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On a u t i l i s e  des appare i l s  de mesure de l a  t ransmission de 
chaleur  e t  des  c a l o r i d t r e s  pour rechercher l e s  f a c t e u r s  q u i  
i n f l u e n t  s u r  l e s  mesures de l a  r e s i s t a n c e  thermique e n  place 
d e s  murs 3 o s s a t u r e  de b o i s .  Ces f a c t e u r s  s o n t  : 

l ' o r i e n t a t i o n  des mrs, l a  d u r h  des meeures, l e  dephasage 
thermique, l e s  e f f e t s  de l a  temperature moyenne e t  l ' heure  
des mesures. On a 6galement u t i l i s e  ces  r s u r e s  pour 
determiner l a  res i s tance  thermique en place de l ' i s o l a n t  e t  
l ' e f f e t  des  O l h e n t s  de l ' o s s a t u r e  s u r  la r e s i s t a n c e  
thermique g loba le  du mr. 

Une bonne connaissance des  e f f e t s  dynamtques s u r  un mr 
d ' e s s a i  e s t  indispensable pour o b t e n i r  des  r e s u l t a t s  precis .  
On a obtenu des mesures de r e s i s t a n c e  thermique p r e c i s e s  pour 
des mrs B ossa ture  en bois  a p a r t i r  des valeurs  des 
d i f fg rences  de temperature e t  de l a  transmission de chaleur  
s u r  une pgriode continue de 24 heures (des cor rec t ions  
a p p r o p r i h s  on t  S t €  e f f e c t u h s  pour t e n i r  c o m t e  du dephasage 
de  l a  transmission de chaleur  e t  pour l ' e f f e t  de l a  
temperature moyenne). Toutes l e s  a u t r e s  d t h o d e s  de mesure 
on t  conduit a des  r e s u l t a t s  moins p r e c i s  (-is acceptables) 
ou t o u t  a f a i t  inacceptables. 



In Situ Measurements 
of Frame Wall 
Thermal Resistance 

W.C. Brown G.D. Schuyler 

INTRODUCTION 

In predic t ing  the  thermal performance of a  wal l ,  one of t he  most important c h a r a c t e r i s t i c s  t o  

be determined i s  t he  s teady-s ta te  thermal r e s i s t ance  of t he  wall .  For t h i s  reason, measurement 
of thermal r e s i s t ance  was chosen a s  t he  s t a r t i n g  point  f o r  a  f i e l d  inves t iga t ion  of wall 
thermal performance. The inves t iga t ion  was designed: 

1. t o  determine the  e f f e c t s  of various f ac to r s  on t h e  accuracy of t h e  measurement of wall 
thermal r e s i s t ance ,  

2. t o  compare measured r e s i s t ance  with t h a t  predicted from t h e  thermal proper t ies  of t he  
wall components, 

3 .  t o  determine t h e  e f f e c t s  of framing members on ove ra l l  wall thermal r e s i s t ance .  

Factors  s tudied t o  meet t he  f i r s t  ob jec t ive  included wall o r i en t a t i on ,  length of measurement 
period,  thermal l ag ,  mean temperature, and time of measurement. 

Heat Flow Meters (HFM, see Appendix A)  were i n s t a l l e d  i n  t he  walls  of a  house t o  measure 
heat  flow, Q,  through in su l a t i on ,  and thermocouples were placed on the  i n s ide  and outs ide  

sur faces  t o  measure temperature d i f fe rence ,  AT, across i n su l a t i on .  The r e s u l t s  were used t o  
determine t h e  r e s i s t ance  of t he  insu la t ion  and the  e f f e c t s  of various f a c t o r s  on the  accuracy 
of t he  measurement of r e s i s t ance .  A calorimeter  (see Appendix B) and an IiFM were i i l s ta l led  
together  i n  a  second house t o  measure heat flow Q i n  a  s imi l a r  wall sect ion. '  These r e s u l t s  

were used t o  determine the  e f f e c t s  of framing members on ove ra l l  heat flow and thermal 
r e s i s t ance  through the  wall .  

The inves t iga t ion  was ca r r i ed  out i n  two of four  t e s t  houses used by the  Division of 

Building Research, National Research Council of Canada (DBR/NRCC),in cooperation with t h e  

Housing and Urban Development Association of Canada f o r  s tud i e s  of energy use i n  s ingle-family 
dwell ings.2 Buil t  i n  1977, t he  houses a r e  located i n  t he  Ottawa area  (4674 O C  days) .  T'ne walls  

a r e  wood frame 38 x 89 mm stud walls  a t  406 mm on center  (O.C.) (nominal 2 x 4 i n . ,  16 i n .  O.C.) 
and the  s tud space i s  f i l l e d  with mineral wool i n su l a t i on  (RSI 2.1 [R 12 ] ) . *  The outs ide  of 
t h e  stud wall i s  f in i shed  with 25 mm (1 i n . )  f iberboard sheathing, RSI 0.5 (R 3 ) ,  and 
horizontal  aluminum s id ing .  The in s ide  of t h e  stud wall i s  f in i shed  with 38 x 38 mm (nominal 

2 x 2 i n . )  horizontal  fur r ing  and 12 mm (0.5 i n . )  gypsum board. The fur r ing  i s  a t  406 mrn 
(16 i n . )  O . C .  and i s  f i l l e d  with RSI 0.9 (R 5) mineral wool i n su l a t i on .  The HFM's were b u i l t  

2  2 * Thermal r e s i s t ance ,  SI u n i t s ,  m K/:*:, and conventional u n i t s  f t  h°F/Btu 
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around t h i s  i n su l a t i on .  A schematic drawing of t he  wall i s  shown i n  Fig. 1. The thermal 
r e s i s t a n c e  of t h e  components through the  i n su l a t i on  is RSI 3.78 a t  24OC (R 21.5 a t  75 F) mean 
temperature. Assuming p a r a l l e l  hea t  flow and ignoring t h e  e f f e c t s  of f a s t ene r s ,  t he  ove ra l l  
thermal r e s i s t ance  of t h e  wall i s  ca lcu la ted  t o  be RSI 3.53 a t  24°C (R 20.0 a t  75 F )  mean 
temperature. 

HEAT FLOW METER RESULTS 

Thermal Lag and In tegra t ing  Period 

The s t eady - s t a t e  thermal r e s i s t a n c e  of a  wal l  can be determined by i n t eg ra t i ng  heat  flow, 
Q, and sur face  temperature d i f f e r ence ,  AT, measurements with respec t  t o  time u n t i l  t h e  r a t i o  of 
t he  i n t e g r a l s  becomes constant .  The va lue  of t h e  constant  r a t i o  i s  t h e  s t eady - s t a t e  thermal 
r e s i s t ance .  I f  Q and AT were s inuso ida l ,  t he  r a t i o  of t h e  i n t e g r a l s  of Q and AT over one 
period would give t he  s teady-s ta te  r e s i s t ance .  In t he  f i e l d ,  however, AT i s  no t  s inuso ida l ,  
and is  not ,  i n  f a c t ,  s t a t i ona ry ;  The period of i n t eg ra t i on  required t o  give a  constant  r a t i o  
i s  t he r e fo re  unknown. In addi t ion ,  t h e  s i gna l  i s  not  t r u l y  per iod ic  and t h e  wall introduces a  

lag  between Q and AT, so t h a t  t h e  i n t eg ra t i on  period f o r  Q should be lagged behind t h a t  f o r  AT 
by t h e  delay of t he  wall i n  order  t o  ob ta in  accura te  r e s u l t s .  

The temperature d i f f e r ence  across  a  wall and t h e  hea t  flow through a  wall change pr imar i ly  
because of changes i n  e x t e r i o r  sur face  temperature; these  changes a r e  caused by t h e  d a i l y  cyc le  
of t he  ambient a i r  temperature and s o l a r  r ad i a t i on .  Although t h e  d iurna l  temperature cyc le  has 

an equal e f f e c t  on a l l  wall o r i en t a t i ons ,  s o l a r  r ad i a t i on  a f f e c t s  t he  south wall t o  t he  
g r e a t e s t  ex ten t  and, t o  a  l e s s e r  ex t en t ,  t h e  e a s t  and west wal ls .  A s  a  consequence, t he  south 
wall experiences t h e  most r ap id  changes i n  e x t e r i o r  sur face  temperature, with a  corresponding 
increase  i n  t h e  magnitude of t h e  higher  frequency components of t he  sur face  temperature. In  

addi t ion ,  t h e  e f f e c t s  vary from day t o  day because of cloud cover va r i a t i ons .  The south wall ,  

t he r e fo re ,  experiences g r ea t e r  v a r i a t i o n  i n  AT and Q than t h e  nor th  wall and t he  apparent value 
of thermal r e s i s t a n c e  i s  correspondingly a f f ec t ed .  

A sample of AT and Q da t a  co l l ec t ed  from the  walls  under t e s t  (Fig. 2) shows t h a t  t h e r e  is  
one dominant delay period between t he  two s e t s  of da t a .  This can be determined by f ind ing  t he  

de lay  t h a t  produces t h e  maximum c ros s - co r r e l a t i on  between temperature d i f f e r ence  and heat  flow 
(Fig. 3 ) .  The delay with t h e  maximum cross -cor re la t ion  i s  2.5 h. This  agrees well with t h e  

delay t h a t  i s  evident  from a v i sua l  inspec t ion  of Fig. 2. S ign i f i can t l y  reduced s c a t t e r  should 

be expected i n  t he  ca lcu la ted  thermal r e s i s t a n c e  values i f  t he  Q da t a  a r e  lagged by 2.5 h 
behind t h e  AT data .  

Fig. 4  shows how t h e  i n t eg ra t ed  thermal r e s i s t ance ,  ca lcu la ted  with 2.5 h l ag  i n  Q, 
approaches a  constant  value a s  t h e  i n t eg ra t i on  period lengthens. In f a c t ,  f o r  t h e  s i x  per iods  

shown, both north and south o r i en t a t i ons  s e t t l e d  t o  within '5% of t he  seven-day value a f t e r  
24 h. In addi t ion ,  it shows t h a t  a  delay i n  Q reduces t h e  magnitude of t he  v a r i a t i o n s  i n  
ca lcu la ted  r e s i s t ance .  In tegra t ion  per iods  sho r t e r  than 24 h  may a l s o  produce acceptable  
r e s u l t s  (55%) and w i l l  be discussed l a t e r .  

Mean Temperature E f f ec t s  

A s  t h e  thermal r e s i s t ance  of i n su l a t i ng  ma te r i a l s  changes with mean temperature, one 

should expect t o  s ee  va r i a t i ons  i n  t he  thermal r e s i s t a n c e  caused by changes i n  ambient 
temperature. The 24 h thermal r e s i s t ances  a r e  p l o t t e d  a s  a  func t ion  of mean temperature 
(Fig. 5 ) .  These i nd i ca t e  a  l i n e a r  r e l a t i o n  between thermal r e s i s t a n c e  and mean temperature. 

A comparison of t he  mean temperature cor rec ted  and uncorrected r e s i s t ances  (Fig. 6) shows t h a t  
an apparent seasonal v a r i a t i o n  and s c a t t e r  have been reduced by cor rec t ing  f o r  mean 
temperature. 

One poin t  t o  no t i ce  i s  t h e  d i f fe rence  between t h e  0°C thermal r e s i s t ances  f o r  nor th  and 
south walls  (Fig. 5 ) .  The nor th  wall shows RSI 4.45 a t  O'C (R 25.3 F a t  32 F) while t he  south 

wall shows RSI 4.28 (R 24.3), a  4% di f fe rence .  I t  includes t h e  v a r i a b i l i t y  of t h e  i n su l a t i on  

a s  manufactured, modif icat ion of performance by exposure, and measurement e r r o r .  The 

normalized mean temperature c o e f f i c i e n t s  f o r  t he  nor th ,  0.0059, and south,  0.0058, wal ls  a r e  
q u i t e  c lo se ,  ind ica t ing  t h a t  t h e  walls  have t h e  same mean temperature dependence but s l i g h t l y  
d i f f e r e n t  r e s i s t ances .  

Time of Dav 

The observat ion t h a t  a  24 h i n t eg ra t i on  period i s  s a t i s f a c t o r y  does not  make allowances 



f o r  t h e  s t a r t  time of t he  i n t eg ra t i on .  Comparisons of 24 h  i n t eg ra t i ons  s t a r t i n g  a t  d i f f e r e n t  

t imes of t he  day showed t h a t  s t a r t  time had l i t t l e  e f f e c t .  I f  one chooses t h e  s t a r t  t ime 

co r r ec t l y ,  however, a  much sho r t e r  i n t eg ra t i on  period may give s a t i s f a c t o r y  r e s u l t s  (Fig. 4 ) ;  
with a  s t a r t  time of midnight, an i n t eg ra t i on  period of a  few hours i s  adequate. 

To i nves t i ga t e  t h e  s t a r t  time of i n t eg ra t i on ,  an i n t eg ra t i on  period of 4  h  was appl ied t o  

t h e  da ta .  Comparison of t he  means and of t he  s tandard devia t ions  f o r  4  h  r e s i s t ance  ca lcu la ted  
from various s t a r t  t imes (Tab. 1 )  shows t h a t  unlagged da t a  g ive  genera l ly  unpredictable  r e s u l t s  
f o r  both nor th  and south o r i en t a t i ons  and a l l  s t a r t  t imes. Lagged da t a  g ive  s a t i s f a c t o r y  
r e s u l t s  f o r  both o r i en t a t i ons  i f  i n t eg ra t i on  s t a r t s  near  midnight, but t he  r e s u l t s  become 

progress ive ly  worse, e spec i a l l y  f o r  t h e  south wall ,  i f  t h e  s t a r t  t ime i s  such t h a t  t h e  

i n t eg ra t i on  period approaches dayl igh t  hours. I f  day l igh t  hours a r e  included i n  t h e  

i n t eg ra t i on  per iod ,  t h e  r e s u l t s  a r e  unacceptable. 

COMPARISON OF 0 FROM HFM AND CALORIMETER 

In comparing t he  measurements of Q made by t he  HFM with those made by t he  ca lor imeter ,  t h e  most 

obvious d i f f e r ence  i s  t he  quan t i t y  being measured. The HFM measurement does not  include heat  

flow through any framing members, while t he  calor imeter  measurement includes heat  flow through 

a l l  but t he  top  and bottom p l a t e s .  A s  t he  ca lor imeter  measures heat flow a t  t h e  i n s ide  su r f ace  

of t h e  gyproc and includes t he  l ags  of t h e  framing members, it should i nd i ca t e  a  longer  lag  

between Q and AT than does t he  HFM, which measures heat flow a t  a  plane within t he  wall and 

does not  include framing members. The c ro s s  co r r e l a t i on  of t he  measured heat  flows (Fig. 7) 
shows t h a t  t he  calor imeter  heat  flow lags  t h e  HFM heat flow by approximately 0.5 h. 

Fig. 8  shows t h a t  t he  r a t i o  of t he  whole wall heat  flow, a s  measured by t he  calor imeter ,  

and heat  flow through the  por t ion  between t h e  framing members, a s  measured by t h e  HEM, i s  0.78. 

That is ,  t he  framing members and f a s t ene r s  reduce t he  ove ra l l  wall r e s i s t a n c e  t o  0.78 of t he  
i n su l a t i on  r e s i s t ance .  This  r a t i o  i s  lower than t he  0.93 r a t i o  ca lcu la ted  assuming p a r a l l e l  
heat flows and using est imates  of t he  thermal r e s i s t ance  of t h e  components.3 

Combining t h i s  f a c t o r  of 0.78 with t h e  measured r e s i s t ance  through t h e  insu la ted  por t ion  

of t he  wall (Fig. 6) gives an ove ra l l  wall r e s i s t a n c e  of RSI 3.40 a t  O°C (R 19.3 a t  32 F) mean 
temperature. This  compares well with t h e  measured r e s i s t a n c e  of a  s imi l a r  wall specimen 
(2.4 x 2.4 m [8 x 8 f t ] )  t e s t e d  i n  t h e  DBR/NRCC guarded hot  box f a c i l i t y .  The r e s u l t  from 
t h a t  t e s t  was RSI 3.61 a t  - 7 O c  (R 20.5 a t  19.4 F) mean temperature and 55 K (99 F )  temperature 
d i f fe rence .  The est imate of t he  r e s i s t ance  through t h e  i n su l a t i on  (RSI 3.78 a t  24OC mean 

temperature) compares well with t h e  measured r e s u l t  from t h e  HFM a t  t he  same mean temperature 
(RSI 3.68 south o r  RSI 3.83 no r th ) .  

A s  t he  measured r e s i s t ance  through the  i n su l a t i on  compares well with t h a t  p red ic ted  from 
the  separa te  r e s i s t ances  of t he  components and t he  ove ra l l  r e s i s t a n c e  value compares well with 
a  labora tory  measured value,  t he  measured r a t i o  of r e s i s t ances  (heat flows) appears t o  be 
va l i d .  The d i f f e r ence  between t h e  measured (0.78) and pred ic ted  (0.93) r a t i o s  i s  probably due 
t o  t h e  f a s t ene r s  used t o  hold t h e  wall toge ther  and t o  non-para l le l  heat flows i n  t h e  wall .  

ERROR 

Although 24 h  da t a  with time lag and mean temperature cor rec t ion  can produce good r e s u l t s  
(+5%),  t h e  most accura te  way t o  determine t he  required co r r ec t i ons  i s  from da t a  co l l ec t ed  over 
an extended period of time. A quicker and s t i l l  acceptable  way t o  obtain t h e  appropr ia te  time 
lag i s  by v i sua l  inspect ion of t he  AT and Q curves. In t he  example s tud ied ,  t h e  time lag  from 
v i sua l  inspec t ion  agreed well with t h a t  obtained from c ros s  co r r e l a t i on  ana ly s i s .  There i s  no 
quick way t o  ob ta in  t he  mean temperature co r r ec t i on .  I t  would be appropr ia te ,  however, t o  
record t he  mean temperature a t  which each measurement was made. 

I t  may be advantageous i n  some cases  t o  ignore one o r  both of t he  co r r ec t i ons  and t o  

accept a  l a rge r  s c a t t e r  i n  t he  r e s u l t s .  Tab. 2  shows t h e  mean, normalized by t h e  0°C mean 
temperature value of Fig. 5; t he  standard devia t ion ;  and t h e  99% confidence i n t e r v a l  f o r  
severa l  cases  ranging from both cor rec t ions  t o  no corrections."he r e s u l t s  f o r  t he  south 
wall,  which has l a rge r  v a r i a t i o n s  i n  Q and AT because of s o l a r  r ad i a t i on ,  a r e  a s  good a s  those 
from the  nor th  wall .  A s  would be expected, l a rge r  e r r o r s  e x i s t  i f  cor rec t ions  a r e  not  made, 
but r e s u l t s  can be expected within 210% of t he  co r r ec t  value,  even i f  no allowance i s  made f o r  
time lag  and mean temperature e f f e c t s .  

While acceptable  r e s u l t s  have been obtained f o r  t h e  frame wall used i n  t h i s  study, o ther  

types  of wal ls  may produce l e s s  accura te  r e s u l t s .  For example, b r ick  veneer wal ls  with a  



vented a i r  space would be l e s s  amenable t o  t h i s  approach; e x t e r i o r  temperature would have t o  be 

measured a t  t he  i n s ide  sur face  of t he  a i r  space. Sol id  concrete  wal l s ,  with longer dynamic 

e f f e c t s ,  might r equ i r e  longer i n t eg ra t i on  per iods  than those used f o r  t h i s  study. The r e s u l t s  

from such walls  should be assessed very c a r e f u l l y  before they a r e  accepted. 

CONCLUSIONS 

Reasonably accura te  (210%) va lues  of i n  s i t u  frame wall thermal r e s i s t ance  can be obtained from 

heat  flow and temperature d i f f e r ence  da t a  i n t eg ra t ed  over a  24 h period.  Values accura te  t o  

55% can be obtained i f  co r r ec t i ons  a r e  made f o r  both wall t ime lag  and mean temperature 
dependence. These co r r ec t i ons  can be determined from ana ly s i s  of severa l  days'  da ta ;  o r  a  
reasonable cor rec t ion  f o r  time lag  alone can be determined from v i sua l  inspec t ion  of 24 h heat 

flow and temperature d i f f e r ence  curves. Tradeoffs  between accuracy and t he  number of 
co r r ec t i ons  appl ied a r e  summarized i n  Tab. 2. 

There i s  v i r t u a l l y  no d i f f e r ence  i n  measurement accuracy f o r  a  nor th  facing o r  shaded wall 
and a  south facing o r  sunny wall f o r  24 h i n t eg ra t ed  da t a .  S imi la r ly ,  t h e r e  i s  l i t t l e  
d i f f e r ence  i n  accuracy between 24 h i n t eg ra t ed  da t a ,  cor rec ted  f o r  l ag  and mean temperature, 
and cor rec ted  4 h in t eg ra t ed  da t a  a s  long a s  t h e  4 h i n t eg ra t i on  period occurs around midnight. 
The accuracy of 4  h da t a  becomes progress ive ly  worse a s  t he  i n t eg ra t i on  period approaches 
dayl igh t  hours and becomes unacceptable i f  day l igh t  hours a r e  included. 

Thermal r e s i s t ance  measured through in su l a t i on  i n s t a l l e d  i n  t h e  f i e l d  agrees very well 
with values pred ic ted  from r e s i s t ances  of ind iv idua l  components. The r a t i o  of r e s i s t a n c e  f o r  

t h e  wall t o  t h a t  of t he  i n su l a t i on  between t h e  framing members (0.78) i s  l e s s  than t h a t  
p red ic ted  by a  simple p a r a l l e l  heat  flow ca l cu l a t i on  (0.93).  This  may be p a r t i a l l y  explained 

by a  reduct ion i n  t he  thermal r e s i s t a n c e  of t h e  wall components due t o  n a i l s ,  e spec i a l l y  t he  

reduct ion i n  t h e  r e s i s t a n c e  of t he  i n su l a t i ng  sheathing board by t he  l a rge  number of aluminum 
n a i l s  used t o  f a s t e n  t h e  s id ing .  
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TABLE 1 

4 Hour Resistances for Various Integration Start Times 

South North 

Start 
h 

Without Lag in Q 

With Lag in Q 

NOTE: All RSI values adjusted for Tm as per Fig. 5 

KSI, mean 24  h resistance as per Fig. 5 

u standard deviation 

TABLE 2 

Comparison of Measurement Precision for Various HFM Measurements 

Computation Plan South North 

NOTE: All integration periods start at midnight 

P integration period 

d 2.5 h delay in Q (Y - Q delayed, N - Q not delayed) 

Tm 
mean temperature correction (Y - corrected, N - not corrected) 

RS I mean resistance 

RS I,, 
mean 24  h resistance with corrections for d and Tm 

RSIms = 4.28 m2.~/w, RSImn = 4.45 m2.~/w 

a standard deviation 

99% CI 99% confidence interval - 99 readings out of a 100 should fall 
within this range of the mean4 



APPENDIX A 

HEAT FLOW METER 

The meters used in the investigation were constructed from the same materials as make up the 
section of the wall they replace. Figure A-1 shows their construction and placement within the 
wall. The meters were made with a 12-junction thermopile across the insulation layer as well 
as a separate thermocouple on each surface for temperature measurement. 

Measurements taken at each HFM location were: 

Tao 
outside air temperature (150 mm from the surface) 

T . inside air temperature (150 mm from the surface) 
a 1 

Tso outside surface temperature 

Tsi 
inside surface temperature 

T. temperature of outer surface of HFM 
1 

E thermopile output 

The output from each meter was calibrated at one mean temperature, using an ASTM C518 HFM 
apparatus, at DBR/NRCC. In addition, the dependence of the output upon mean temperature was 
measured for one HFM and applied to all others. 

APPENDIX B 

CALORIMETER 

The calorimeter used in the investigation was constructed of two layers of foil-backed rigid 
glass fibre insu1ation.l The total wall thickness was 10 cm, with a thermal resistance of 
RSI 2.8 (R 16). It was 1.2 m wide by 2.1 m high (4 x 7 ft) and contained a 150 W heating cable. 
The heater was controlled to maintain zero temperature difference across the calorimeter walls, 
and temperature difference was sensed by an 18-junction thermopile. The calorimeter was mounted 
on the inside surface of the wall for which heat flow was to be measured. Measurements 
included : 

To 
outside air temperature 

T. room air temperature 
1 

E energy supplied to the calorimeter 

Readings were taken continuously by a computer-based data acquisition system. 



Figure 1. Schematic of test wall 
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Figure 2. Temperature difference and heat flow vs time 
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Figure 3. Cross-correlation coefficients for differect orientations 
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Figure 5. 24h resistance vs mean temperature (delay 2.5h) 
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Figure 7. Cross-correlation coefficient for 
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Figure A-1. Construction and location of HFM in test wall 
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