.78(4.21)a 

Heavy 1981 14.67 -17.55 2.88 -0.901 

1983 13.00 -15.02 2.02 -0.895 

Average 13.84 -16.29 2.45 -0.898 11.18(11.62)a 

aValues i n  brackets are from Table 2 



TABLE 6 
Experimental and ASHRAE Response Factors 
- - . . - - - - - 

Exptl. Exptl. ASHRAE ASHRAE Expt 1. ASHRAE 

light medium light medium heavy heavy 

Specific mass 

(kg/m2 ) 
of floor area 4 6 130 146 34 1 535 6 35 

Solar 

TABLE 7 
Calculated Response Factors 

Light Medium Heavy 

Specific mass 

( kg/m2 
of floor area 

Solar 

Conduction 

Lighting (incandescent ) 

Room-air temperature 





0 0  0 0 0 0 0 0  0 0 0 

m N d  4 cuo 0 0 
I I l n  0 ln 

d 4 







a )  R O O M  T E M P E R A T U R E  

MEASURED 20.5"C AVERAGE 

------ PREDICTED 20.6OC AVERAGE 

- - 

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

C 
MEASURED 342.0 k w h  TOTAL 

b l  H E A T I N G  P O W E R  ------- PREDICTED 328.9 kwh  TOTAL 

C O N S U M P T I O N  -I 

D E C  1 9 8 0  D A Y  O F  M O N T H  J A N  1 9 8 1  

F i g u r e  9 .  ENCORE s i m u l a t i o n  r e s u l t s  f o r  l i g h t  u n i t s  u s i n g  new r e s p o n s e  
f a c t o r s  ( T a b l e  7) 
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