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ABSTRACT 

A l t e r n a t i v e  w a l l  systems a r e  f r e q u e n t l y  eva lua ted  by comparlng s teady -s ta te  heat  t ransmiss ion  
coe f f l c l ent s ,  such as U- and R-values. Steady-state t ransmlss lon  c o e f f l c l e n t s  do n o t  ade- 
q u a t e l y  desc r ibe  thermal performance under dynamic temperature cond i t i ons ,  Laboratory  r e s u l t s  
o f  b u l l d i n g  envelope components t e s t e d  under s teady -s ta te  and dynamic temperature condi  t l o n s  
can be used t o  develop methods o f  more a c c u r a t e l y  p r e d l c t l n g  heat  losses and gains t o  t he  
b u l l d l n g  envelope. 

The thermal c h a r a c t e r i s t i c s  o f  21 w a l l  assemblies, l n c l u d l n g  d i f f e r e n t  types o f  masonry and 
wood-frame w a l l s  and tuo  standard c a l l b r a t l o n  assemblles. have been measured us ing  a c a l l b r a t e d  
h o t  box i n  general accordance w i t h  ASTH C976. Resul ts  p r e s e n t i n g  s teady-state,  t r a n s i e n t ,  and 
p e r l o d l c  performance have been assembled i n  two manuals. 

Th ls  paper sumnarlzes the  r e s u l t s .  Steady-state values a r e  used t o  o b t a i n  average heat 
t ransmiss lon  c o e f f i c i e n t s  such as U- and R-values. and t h e  measured values a r e  compared t o  
those c a l c u l a t e d  F rom m a t e r l a l  p r o p e r t l e s .  The t r a n s i e n t  and p e r i o d i c  dynamic t e s t s  p r o v i d e  
da ta  on thermal performance under control l e d  c o n d i t i o n s  t h a t  s imu la te  a c t u a l  temperature 
changes I n  b u l l d i n g  envelopes. Measured r e s u l t s  are  Compared t o  values p r e d i c t e d  by steady- 
s t a t e  a n a l y s l s .  The d i f f e r e n c e  between measured and p r e d i c t e d  r e s u l t s  i s  shown t o  be due i n  
general  t o  thermal s torage capac l t y  o f  t h e  assembly. 

INTRODUCTION 

Laboratory  r e s u l t s  of b u l l d l n g  envelope components tes ted  under s teady-state and dynamic condi -  
t i o n s  a re  used t o  develop methods o f  a c c u r a t e l y  p r e d l c t l n g  losses and galns through the  b u i l d -  
i n g  envelope. P u b l i s h i n g  t e s t  data I n  d c o n s i s t e n t  format w i l l  a i d  researchers I n  develop lng 
dynamlc a n a l y s i s  a lgo r l t hms .  Accu ra te l y  p r e d i c t l n g  energy consumptlon w i l l  a l l o u  a r c h j t e c t s  
and englneers t o  s l z e  HVAC equlpment o p t i m a l l y  and s e l e c t  a l t e r n a t l v e  w a l l  systems on the  bas i s  
o f  a c t u a l  r a t h e r  than s teady-state performance. 

The ASHRAE Handbook - 1981 Fundamentals( l )  sumnarltes r t e a d y - s t a t e  p r o p e r t i e s  o f  F i ve  
comnonly used types of w a l l  c o n s t r u c t i o n .  Thermal and p h y s l c a l  p r o p e r t l e s  o f  b u i l d i n g  
m a t e r i a l s  used I n  w a l l  c o n s t r u c t i o n  a re  a l s o  l i s t e d .  

A document 1s needed t h a t  sumMrlzes data f r o m  t e s t s  on w a l l  assemblies under dynamic tem- 
pe ra tu re  cond l t l ons .  Hasslve m a t e r l a l s ,  such as  concrete and masonry, s t o r e  and re lease  heat 
energy under changing temperature c o n d l t l o n s .  Only dynamlc t e s t s  can be used t o  determine heat 
s torage c h a r a c t e r l s t l c s  o f  b u l l d l n g  components. 

dynamic temperature c o n d l t l o n s  
Thls paper sumnarlzes r e s u l t s  o f  t e s t s  o f  21 w a l l  assemblies, t es ted  under s teady -s ta te  and 

I n  a c a l l b r a t e d  h o t  box f a c l l i t y .  The c a l l b r a t e d  h o t  box pro-  
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vldes data on heat transmisslon characterqstlcs o f  full-size nall assemblles under steady-state 
and dynamic temperature conditions. 

Test data f o r  the 21 wall assemblies are presented in two volumes of a “Calibrated Hot Box 
Test Results Oata Manual. *(2s3) Heat transfer characteristics o f  different wall assemblies 
can be easily compared using figures and sumnary tables presented for each wall in the manuals, 
Oata presented in numerical form can be used to validate models or analyze results. 

Steady-state tests are used to obtain average heat transmlsslon coefflcients. The time 
requlred for a uall to reach a steady-state condition can be determined from transient tests. 
Periodic dynamic tests provide data on thermal performance under controlled conditions that 
simulate actual temperature changes in buildlng envelopes. Dynamlc test data are applicable 
only for the temperature cycles used during testing. Temperature cycles used f o r  tests sum- 
marized In thls paper cover a variety of temperature conditions. Test results Illustrate the 
significance o f  dynamic testing. 

TEST SPECIMENS 

Table 1 llsts descriptions, unlt weights, and thlcknesses of walls tested in the calibrated hot 
box. All walls have nominal dimenslons of 103 x 103 in (2.62 x 2.62 m).,’. The manuals show an 
isometric sketch of each wall assembly and list properties, when available, of materials used 
to construct wall assemblies. 

CALIBRATED HOT BOX TEST FACILITY 

Walls were tested In the callbrated hot box facility shown In Flgures 1 and 2. Tests were per- 
formed generally In accordance with ASTH C976, “Thermal Performance of Buildlng Assemblles b y  
Means of a Calibrated Hot Minor differences between test procedures and the ASTM 
Standard are described In the data manuals.(2*3) 

The facility conslsts of tuo highly insulated chambers as shown in Flgure 2. Walls, ceil- 
ings, and floors o f  each chamber are insulated with foamed urethane sheets to obtain a nominal 
thjckness of 12 in (300 mn). Durtng tests, the chambers are clamped tightly against an insu- 
lated frame that surrounds the test uall. Air in each chamber I s  conditioned by heating and 
cooling equipment to obtain desired temperatures on each side of the test wall. 

The outdoor (climatic) chamber can be held at a constant temperature or cycled withln the 
range o f  -15 to 130F (-26 to 54°C). The outdoor chamber a i r  temperature controller can be pro- 
g r a m e d  to produce the desired time-dependent temperature. The indoor (meterlng) chamber, 
whlch slmuldtes an indoor envlronment, can be malntalned at a constant room temperature between 
65F and 8OF ( 1 a o C  and 27°C). 

The facility was designed to accomnodate walls uith thermal resistance values ranglng from 
1.5 to 20 h.ft2-F/Btu (0.26 to 3.52 m2-K/W). 

Calibration and analysis are briefly described In the following paragraphs. Instrumenta- 
tion and calibration detalls are described In References 2, 3 ,  and 5. 

Heat f l o w  through a test speclmen is determined from measurements of the amount o f  energy 
I n p u t  to the indoor chamber to maintain a constant temperature. The measured energy Input must 
be adjusted for heat losses. Since net energy into the Indoor chamber equals zero, heat trans- 
fer through the test wall can be expressed b y  the following energy balance equation. 

uhere 

Pu = heat transfer through wall from outdoor chamber to Indoor chamber 

Oc = heat removed by indoor chamber cooling 



Oh = heat supplied by indoor electrical resistance heaters 

Qfan = heat supplied by Indoor circulatlon fan 

Qa = heat galn (loss) from laboratory 

Qf = heat galn (loss) to indoor chamber from flanking path around specimen 

Units f o r  terms of Equation 1 are Btu/h (W=h/h). 

A watt-hour transducer i s  used to measure Oh and Ofan. The value o f  0% I s  calcu- 
lated From measured laboratory and indoor chamber temperatures, Heat flux transducers are used 
to check calculations o f  QQ. Heat removed by Indoor chamber cooling, Qc, i s  calculated 
from refrlgerant enthalpy and mass flow rate, assuming an ideal baslc vapor compression refri- 
geratlon cycle. Steady-state Calibrated hot box tests o f  two “standard” calibration specimens 
were used to adjust for inefficiencies in the actual refrigeration cycle and to determine Q f .  
In additlon to flanking losses, other mlscel’aneous losses from the indoor chamber are included 
In Qf. 

Results from a round robln organized under ASTM Subcomnittee C16.30 will provide informa- 
tion on the precision o f  the calibrated hot box test method. 

THERMAL RESISTANCE 

Steady-state calibrated hot box tests were used to measure thermal resistance o f  wall assem- 
blles. Steady-state tests were conducted by maintaining indoor and outdoor chamber air tem- 
peratures constant. Results were calculated from data collected uhen speclmen temperatures 
reached equilibrlum and the rate of heat f l o w  through the w a l l  was constant. 

Measured and deslgn thermal reslstances are llsted In Table 2 .  Mean wall temperatures for 
each steady-state test are also Indicated. 

Measured total thermal resistance, R T ,  i s  the sum o f  measured wall resistance and design 
air film resistances. Wall resistance was determined from measured heat flux and surface-to- 
surface temperature differentials. Alr f i l m  resistances were taken as 0.68 h*ft2=F/Btu 
(0.12 m2*K/W) For inside and 0.17 h*ft2*F/Btu (0.03 m2*K/W) for outside. These values are com- 
monly used in deslgn and are considered to represent still air on the indoor wall surface and 
an airflow of 15 mph (24 km/h) on the outdoor wall surface.(’) 

Design values of total resistance uere calculated using standard surface resistances in 
accordance ulth procedures establlshed by ASHRAE.(l) The parallel-path method was used to 
include the effect of Framing In calculated R-values of frame wall systems. Resistances for 
construction materials wqre taken from the ASHRAE Handbook - 1981 Fundamentals(l) or other 
slmllar listlngs o f  thermal propertles. The data manuals(z*J) Indicate sources for construc- 
tion material resistances. Resistances of Individual wall components used to calculate design 
values were not measured. 

DYNAMIC TEST RESULTS 

Periodic dynamic tests are a means of evaluating thermal response under controlled condl tions 
that slmulate temperature changes actually encountered in buildlng envelopes, The response of 
walls to temperature changes I s  a function of both thermal resistance and heat storage capac- 
ity. Overall resistance Includes wall resistance and surface resistance charactertstlcs. 

Test Procedures 

Oynamlc tests were conducted b y  majntalning calibrated hot box indoor air temperature con- 
stant while outdoor air temperatures were cycled over a predetermlned temperature versus time 
relationship. The rate o f  heat flow through a test specimen was determined from hourly aver- 
ages of data. 



One 24-hour (diurnal) temperature cycle, denoted the NUS Test Cycle, was applied t o  every 
wall tested In the calibrated hot box. This cycle was based on a slmulated sol-air* cycle used 
by the National Bureau o f  Standards In their evaluation o f  dynamic thermal performance o f  an 
experlmental masonry building.(6) The NES Cycle, illustrated In Figure 3, represents a large 
varlation In outdoor temperature over a 24-hour period. The mean outdoor temperature of the 
cycle Is approximately equal to the mean Indoor temperature. The lndoor chamber temperature 
1s  maintained at approximately 72F (22’C). The use o f  this cycle permits the comparison of 
results for all tested wall assemblies. 

Addltlonal sol-alr dlurnal temperature cycles were performed on most test specimens. Test 
results and descriptions o f  these cycles are avallable in the data m a n u a l ~ . ( ~ * ~ )  

For all t e s t s ,  dynamlc cycles uere repeated untll condlttons o f  “dynamlc equilibrium“ were 
obtained. Equillbrlum conditions were evaluated b y  repeatabilfty o f  applied temperatures and 
measured heat flux. After equilibrium conditlons were reached, tests were generally continued 
for a perlod of three days. Results are based on average readings f o r  three consecutive 
24-hour cycles, unless otherwise noted. Each test required approximately four to s i x  days for 
comp 1 eti on. 

Data Presentat 1 on 

wall assembly. Data are presented in tabular form and In figures. 
The data manuals(2.3) present heat flux values for every dynamic cycle applied to each 

Flgure 4(d)  shows measured and calculated heat flux for the NBS Test Cycle applled to Wall 
Gl. Heat flux Is p o s l t i v e  when heat f l o w  from the outdoor chamber to the Indoor chamber. 
Heat flux at the inside surface of the wall. measured b y  the calibrated hot box, i s  denoted q,. 
Measurements from 4 x 4-in (100 x 100-mn) heat flux transducers located on Indoor and outdoor 
wall surfaces are denoted qhfm and qhfm, respectively. Heat flux transducer data were call- 
brated using results of steady-state calibrated hot box tests for the specimen. 

Heat flux predtcted by steady-state analysis i s  denoted qss. Values were calculated on 
an hourly basis from wall surface temperatures using the following equation: 

where 

qss = heat flux through test wall predicted by steady-state analysls, Btu/h*ft2 (W/m2)  

R = measured thermal resistance, h=ft2*f/Btu (m2=K/W) 

t2 = average temperature of  outdoor wall surface 

t i  = average temperature o f  indoor wall surface 

Resistances are dependent on wall mean temperature and are deriked from steady-state calibrated 
hot box tests. Measured thermal resistance. R .  Is equal to the total resistance, RT, llsted 
in Table 2, minus the sum o f  the design air Film resistances. 0.85 h=ft2-F/Btu (0.15 
m2-K/W). 

Data manual tables list hourly values o f  calculated and measured heat flux, Tables also 
footnote the calibrated hot box indoor and outdoor chamber relative humidities and rnaxlmum and 
minimum laboratory alr temperatures measured during tests. 

&namic Heat Transmission Coefflcients 

Thermal lag. reduction in amplitude, and the total heat flow ratio are three c o e f f l c i e n t s  
used to descrlbe test specimen behavior under dynamic temperature condltlons. These c o e f f l -  

*Sol-air temperature i s  that temperature o f  outdoor air that, in the absence o f  all radlation 
exchanges, would give the same rate o f  heat entry into the surface as would exist with the 
actual combination of  incident solar radlatlon, radiant energy exchange, and convectlve heat 
exchange with outdoor alr.(l) 



c i e n t s  c h a r a c t e r i z e  thermal s to rage  c a p a c i t y  and a r e  d e r i v e d  from comparlsons of measured 
r e s u l t s  t o  values p r e d i c t e d  on t h e  b a s l s  o f  s teady -s ta te  a n a l y s i s .  

Thermal Laq and Reduct jon I n  Amplitude. Thermal l a g  and r e d u c t i o n  I n  ampl i tude a r e  used 
t o  desc r lbe  w a l l  dynamic thermal performance f o r  a p a r t i c u l a r  dynamic temperature c y c l e .  Ther- 
mal lag, as I l l u s t r a t e d  i n  F i g u r e  4(b), i s  t h e  d i f f e r e n c e  I n  t ime  between peak values o f  mea- 
sured heat f low,  qw, and heat f l o w  based on s teady -s ta te  p r e d i c t i o n s ,  q s s .  Thermal l a g  I s  
o f  I n t e r e s t  because the  t lme of occurrence o f  peak heat f l ows  w i l l  have an e f f e c t  on o v e r a l l  
response o f  t h e  b u l l d l n g  envelope. If the envelope can be e f f e c t i v e l y  used t o  de lay the  oceur-  
rence o f  peak loads, i t  may be p o s s i b l e  t o  Improve o v e r a l l  energy e f f l c l e n c y .  The " l a g  e f f e c t "  
i s  a l s o  u s e f u l  for passlve s o l a r  a p p l l c a t l o n s .  

Reduct lon I n  ampl i tude, a l s o  i l l u s t r a t e d  I n  F l g u r e  4 (b ) ,  I s  t h e  percent  r e d u c t t o n  I n  a c t u a l  
peak heat f l u x  when compared t o  peak heat f l u x  c a l c u l a t e d  u s l n g  s teady -s ta te  theo ry .  Actual  
maximum heat f l o w  through a w a l l  I s  Impor tan t  I n  de te rm in ing  t h e  peak energy load f o r  a b u i l d -  
i n g  envelope. Using a c t u a l  peak heat  f l o w  r a t h e r  than heat  f l o w  based on s teady -s ta te  theory 
may reduce a n t l c l p a t e d  energy demands. Reduct lon I n  ampl i tude i s  c a l c u l a t e d  u s l n g  the  f o l l o w -  
i n g  equat ion:  

A = r e d u c t i o n  I n  ampl i tude, X 

q i  

iw 

a maxlmum o r  minimum measured heat f l u x  through w a l l  

= mean measured heat  f l u x  through w a l l  

3 maxlmum o r  minlmum heat  f l u x  through w a l l  p r e d i c t e d  by s teady -s ta te  a n a l y s i s  42 5 

iss = mean heat f l u x  through w a l l  p r e d l c t e d  by s teady-state a n a l y s l s  

Average r e d u c t l o n  i n  ampl i tude I s  t h e  average o f  values determined f o r  maximum and minimum heat  
f l u x .  

The da ta  manuals(2*3) c o n t a l n  s u m r y  t a b l e s  t h a t  present  thermal l a g  and reduc t fon  I n  
ampl i tude f o r  each dynamic temperature c y c l e  a p p l i e d  t o  a w a l l  assembly. 

To ta l  Heat Flow Ra t lo .  Resul ts  o f  dynamlc t e s t s  a r e  compared a l s o  u s l n g  measures o f  t o t a l  
heat f l u x  through a t e s t  speclmen. i l l u s t r a t e d  I n  F l g u r e  4(b). The curve marked "qW4' I s  
measured heat f l u x  through t h e  t e s t  w a l l .  Shaded areas enclosed by t h e  measured heat f l u x  
curves and the  h o r i z o n t a l  a x l s  a re  used t o  determine t o t a l  measured heat  f l u x ,  The sum o f  t he  
areas above and below t h e  h o r l z o n t a l  a x l s  i s  t he  t o t a l  hea t  f l u x  over a 24-hour pe r lod .  

A s l m i l a r  procedure I s  used t o  c a l c u l a t e  t o t a l  heat f l u x  over a 24-hour p e r l o d  f o r  p r e d l c -  
t l o n s  based on s teady -s ta te  a n a l y s i s .  The t o t a l  heat f l o w  r a t l o  I s  t he  r a t i o  o f  t o t a l  measured 
heat  f l u x  t o  t o t a l  p r e d i c t e d  heat  f l u x  based on s teady -s ta te  a n a l y s l s .  The r a t i o  i s  rep re -  
sented as a percentage. 

c o n t a l n  summary tab les  t h a t  present  t o t a l  measured heat  f l u x ,  t o t a l  
heat f l u x  based on s teady-state ana lys i s .  and the t o t a l  heat f l o w  r a t i o .  Values a re  presented 
f o r  each dynamlc temperature c y c l e  a p p l l e d  t o  a w a l l  assembly. 

The data manua ls (2~3)  

Comparlnq w a l l  Systems 

Dynamic heat transrnlss 
a l t e r n a t i v e  w a l l  systems. 

Thermal l a g  and reduct  
heat  s torage capaci ty ,  

on c o e f f f c l e n t s  a r e  used t o  compare dynamic thermal response o f  

on I n  ampl l tude a r e  dependent on bo th  thermal res l s tance .  R. and 

where 

p = w a l l  dens i t y ,  p c f  (kg/m3) 



c = wall specific heat, Btu/lb-F (J/kg*K) 

L = wall thfckness, ft (m) 

M a s s ,  pL, is the predominant factor in determining heat storage capacity of most bulldlng 
materials. 

For homogeneous walls, thermal lag and reductton in amplltude increase with an increase I n  
M( 12) 

where 

L = wall thickness, ft (m) 

P thermal diffusivity. k / p c .  ft2/h (m2/s) 

k f thermal conductivity of uall, Btu/h-ft=F (W/m*K) 

p = wall density, pcf (kg/m3) 

c = wall specific heat, Btu/lb*F (J/kg*K) 

R = wall resistance, h*ft2=F/Btu (m2=K/W) 

P 3 perlod o f  dynamic' cycle, h 

Values o f  M were calculated f o r  the 21 walls listed in Volumes 1 and 2 o f  the data manuals. 
Thermal resistances used In Equation 4 were elther measured, or obtained from the ASHRAE Hand- 
book - 1981 Fundarnentals(l) or other simllar llstlngs. Surface resistances are not included 
in reslstances used In Equatlon 4 .  

Unlt weights of masonry materials were determined from measured ovendry material unit 
weights and estimated moisture contents. Other u n l t  welghts were either measured o r  estlmated 
using properties listed in Reference 1. Values o f  speclfic heat were determined from Refer- 
ences 1 and 13. Equivalent thicknesses for block and brlck are equal to the product o f  the 
layer width and percent solid volume. Values of M for individual wall layers are sumned to 
determine total wall M values. 

Thermal Laq. Lag times of 9 to 7 5  hours are generally benef'iclal f o r  exterlar walls. 
Walls with these lag times delay peak afternoon heat loads untll cooler night hours. Thermal 
lags as low as 3 hours are beneficial I n  delaying peak afternoon loads untll cooler evenlng 
hours. These lower lag times are especlally beneflcial I n  comnercjal and industrlal buildings 
that are vacated I n  the evening hours. 

Figure 5 shous measured thermal lag versus calculated M For  21 wall assemblles. Measured 
thermal lags are for the NBS temperature cycle applled to each wall assembly. Thermal lag I s  
constant for any g l v e n  wall assembly, regardless of the temperature cycle applied. 

Measured thermal lag increases with values o f  H. Walls S1 and 52. consisting of  insulation 
only, have smallest lag times. Wall S2 has d larger lag and M value than Wall S 1  because o f  
Its greater thickness and thermal resistance. Walls F 1 ,  F3, F 4 ,  and FS. insulated frame walls, 
have greater thermal lags and H values than Walls $1 and 52 because o f  the Increase in mass o f  
the 2 x 4 - l n  (50 x 100-mn) uood frames. 

Halls Hl and M5, unlnsulated concrete block, have the next highest thermal lags, equal to 
3 hours. Walls with thermal lags from 3.5 to 4.5 hours Include Walls H2. H6,  M7,  and H8, insu- 
lated concrete b l o c k ;  Wall V 1 .  brlck veneer; and Wall C1, normal weight concrete. Walls M3 and 
H9, the uninsulated block-brick cavity walls. have thermal lags of 4 . 5  and 5.5 hours, respec- 
tively. Wall C 4 ,  normal weight concrete with Insulatlon, and Wall C2, structural lightweight 
concrete have relatively large thermal lags, equal to 5 and 5.5 hours, respectlvely. Walls M4 
and MlO. the lnsulated cavqty walls, have thermal lags o f  6 and 7 hours, respectively. 



Wall C3, low density concrete, has the greatest lag time, equal to 8.5 hours. Concrete in 
Wall C3 has mass as well as a hlgher reslstance than most concrete and masonry materials. 
Equation 4 shows that thermal lag and H are dependent on both mass and resistance. 

Four walls were constructed by adding Insulatjon to masonry or concrete walls prevlously 
tested In the hot box. Table 3 shows thermal lags were Increased 0.5 to 1.5 hours when Insula- 
t l o n  was added. These Increases in thermal lags due t o  the addltlon o f  insulatlon may be pre- 
dlcted by the Increase In M from Equatlon 4. 

Wall V 1  was constructed by adding a bslck veneer to wall F3 ,  an Insulated frame wall. 
Addition o f  the brick veneer increased thermal lag 1.5 hours, from 2.5 t o  4 hours. 

Reduction in Amolltude. Flgure 6 shows average measured reductlon In amplltude versus cal- 
culated M for 19 wall assemblies. Since reductlon In amplitude values vary depending on the 
temperature cycle applied to a given wall assembly, values presented In Figure 6 were deter- 
mined f rom the NBS test cycle applled to each wall assembly. 

Figure 6 shows that concrete and masonry walls, designated C and M. respectively. generally 
have greater reduction In amplitude than insulation and insulated frame walls, dcslgnated S and 
F, respectlvely. This is due to the storage capacity o r  mass o f  the concrete and masonry 
walls. 

More scatter exlsts fo r  data polnts In Figure 6 than f o r  Figure 5. ,- This Indlcates H pre- 
dicts thermal lag better than reductlon In amplltude. Wall C 4 ,  concrete with insulation on the 
outdoor surface, has a higher reductlon in amplltude than other uall assemblles with similar M 
values. The parameter I4 does not Include placement o f  insulatlon wlth respect t o  thermal mass. 

Total Heat Flow Ratio. Figure 7 shows measured total heat flow r a t l o  versus calculated M 
for 19 wall assemblles. The heat flow ratlo 1s  the total heat flow for a 24-hour period meas- 
ured by the calibrated hot box, q6. dlvlded by total heat flow f o r  the same period pre- 
dicted using steady-state analysis, qgs. Slnce total heat flow ratios vary depending on the 
temperature cycle applied to a given wall assembly, values in figure 7 are for the NBS test 
cycle applied to each wall assembly. 

Figure 7 shows that concrete and masonry walls, designated C and M, respectively, generally 
have lower total heat flow ratios than insulation or  insolated frame walls, designated 5 and F, 
respectively. The lower total heat f l o w  ratlos are due to the storage capacity o f  the masonry. 
Flgure 7 also shows that the total heat flow ratio for Wall C4, concrete with insulatlon on the 
outdoor surface, Is lower than f o r  other walls with slmilar M values. 

It should be noted that comparison o f  measured heat flux values f o r  the test walls t s  
limited to specimens and dynamic cycles evaluated in thls program. Results are for diurnal 
test cycles and should not be arbitrarily assumed to represent annual heating and cooling 
loads, In addltion, results are f o r  Individual opaque wall assemblies. As such, they are rep- 
resentative o f  only one component o f  the building envelope. 

TRANSIENT TEST RESULTS 

TIme required for a wall to reach a steady-state condltlon can be determined f r o m  transient 
tests. This tlme Is affected by both thermal resistance and heat storage capaclty of the test 
wall. 

Test Procedures 

Results of a transient test are determined from data collected In the period o f  tlme 
between two steady-state tests. After a wall i s  In a steady-state conditlon, the outdoor 
chamber temperature settlng I s  changed. The transient test contlnues u n t l l  the wall reaches 
an equlllbrium for the new outdoor chamber air temperature. Measured heat flux and tempera- 
tures are sumnarired hourly during transient tests. 

Translent tests were performed f o r  walls M9. MlO, C1, C2, C3, C4.  and F1. Initial outdoor 
and 72.320.4F (22 .4+0 ,2*C) ,  res- and indoor chamber air temperatures were 72.5+1F ( 2 2 . 5 ~ 0 . 6 O C )  



pectively. Final outdoor and Indoor chamber air temperatures were -8+6F (-2253OC) and 70.5+2F 
(2l.42l0C), respectively. 

Figures show 
measured alr temperatures, measured wall temperatures, heat flux measured by the calibrated hot 
box, heat f l u x  measured by heat flux transducers, and heat flux predlcted by steady-state 
analysis. Tables list hourly values of data shown in figures. A s u m r y  table o f  transient 
test results I l s t s  time requlred to reach 90% 95%. and 99.5% of the flnal. steady-state heat 
flux achleved during a transient test. 

The data manuals(2*3) present translent test results in figures and tables. 

Comparlnq Wall Systems 

If the dlfference In temperature across a wall 1 s  changed abruptly from the steady-state 
condition, as in a step change, then the heat flow through the wall will theoretlcally equal 
63.2% o f  the next steady-state equlllbrfum heat flow after a tlme period equal to the time con- 
stant.(14) A time constant I s  a theoretical value o f  heat flow delay calculated from the 
conductivity, specific heat, denslty, and thlckness for each layer o f  bullding material in a 
wall system. 

The followlng equatlon was used to calculate time c0nstants:(~4) 

where 

tc = 

qn = 

an 

'Ik = 

'n 

C" 

dn 
x =  n 
When 

characteristic time constant o f  building component, h(s) 

(an/ak)li2, conversion constant adjusting thickness o f  layer to make material uniform 
throughout wall 

('"endn), reciprocal of diffuslvity o f  n-th layer, h/ft ( s/m2) 

an at layer k chosen f o r  normallzatlon 

resistivity o f  n-th layer, or reciprocal o f  canductlvity o f  n-th layer h*ft-F/Btu 
(m-K/W) 

speciflc heat of n-th layer, Btu/lb*f (J /kg-K)  

density o f  n-th layer, lb/ft3 (kg/m3) 

thlckness o f  n-th layer, ft (m) 

2 

aval lable, measured thermal properties for each wall assembly uere used to calculate 
time constants. Properties from the ASHRAE Handbook - 1981 Fundamentals(l) were used when 
measured values were not  available. 

Figure 8 shows calculated time constants and calibrated hot box translent test results. 
The vertlcal a x l s  i s  tlme required to reach 63.2% o f  the final heat flux measured by the cali- 
brated hot box, deslgnated t). cannot simulate the same step-change in 
temperature assumed in the definition o f  a t h e  constant. Cooling system equipment limitations 
and storage capacity of the outdoor chamber prohibit an Ideal step-change. Many hours elapse 
before the outdoor chamber air reaches an equillbrlum temperature. 

Measured t; values increase wlth increaslng values o f  calculated tc. Wall F 1 ,  the insu- 
lated wood frame wall, has lower measured t; and calculated tc than the masonry walls. Adding 
insulation to the cavity o f  Wall H9, a block-brick cavity wall, to form Wall NlO. increased 
both measured ti  and calculated tc. 

Addlng insulation to the outdoor surface o f  Wall C1, normal welght concrete, to form Wall 
C4, Increased the measured ti 80%. from 10 to 18 hours. f h l s  compares to a calculated tlme 
constant for Wall C4 10% greater than Wall C1. 

The calibrated hot box 



SUMMARY AN0 CONC~USION 

This paper sumnarizes measured thermal characteristics of 21 wall assemblies presented In 
Volumes I and I1 of the Results are pre- 
sented for six concrete masonry (block) walls, four masonry (block-brick) cavity walls, three 
concrete walls, a concrete wall uith exterlor Insulation, four wood-frame walls, a brlck 
veneer-wood frame wall, and two standard calibration walls. One standard wall was comprised 
of 4-in (100-mn) polystyrene beadboard and one was 1 3/8-4n (35-mn) fiberglass board. The 
manuals present steady-state, translent, and dynamic (periodic) test results In tabular form, 
In figures. and I n  surmary tables. Heat transfer characterlstlcs of dlfferent wall assemblies 
can be eompared by using figures and sumnary tables for each wall. Data presented in numerlcal 
form can be used to validate models or to further analyze results. 

"Calibrated H o t  Box Test Results Data M a n ~ a l . " ( ~ * ~ )  

The 

1. 

2 .  

3 .  

4 .  

5 .  

6.  

7 .  

8 .  

9 .  

10, 

following conclusions are based on results obtalned in this investigation. 

Total thermal resistance, RT, measured using the calibrated hot box and calculated 
using handbook values, are presented f o r  21 wall assemblies. 

Thermal lag, reduction in amplitude. and the total heat flow ratlo are three coeffl- 
clents used to describe test specimen behavior under dynamic temperature condi tions. 
These coefficients are dependent on resistance and storage capacity of a given wall 
assembly. Reduction In amplitude and total heat flow ratio are also dependent on the 
temperature cycle applied to the wall. 

Concrete and masonry walls have greater thermal lags than Insulation and insu 
frame walls. 

Wall C3, constructed o f  low denslty concrete, has a lag tlme equal to 8.5 hours. 
is the largest lag tlme of the 21 wall assemblies sumnarized In thls paper. 

ated 

Thi s 

Adding insulation to concrete and masonry walls Increased thermal lags by 0.5 to 1.5 
hours. Insulation was added t o  the outside surface o f  the concrete wall, to the cores 
of the block wall, and to the cavity of the masonry cavity walls. 

Addlng a brick veneer to an Insulated wood frame uall Increased thermal lag 1.5 hours, 
from 2.5 to 4 hours. 

Concrete and masonry walls have greater reductton In amplitude than Insulation and 
Insulated frame walls fo r  tests using the NBS dynamic temperature cycle. 

Concrete and masonry walls have lower total heat flou ratios than insulation and insu- 
lated frame walls for tests uslng the NBS dynamlc temperature cycle. 

Translent test results Indlcate concrete and masonry walls delay heat flow longer than 
insulatlon o r  Insulated frame walls. This is due to the thermal storage capacity o f  
the concrete and masonry walls. 

Transient test results Indicate that heat flow Is delayed by the addition o f  an insu- 
latlon layer t o  a concrete o r  masonry wall. , .  

Results descrlbed I n  thls paper provide data on thermal response o f  walls subjected to 
steady-state and dlurnal sol-alr temperature cycles. A complete analysls of building energy 
requlrements must include consideration o f  the entire bullding envelope, bulldlng orientatlon, 
bullding operation, and yearly ueather conditions. 

Laboratory results o f  building envelope components tested under steady-state and dynamic 
conditions are used to develop methods of accurately predlctlng losses and gains through the 
buildlng envelope. Publlshlng test data In a consistent format wlll aid researchers developlng 
dynamic analysis algorithms. Accurately predicting energy consumption will allow architects 
and englneers to size HVAC equipment optlmally and select alternatlve wall systems on the basis 
o f  actual rather than steady-state performance. 
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TABLE 1 
Wall Oescriptlons 

I i wall 
I Desig- 
! nation 

M1 
! 
1 M2 
I 

I 

' M5 
I 
I 

I 

i 
! M6 
! 

1 

I 
I M7 

! 

1 Ha 
I 

1 
I 

j 

i 

i 

I H3 
H9 

Ml 0 

c1 

c2 

c3 

c4 

Wall Description 

Medlum Weight Hollou Core Concrete Block 

Medium Weight Hollow Core Concrete Block 
ulth Loose-Fill Insulatlon in Cores 

8-in (200-mn) Normal Welght Hollou Core 
Concrete Block with Stucco on Outside Surface 
and Foll-Backed Gypsum Wall Board Secured to 
Furring Strips on Inside Surface 

 in I ~ i i i -mni  I inntueinnt nn I I ~ Y  i . n r ~  i ~ n n r r p r p  
Block with R-8 Flberglass Batt Insulation 
Between Furrlng Strips and Gypsum Wallboard 

j on Inside Surface 
I 
! - . . - - . . . . . . . . . . . - - - 
' b-in ( ISU-mn) Ligntweignt H O I  IOU core uoncrete 
' Block with R-8 Fiberglass Batt Insulatlon i Between Furring Strlps and Gypsum Wallboard 
on Inside Surface 

8-in (200-mn) Normal Weight Hollow Core Con- 
crete Slump Block ulth R-8 Fiberglass Batt 
Insulation Between Furring Strips and Gypsum 
Wallboard on Inside Surface 

Unlnsulated Cavity Wall: 4-in (100-mn) Hollow 
Core Concrete Block and 4-In (100-mn) Clay 
Brlck Separated by a 2-in (50-mn) Alr Space 

Insulated Cavity Wall: 4- in  (100-mn) Hollow 
Core Concrete Block and 4-in (100-mn) Clay 
Brick Separated b y  2-in (50-mn) o f  Loose- 
F i l l  Insulation 

Uninsulated Cavity Wall: 6-in ( 1 4 5 - m )  Hollow 
Core Concrete Block and 4-111 (85-mn) Clay 
B r l c k  Separated by a 2.8-in (70-mn) Air Space 

Insulated Cavity Wall: 6-in (145-mn) Hollow 
Core Concrete Block and 4-111 (85-mn) Clay 
Brick Separated by 2.8-in (70-mn) o f  Loose- 
Fill Insulatlon 

Normal Weight Concrete 

Structural Lightweight Concrete 

Low Density Concrete 

8-in (200-mn) Normal Weight Concrete with R - 5  
Insulatlon Board Applled to Outside Surface 

Measured ! Measured 
Unit weight. 1 Thickness. j 

P5f2 \ In ! 

(kg/m 1 ' (mn) 

1 . 6  
(195) 

7.6 
(195 

9.4 
(240 

9.9 
( 2 5 )  

9 . 4  
( 2 4 0 )  

9 . 6  
( 2 4 5 )  

9.6 
( 2 4 5 )  

12.1 
(305) 

1 2 . 1  
(305) 

8.3 
(210)  

8.5 
(215) 

8 .9  
( 2 2 5 )  

! 
i I 

I 
I 

i 
! 
! 

I 
1 
I 
I 

i ! 
j 
i 

I 
1 I 



TABLE 1 
wall Descrlptlons (Cont'd) 

! Measured 
;Unit Weight, 
I P s f p  

(kg/m 
wall Oascrfptfon 

dall 
Des 1 g- 
nation 

Measured 
Thickness, 

In 
(mn) 

F1 

F3 

F 4  

F5 

v1 

s1 

s2 

2x4-In (50x100-mn) Wood Frame u t t h  R-13 Flber- ! 
glass 8 a t t  Inrulakfon between Studs, Gypsum 
Wallboard on Inside Surface. and R-5 Board Insu- 
lation and Aluminum Sldlng on Outside Surface 

2x4-in (50x100-mn) Wood Frame uith R-11 Fiber- 
glass Batt Insulation between Studs, Gypsum 
Wallboard on Inside Surface. and Plywood Cedar 
Sldlng on Outside Surface 

2x4- In (50x100-mn) Wood frame wlth R-11 Flber- 
glass Batt Insulation between Studs, Gypsum 
Wallboard on Inslde Surface, and Plywood Cedar 
Siding on Outslde Surface 

2x4-in (50x100-mn) Wood Frame with R-11 Flber- 
glass Batt Insulation between Studs, Gypsum 
Wallboard on Inside Surface, and Hardwood 
Sldlng on Outside Surface 

Wood Frame Wall F3 wlth 4-In (100-mn) Clay 
Brick Applled 1 in (25 mn) from Cedar Sldlng 

Flberglass Board Insulation with Foil Faclng 
Applled to Inside and Outside Surfaces 

Polystyrene Beadboard Insulatton wlth Carpet 
Adhesive Applied to Inside and Outside Surfaces 

4.3 
110) 

9.2 
235) 

1.5 
(37) 

4 .0  
(1 00) 



TABLE 2 
Measured and Deslgn Thermal Resistance 

I 
I 
i 
! Wall 
I Desig- - 
! n1 
I 
I 

I M2 
i 

i nation 
I 

i I M5 
I 

i 
I M6 

I 
I H7 
I 
I 

I 1 M8 

1 
1 

i M3 

M4 

; ns 

, M l O  
I 

c1 

* T o t a l  

Wall Oescrlption 

8-111 (200-mn) Medium Weight Concrete 
Block 

8- in  (200-mn) Medlum Weight Concrete 
Block with Insulatlon in Cores 

&in (200-mn) Normal Welght Concrete 
Block with Refleetlve Insulation 

8-In (200-mn) Lightweight Concrete 
Block with Insulatlon on Inside 
Surface 

6-ln (150-mn) Lightweight Concrete 
Block with Insulation on Inside 
Surface 

8-111 (200-mn) Normal Weight Concrete 
Block with Insulatlon on Inside 
Surface 

10-in (250-mn) Block-Brick Cavity 
wall 

10-in (250-mn) Block-Brlck Cavity Wall 
wIth Insulation in Cavity 

12-111 (300-mn) Block-Brick Cavity 
Wall 

12-in (300-mn) Block-Brick Cavity 
Wall with Insulatlon I n  Cavity 

8-in (200-mn) Normal Weight Concrete 

Meas ured 

Wall Nean 
Temperature, 

F ("C) 

55  (13) 
84 (29 )  

33 ( 1 )  
98 (37 )  

35 ( 2 )  
1 0 0  (38) 

3 8  (3) 
102 (39) 

38 ( 3 )  
102 (39 )  

39 ( 4 )  
102 ( 3 9 )  

36 ( 1 2 )  
97 (36) 

-- 

-- 

-- 

-- 

-- 

-- 

-- 

33 (1) 
98 (37) 

32 ( 0 )  
100 (38)  

32 (0) 
100 ( 3 8 )  

37 ( 3 )  
5 5  (13) 

101 ( 3 8 )  

-- 

-- 

-- 

-- 

ermal resistance, RT, I s  the sum o f  measured wall rf  

Therma 1 
Resistance 

h *f  (m**K/W) t'T;;Btu 

2.65 (0 .47 )  
2.93 (0.52)  

4 .54  ( 0 . 8 0 )  
4.24 ( 0 . 7 5 )  

5.76 (1.01) 
5.54 (0..98) 

9.03 (1.59) 
7.40 (1.39) 

9.08 (1.60) 
7.90. (1.39) 

8.03 (1.41) 
7.12 (1.25) 

3.59 (0.63) 
3.61 (0.64) 

8.33 (1.47) 
8.54 (1 .50)  

3.64 (0 .64 )  
3.37 (0 .59)  

9 . 3 2  ( 1 . 6 4 )  
9 . 4 7  ( 1 . 6 7 )  

1.56 (0.28) 
1.56 (0.28) 
1.55 ( 0 . 2 7 )  

stance and d 

Design I 
Thermal 

Reslstance 

h=ft:*F/Btu 
( m  - K / W )  

RT , 

2.37 ( 0 . 4 2 )  

4.85 ( 0 . 8 5 )  

5 .33 ( 0 . 9 4 )  

8 .33  (1 .56 )  

8 .22  (1.45) 

7.67 (1.35) 

3.46 (0.61) 

8.55 (1.51) 

3 . 4 7  ( 0 . 6 1 )  

8.83 (1.56) 

1.54 (0.27) 

ign air film 
resistances of 0.17 h*ftZ-F/8tu (0.03 m2-K/W) for outslde and 0.68 h-ft2=F/6tu ( 0 . 1 2  m2*K/W) 
for lnslde. Wall resistance was determined from measured heat flux and surface-to-surface 
temperature differentials. 



TABLE 2 
Measured and Design Thermal Reslstance (Cont'd) 

Wall 
Oes I g- 
nation Wall Description 

c2 

c3 

c4 

F1 

F3 

F4 

F5 

v1 

51 

$2 

8-111 (200-mn) Structural Llghtweight 
Concrete 

8-In (200-mn) Lou Denslty Concrete 

8-In (200-mn) Normal Weight Concrete 
wl th  R-5 Insulation Board on Outside 
Surface 

2x4-in 
R-13 F 
Insula 

2x4- I  n 

Siding 
R-11 F 

2 ~ 4 - l n  
R-11 F 
Sidlng 

2x4-In 

( 5 0 x 1  00-mn) Wood F rame ui th 
berglass Insulation and R-5 
ton Board 

(50x100-mn) wood Frame uI th 
berglass Insolatton and Cedar 

( 5 0 x 1  00-mn) Wood F rame w i  th 
berglass fnsulatlon and Cedar 

(50x100-mn) Wood frame wlth 
R-11 Fiberglass Insulation and Hard- 
board Sldlng 

10-In (250-mn) Brick Veneer 

1 -3/8- 

4-In ( 

n (35-mn) Fiberglass Board 

00-mn) Polystyrene Beadboard 

.. 

Measured 

Wall Mean 

Therma 1 
Res 1s tance 

R,*. 

34 ( 1 )  I 2.63 (0.46) 
52 ( 1 1 )  : 2.62 (0.46) 
ea ( 3 1 )  j 2.59 (0.46) 
99 (37) ; 2.56 ( 0 . 4 5 )  

I 
I 

-- 

53 ( 1 1 )  f 7.02 (1 .24 )  
89 ( 3 2 )  ' 6.53 ( 1 . 1 5 )  

100 (38)  -- 

32 ( 0 )  
101 (38)  -- 
30 ( - 1 )  

101 ( 3 9 )  

33 ( 0 )  
98  (37 )  

34 ( 1 )  
5 4  (12)  
00 (38)  

-- 

-- 

-- 
38 ( 3 )  
02 ( 3 9 )  

33 (0) 
99 ( 3 7 )  

32 (0) 
103 (40) 

37 ( 3 )  
53 (12) 

101 (38)  

-- 

-- 

-- 

*- 

6.31 ( 1 . 1 1 )  
8.87 ( 1  .,56) 

7.85 ( 1 . 3 8 )  
7 . 5 7  (1.33) 

19.17 (3.38) 
16.42 (2.89) 

5.9 (2.63) 
3.6 ( 2 . 3 9 )  

3.0 (2.29) 
3.0 ( 2 . 2 8 )  
0.8 ( 1 . 9 0 )  

12.0 ( 2 . 1 1 )  
10.0 ( 1 . 7 7 )  i 

I 

1 7 . 0  (2 .99)  
1 4 . 3  ( 2 . 5 2 )  

7.10 ( 1 . 2 5 )  
6.50 ( 1 . 1 4 )  

1 9 . 8  (3.49) 
1 7 . 5  (3.08) 
1 6 . 5  (2.90) 

oer .t gn 

Therma 1 
Res 1 stance 

\ 
3.05 ( 0 . 5 4 )  ' 1 

6.04 ( 1 . 0 6 )  I 

19.08 (3.36) 

11.4 (2.01) 

11.1 ( 1 , 9 5 )  

11.0 ( 1 . 9 4 )  

12 .8  ( 2 . 2 5 )  

6.35 (1 .12)  

1 7 , 5  (3.09) 

*Total thermal reslstance RT,  I s  the sum o f  measured uall reslstance and design air f l l m  
resistances of 0.17 h=fte-F/Etu (0.03 m2-K/W) for outslde and 0.68 h=ft2=F/8tu (0.12 r n 2 * K / W )  
for lnslde. Wall resistance was determined from measured heat flux and surface-to-surface 
temperature dlfferentlals. 



T A B U  3 
Increase i n  Thermal Lag Due To Addl t lon o f  I n s u l a t l o n  

les lgnat lon  

H2 

n4 

Deslgnat lon 
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Figure 1 .  C a l i b r a t e d  h o t  box t e a t  
f a c i l i t y  

o u t w  

Figure 2. Schemat i c  o f  c a l i b r a t e d  hot 
box 

Figure 3 .  Outdoor chamber-air temperature 
for NBS dynamic test cycle 

-1- 

Figure 4 .  Dynamic t e s t  results for NBS t e m p e r a t u r e  cycle a p p l i e d  
to w a l l  C1 (normal weight concrete):  measured and 
c a l c u l a t e d  h e a t  f l u x  (left) and d e f i n i t i o n s  of dynamic 
h e a t  transmission coef fi ci en t s  (ri gh t 1 
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Figure  5 .  Xhermal l a g  and M v a l u e s  for 
t h e  NBS test c y c l e  a p p l i e d  _to 
2 1 w a l l  assemblies 
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F i g u r e  6 .  R e d u c t i o n  in amplitude and M 
values f o r  t h e  NBS test cycle 
a p p l i e d  to 19 wall assemblies 
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F i g u r e  7. T o t a l  h e a t  f l o w  r a t i o s  and H Figure 8 .  T r a n s i e n t  test r e s u l t s  compared 
v a l u e s  f o r  the NBS t e s t  cycle t o  c a l c u l a t e d  time constants 
a p p l i e d  to 19 w a l l  a s s e m b l i e s  


