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SURFACE TEMPERATURE MEASUREMENT TECHNIQUES 
FOR A CALIBRATED HOT BOX TEST SPECIMEN 

by 

Steven C. Larson and Martha 6. Van G e m *  

ABSTRACT 

Heat flow through a 143 pcf (2290 kg/m3) normal weight concrete wall 
was measured using the calibrated hot box facility at the Construction Tech- 
nology Laboratories, a division o f  the Portland Cement Association. Two 
methods of measuring specimen surface temperatures were used to investigate 
thermal contact resistance between thermocouples and a normal weight con- 
crete specimen. Thermocouples used to measure surface temperatures fre- 
quently are taped to the wall surfaces. In this test program, thermocouples 
were also embedded in wall surfaces. 

The wall was subjected to steady-state, transient, and periodically 
varying temperature conditions. 
concrete thermal canductlvity and wall resistance. Data obtalned during 
transtent and periodic temperature variations are used to define dynamlc 
thermal response o f  the wall. 

Steady-state and dynamlc test results uslng the two measurement tech- 
niques are compared. 
peratures measured using taped thermocouples differ significantly from those 
determined from embedded thermocouple measurements. Concrete thermal conduc- 
tivity derived from embedded thermocouple measurements was 32% greater than 
that based on taped thermocouple measurements. Measurements from embedded 
and taped thermocouples for a dynamic temperature cycle with a 5 6 O F  (31OC) 
amplitude In the outdoor temperature applied to the wall were also compared. 
Maximum differences in temperature measurements were 6.6OF (3.OoC) and 0 . 9 O F  
(0.4"C) for the wall surfaces exposed to outdoor and indoor temperatures, 
respectively. The response characteristics used to compare periodic dynamic 
and transient thermal performance of alternative wall systems are the same 
for the two measurement techniques. 

Steady-state results are used t o  determine 

Steady-state properties determined from surface tem- 

Differences between embedded and taped thermocouple measurements are 
attributed to thermal contact resistance. Based on results of  the test 
program, it is recomnended that thermocouples for measuring surface tempera- 
tures be embedded in surfaces of normal weight concrete walls to minimize the 
thermal contact reslstance between thermocouples and the wall surface. 

*Respectively, Structural Engineer, Analytical Design Section, Structural 
Development Department, and Senior Research Engineer, Fire Research Section, 
Construction Technology Laboratorles, a Division of the Portland Cement 
Association, Skokie, Illinois 60077 
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SURFACE TEMPERATURE MEASUREMENT TECHNIQUES 
FOR A CALIBRATED HOT BOX TEST SPECIMEN 

BY 

Steven C. Larson and Martha G .  Van Geein* 

INTRODUCTION 

Tests were conducted t o  eva lua te  thermal performance o f  a 143 pc f  

(2290 kg/m3) normal welght  concrete w a l l  us ing  two methods o f  measurlng 

sur face temperatures. An 8- in.  (200-mn) concrete w a l l  was tes ted  I n  the  

c a l i b r a t e d  h o t  box f a c i l i t y  o f  t h e  Por t land Cement Assoclat lon 's , .Construct ion 

Technology Laborator ies (CTL). One s e t  o f  thermocouples f o r  measuring sur-  

face temperatures was embedded i n  t h e  concrete surface. Another s e t  was 

taped t o  the  surface. Resul ts  us ing  the  two techniques a re  compared. Data 

obta,fned from t h i s  i n v e s t i g a t i o n  can be used t o  evaluate contac t  thermal 

res l s tance  between taped thermocouples and a normal welght concrete specimen. 

BACKGROUND 

Ca l i b ra ted  Hot Box Test F a c i l i t y  

A normal weight concrete w a l l  w i t h  embedded and taped sur face thermo- 

couples was tes ted  i n  the  c a l i b r a t e d  hot box f a c i l i t y  shown i n  F igs.  1 and 2. 

Tests were performed i n  accordance w i t h  ASTM Designation: C976, "Thermal 

Performance o f  B u i l d i n g  Assemblies by Means o f  a Ca l ib ra ted  Hot Box. lt(1 I** 

The fo l l ow ing  i s  a b r l e f  d e s c r i p t i o n  o f  t he  c a l i b r a t e d  ho t  box. I n s t r u -  

mentat ion and c a l j b r a t l o n  d e t a i l s  a r e  descr ibed i n  Appendix A and Reference 2. 

*Respect ively,  S t r u c t u r a l  Engineer, A n a l y t i c a l  Design Section, S t r u c t u r a l  
Development Department, and Senior Research Engineer, F i  r e  Research Sec- 
t i o n ,  Construct ion Technology Laborator ies,  a D i v i s i o n  o f  the  Por t land 
Cement Associat ion,  Skokie, I l l i n o i s  60077 

**Superscr ip t  numbers i n  parentheses r e f e r  t o  references l i s t e d  a t  end o f  
t h i s  repo r t .  
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Fig. 1 Calibrated Hot Box Test Facility 

Insulation ,-Test Wall 

Outdoor 
(Climatic) 

Fig. 2 Schematic o f  Calibrated Hot Box 
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The facility consists of two highly insulated chambers as shown in Flg. 2. 

Walls, ceiling, and floors of each chamber are insulated with foamed urethane 

sheets to obtain a nominal thickness of 12 in. (300 mn). During tests, the 

chambers are clamped tightly against an insulated frame that surrounds the 

test wall. Air in each chamber is condltloned by heating and cooling equip- 

ment to obtain desired temperatures on each side of the test wall. 

The specimen is in a vertical posltion In CTL's calibrated hot box. 

Therefore, heat flows horizontally through the wall. Required specimen 

dimensions are 103+1/8,-0 by 103+1/8,-0 in. (2.62+0.003,-0 by 2.62tO.003,-0 m). 

The facility was designed to accomnodate walls with thermal resi4tance values 

ranging from 1.5 to 20 hreft2eDF/Btu (0.26 to 3.52 m2*K/W). 

The outdoor (climatic) chamber can be held at a constant temperature or 

Temperature cycles can cycled within the range -15 to 130°F (-26 to 54°C).  

be programmed to obtain the desired temperature-time relationship. The 

indoor (metering) chamber, which simulates an indoor environment, can be 

maintained at a constant room temperature between 65 and S O O F  (18 and 2 7 O C ) .  

CTLIs calibrated hot box is not capable of maintaining a pressure different- 

l a 1  across a specimen. The pressure in both chambers is atmospherlc. 

Contact Resistance 

Thermocouples taped to normal weight concrete surfaces may not measure 

"true" surface temperatures because o f  contact thermal resistance. Thls 

thermal contact resistance is due to the influence o f  any thin air gap 

between the thermocouple wire and the normal weight concrete at thelr point 

o f  contact. Thermal contact resistance is more significant for materials 

with smaller thermal resistances. For normal weight concrete, contact 

resjstance may be of the same order of magnitude as the resistance o f  the 
concrete. ( 3 )  

-3- 
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Inaccuracies in surface measurements due to thermal contact resistance 

can result in inordinately high values o f  surface-to-surface temperature 

differentials during steady-state tests. Thus, resulting thermal conductiv- 

ity values are less than the actual thermal conductivity of the wall, 

Reference 3 summarizes thermal conductivity measurements on three con- 

cretes. Walls designated C 1 ,  C2, and C3 had unit weights of 144, 102, and 

46 pcf (2310, 1630, and 740 kg/m ), respectively. Conductivlties were 

measured on the three concretes uslng the callbrated hot box (ASTM Designa- 

tion: C976(')), the guarded hot plate (ASTH Designation: C177(l)), and 

the hot wire method. 

CTL. 

2 

Calibrated hot box and hot wire tests were Gerformed at 

Guarded hot plate tests were performed at Dynatech R/D Company. 

Thermal conductivlty results for 144 pcf (2310 kg/m') normal weight and 
3 102 pcf (1630 kg/m ) structural lightweight concrete walls tested in the 

calibrated hot box were lower than results determlned using the guarded hot 

plate or the hot wire method. These results are indicative of the influence 

of thermal contact resistance on determination o f  thermal conductivity f o r  

Walls C 1  and C2. 

low density concrete from Wall C3.(3) 

For callbrated hot box tests, thermocouple wires were taped to the walls 

This influence i s  negllgible for the 46 pcf (740 kg/m3) 

in accordance with ASTM Designation: C976-82, Sectjon 5.7.1, which states 

that requirements of the standard are presumed to be met if wire is "taped, 

cemented or otherwise held In thermal contact with the surface using mater- 

ials of emittance close to that of the surface. I t ( ' )  For guarded hot plate 

tests thermocouples were embedded Into surfaces o f  each concrete specimen. 

For hot wire tests, concrete specimens were cast wIth a thermocouple embedded 
along thelr central axis. ( 3 )  

I - 4- 
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OBJECTIVES 

This report compares results determined from taped and embedded thermo- 

couple measurements during calibrated hot box tests of a normal weight con- 

crete wall. Differences in results for the two measurement techniques pro- 

vide information on contact thermal reslstance between taped thermocouples 

and normal welght concrete. 

Results from steady-state tests are used to determine concrete thermal 

conductivity and wall thermal resistance. Data obtained during transient and 

periodic temperature variations were used to define dynamic thermal response 

under selected temperature ranges. 
/ 

A simulated sol-air dynamlc cycle was 
selected to permlt comparison of results with walls previously tested. (4-9) 

TEST SPECIMEN 

An 8-in. (200-m) normal weight concrete wall with embedded and taped 

surface thermocouples, designated Wall C6, was tested in CTL's calibrated hot 

box. 

Wall Construction 

Wall C6 was previously tested in the calibrated hot box as Wall C 1 .  

Oetalls o f  construction and calibrated hot box test results of Wall C1 are 

given in Reference 9. 

Wall C 1  was built at CTL using techniques representative of field con- 

struction practices. Overall nominal wall dimensions were 103x103 in- ( 2 . 6 2 ~  

2.62 m). 

approximate wall midthickness spaced 12-111. (300-mn) center-to-center in each 

direction, as shown in Fig. 3. 

The wall was reinforced with a single layer of No. 5 bars at the 

The wall was cast horizontally in May 1981 and cured in formwork for 

seven days. After removing formwork, the wall was allowed to a i r  cure In the 

construction technology laboratories -5- 
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Fig. 3 Reinforcement Details f o r  Normal Weight Concrete \.la11 
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l abo ra to ry  a t  an a i r  temperature o f  7325°F (2353°C) and 45215% RH f o r  f l v e  

months. Wall faces were coated w i t h  a cement i t ious waterproo f lng  m a t e r i a l  

t ha t  seals minor sur face  imper fect ions.  A textured,  noncementit ious wh i te  

p a i n t  was used as a f f n i s h  coat.  Wall Cl was tes ted  I n  the  c a l i b r a t e d  ho t  

box f rom October t o  December 1981. 

Phys ica l  p roper t i es  o f  Wal l  C 1  and c o n t r o l  specimens c o n s i s t i n g  o f  the  

concrete used i n  Wall C 1  are  g iven I n  Table 1. Thermal p roper t i es  o f  t he  

normal weight concrete i n  Wall Cl a r e  g iven i n  Table 2. Proper t ies  i n  Tables 

1 and 2 were determlned w i t h i n  10 months o f  c a l i b r a t e d  h o t  box t e s t i n g  of 

Wall C 1 .  

A f t e r  c a l i b r a t e d  h o t  box t e s t f n g  was completed, Wall C 1  was s to red  a t  an 

a i r  temperature o f  73+5*F (2323°C) and 45215% RH u n t i l  January 1984.  A t  t h i s  

t ime, e i g h t  thermocouples were embedded i n  each s ide  o f  t he  t e s t  w a l l  and the  

w a l l  was redesignated Wall C 6 *  Thermocouple embedment procedures a re  des- 

c r i bed  i n  the  ' I Instrumentat ion" sec t i on  o f  t h l s  repo r t .  

Wall C6 was tes ted  i n  the  c a l i b r a t e d  h o t  box i n  January and February 

1984. Phys lca l  p roper t l es  o f  Wal l  C6 a t  the  t ime o f  c a l i b r a t e d  ho t  box 

t e s t i n g  a re  summarized i n  Table 3.  

Ins t rumenta t ion  

Thermocouples corresponding t o  the  American Nat iona l  Standard f o r  Tem- 

pera ture  Measurement Thermocouples (ANSI MC96.1), Type T, 20 gauge, were used 

t o  measure temperatures. 

and 8 embedded i n  each face of the  t e s t  w a l l .  I n  add i t i on ,  16 thermocouples 

There were 16 taped t o  each face o f  the  t e s t  w a l l  

were loca ted  i n  the  a i r  space o f  each chamber. 

were spaced 20.6-In. (525-mn) apa r t  I n  a 4x4 g r i d  over  t he  w a l l  area. 

Thermocouples I n  each plane 

- 7- 
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TABLE 1 - PHYSICAL PROPERTIES OF WALL c1(9) 

Proper ty  

Un i t  Weight o f  Wall, p s f  (kg/m*) 

Estimated Mois ture Content o f  Wall 
X ovendry weight 

Average Thickness, i n .  (mn) 

Area, f t 2  (m2) 

Concrete Compresslve St rength  
p s i  (MPa) 

m o i s t  cured* 

a i r  cured** 

Concrete S p l i t t i n g  Tens i l e  S t rength  
p s i  (MPa) 

moist cured* 

a1 r cured*** 

Measured Value 

100 
(488) 

2.1 

8.31 
(211) 

73.64 I 

(6.84) 

5040 
(34 .7)  

571 5 
(39.4) 

522 
(3 .60)  

51 4 
(3 .54)  

* Measured on 6x12-in. (150x300-m) c y l i n d e r s  cured i n  
molds f o r  f i r s t  24 hours, mo is t  cured f o r  27 days. 

** Measured on 6x12-in. (150x300-m) cy l i nde rs  cured i n  
molds f o r  f i r s t  7 days, a i r  cured f o r  184 days. 

*** Measured on 6x12-in. (150x300-m) c y l l n d e r s  cured i n  
molds f o r  f f r s t  7 days, a i r  cured f o r  188 days. 

-8- 
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TABLE 2 - THERMAL PROPERTIES OF NORMAL WEIGHT CONCRETEIS) 

Property 

S p e c i f t c  Heat, Btu/lb*"F (J/kg-K) 

S p e c i f f c  Heat, Btu/lb-*F (J/kg-K) 

Thermal Conduct iv i ty ,  3 t ~ - i n / h r - f t ~ - ~ F  (W/m-K) 

Thermal Conductfvl t y ,  B tu* ln /hr . f t2 -OF (W/m-K) 

Thermal Conduct1 v f  t y  , M u -  1 n/hr - f t2- O F  (W/m-K) 

Thermal D1fFuslvlty, f t2Ihr (m2/s) 

Test Method 

Siml 1 ar t o  
CRD-C124-73 

Ca 1 c u l  a ted  

Hot Wire 

ASTM C177 

ASTM C976 

CRD-C36-73 

Spec h e n  
:ondit ion 

saturated 

a t r  dry  

a i r  dry  

ovendry 

a t r  d ry  

sd t u r a  ted 

Hean 

O F  

("C) 

remperature, Mea s tl r ed 
Value 

0.214 
(896) 

0.193 
(8081 

20.3 
(2.93) 

16.7 
(2.32) 

11.7 
('I .69) 

0.037 
(0.955) 



TABLE 3 - PHYSICAL PROPERTIES OF WALL C6 AT TIME OF TEST 

Property 

U n i t  Weight, psf  (kg/m2) 

Average Thickness, i n .  (m) 

Area, f t *  (m2) 

Estimated Moisture Content,* 
X by ovendry weight 

Measured 
Va 1 ue 

99 
(483) 

8.31 
(211 1 

73.6 
(6.84) 

1 .4  

* Measured before  c a l i b r a t e d  hot  box t e s t i n g .  

-1 0- 
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Thermocouples measuring temperatures i n  t h e  a i r  space o f  each chamber 

were l oca ted  approximately 3 i n .  ( 7 5  mn) f rom t h e  face of t he  t e s t  w a l l ,  

Thermocouples taped t o  the  sur face were secure ly  a t tached t o  the  w a l l  

over a l eng th  o f  approximately 3 i n .  (75  mn). Tape t h a t  covered the  sensors 

was pa in ted  the  same c o l o r  as t h e  t e s t  w a l l  surface. 

The e i g h t  embedded thermocouples on each s ide  of Wall C6 were loca ted  i n  

the  second and t h i r d  rows o f  t h e  20-3/5-in. (525-mn) square g r i d .  Locat ions 

o f  taped and embedded thermocouples on the  outdoor w a l l  sur face a r e  shown i n  

F ig .  4. Taped and embedded thermocouples on the  indoor  w a l l  sur face were 

loca ted  d i r e c t l y  opposi te  those on the  outdoor surface. 

Thermocouples were placed i n  e i g h t  7/32-in. (6-mn) wide grooves c u t  on 

each s ide  o f  t he  w a l l  i n  l i n e  w i t h  the  second and t h i r d  rows o f  sur face 

thermocouples. Grooves measured 3/32 t o  1/8-in. ( 2  t o  3-mn) deep by 5.5 t o  

6-111. (140 t o  150-mn) long. 

F igure  5 shows a groove c u t  i n t o  Wal l  C6. The c ross  (t) on the  w a l l  

marks the  l o c a t i o n  o f  a thermocouple j u n c t i o n  subsequently taped t o  the  w a l l .  

D i s c o l o r a t i o n  o f  t he  concrete sur face above and below the  mark are  due t o  

epoxy removed from the  w a l l  sur face  a f t e r  prev ious t e s t s .  Epoxy i s  used t o  

secure tape over surface-mounted thermocouples t o  c a l i b r a t e d  ho t  box specimen 

sur faces.  

l o c a t i o n  as those f o r  Wall C 1 .  

Thermocouple j u n c t i o n s  taped t o  Wall C6 were placed a t  t he  same 

The embedded thermocouple j u n c t i o n s  were loca ted  2 in .  ( S O  mn) f rom the  

sur face thermocouple j u n c t i o n s  as shown i n  F ig.  6. A t  l e a s t  4 in. (100 mm) 

of t h e  thermocouple w i res  were embedded. Exposed leads o f  embedded thermo- 

couples were taped t o  the  w a l l  f o r  a l eng th  o f  approximately 4 i n .  (100 mm). 

The grooves were f i l l e d  f l u s h  w i t h  the  w a l l  sur face us ing  cement paste t o  

secure the  thermocouples i n  place. F ig .  7 shows a thermocouple cemented in 

-11- construction technology laboratories 
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Thermocouple 
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5 @ 20.6 in. (520mm)  = I03 in. (2620)mm 

Fig. 4 Locations of Taped and Embedded Thermocouples on 
Outdoor Wall Surface 
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Ftg. 5 Groove Cut in Wal l  S u r f a c e  f o r  Embedded Thermocouple 

Fig. 6 Embedded Thermocouple Placed in Groove 
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Fig.  7 Embedded Thermocouple Cemented in Place 

1 
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I 

I 
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I 
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place. 

face of the test wall. 

Tape and hardened cement paste were painted white to match the sur- 

Heat flux transducers measuring 4x4-in. (100x100-m) were mounted near 

the center of the indoor and outdoor wall surfaces. To mount heat flux 

transducers on concrete, 3/8-in. (70-mn) holes were drilled at selected 

mounting locations. Wood dowels 3/8-in. (10-mn) in diameter were epoxied in 

place and sanded flush with the wall surface. 

surface in contact with the wall surface was coated with a thin layer o f  high 

conductivity silicon grease. 

wall using screws into the wood dowels. 

contact between heat flux transducers and wall surfaces. 

The heat f l u x  transducer 

Heat flux transducers were then mounted on the 

The silicon grease provt'ded uniform 

STEADY-STATE TESTS 

Two steady-state calibrated hot box tests were performed on the normal 

weight concrete wall with embedded and taped surface thermocouples. 

flow and temperature measurements were used to determine average thermal 

properties including thermal conductivity (k) and total thermal resistance 

(RT). 

and compared to measured values. 

Heat 

Design heat transmission coefficients are calculated for the wall 

Thermal conductivity, k, and total thermal resistance, RT, are deter- 

mined from temperatures measured by taped and embedded surface thermocouples. 

Steady-state temperature profiles are compared and an estimate is made for 

the contact resistance between taped thermocouples and normal weight con- 

crete for steady-state temperature conditlons. 

Design Heat Transmission Coefficients 

Design values o f  total resistance and transmlttance for Wall C6 are shown 

In Table 4. These were calculated in accordance with procedures established 

construction technology laboratories -1 5- 



TABLE 4 - DESIGN HEAT TRANSMISSION COEFFICIENTS 

Component 

1. Outside Air Film 

2. 8-in. (200-mn) Normal Welght 
Concrete 

3. Inside Air Film 

R, 
Thermal Resistance 

hr * f t2* "F/Btu 
( m2 - K/W) 

0.17* 
(0.03) 

0.69* 
(0.12) 

(0 .12)  

/ 

0.68* * 

I Total R 1 . 5 4  
(0 .27)  

Total U** 0.65 
(3.70) 

* Source: ASHRAE Handbook-1981 Fundamentals, American Society of 

** Units for thermal transmittance, U, are Btu/hr=ft2ooF (W/m2.K). 

Heating, Refrigerating, and Air-Conditioning Engineers, 
Inc., Atlanta, 1981, Chapter 23. 
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by the  American Society  o f  Heating, Re f r i ge ra t i ng ,  and A i r -Cond i t ion ing  

Engineers. (10) 

To ta l  res i s tance  values, RT, i nc lude  sur face res is tances equal t o  0.68 

h r * f t 2 * "F /B tu  (0.12 m2*K/W) f o r  indoor  and 0.17 h r - f t 2 - "F /B tu  (0.03 m*.K/W) 

for outdoor. 

represent  s t i l l  a i r  on the  indoor  w a l l  sur face and an a i r  f l o w  of 15  mph 

(24 km/hr) on the  outdoor w a l l  surface. Thermal t ransmi t tance,  U, I s  equal 

These values a r e  comnonly used i n  design and a r e  considered t o  

t o  t h e  r e c i p r o c a l  o f  t o t a l  thermal res is tance,  RT. 

Resistances f o r  cons t ruc t i on  m a t e r i a l s  were taken f rom the  ASHRAE Hand- 

book-1981 Fundamentals. (lo) Resistances i n  Table 4 were n o t  meaiured. 

Tes t  Procedures 

Steady-state c a l i b r a t e d  h o t  box t e s t s  a re  conducted by main ta in ing  con- 

s t a n t  indoor  and outdoor chamber temperatures. 

consecut ive hours o f  data c o l l e c t e d  a f t e r  specimen temperatures reach equil- 

Resul ts  a r e  averages o f  16 

i b r i u m  and t h e  r a t e  o f  heat f l o w  through the  t e s t  w a l l  i s  constant.  

Steady-state t e s t s  were run  a t  two temperature d i f f e r e n t i a l s .  For the  

f i r s t  case, indoor  a i r  temperature was maintained a t  approximately 6 7 O F  (19OC) 

w h i l e  outdoor a i r  temperature was maintained a t  approximately -5°F (-21°C). 

This prov ided a nominal temperature d i f f e r e n t i a l  of 72°F (40°C) and a mean 

temperature of 32°F (0°C). In t h e  second case, indoor  a i r  temperature was 

maintained a t  approximately 77*F (25°C) w h i l e  outdoor a i r  temperature was 

maintained a t  approxlmately 121°F (50°C). This  prov ided a nominal tempera- 

t u r e  d i f f e r e n t i a l  of 44°F (24°C) and a mean temperature o f  100°F (38OC). 

-1 7- 
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I 
Test Results 

Steady-State Temperature Profiles 

Temperature profiles from steady-state calibrated hot box tests on Wall 

C6 are illustrated in Fig. 8. Temperatures are averages from thermocouples 

uniformly distributed across the wall as described In the "Instrumentation" 

section. 

temperatures: 

The following notation I s  used to designate average measured 

to = outdoor air temperature 

tp = wall surface temperature, outdoor side, taped thermocouples 

t4 = wall surface temperature, outdoor side, embedded therFocouples 

t3 = wall surface temperature, indoor slde, embedded thermocouples 

t, = wall surface temperature, indoor s lde ,  taped thermocouples 

ti = indoor air temperature 

Temperature measurements of embedded surface thermocouples are signifi- 

cantly different from those of taped surface thermocouples. 

state tests with wall mean temperatures of 3 2 O F  (0°C) and 100°F (38°C). the  

differences in embedded and taped thermocouple readings were 6'F (3OC) and 

5 O F  (3"C), respectively. A s  expected, f o r  both tests, temperatures measured 

by taped thermocouples were between air temperatures and wall surface tem- 

peratures measured by embedded thermocouples. 

For the steady- 

Surface-to-surface temperature differentials across the wall are smaller 

for embedded thermocouple temperatures than for taped thermocouple tempera- 

tures, 

the surface-to-surface temperature differentials are 36°F (20°C) for taped 

thermocouple measurements and 24°F (13OC) for embedded thermocouple measure- 

ments. Similarly, for a wall mean temperature o f  100°F (38OC), the taped 

thermocouple temperature differential through the wall i s  25°F ( 1 4 O C )  and 

For the steady-state test with a wall mean temperature o f  32OF ( O O C ) ,  

1 

I 

i 
1 

i 
I construction technology laboraforles 
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F i g .  8 Steady-State Temperature Profiles Across Wall C6 
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the embedded thermocouple temperature d i f f e r e n t i a l  i s  15OF (8°C). Measured 

temperatures from embedded surface thermocouples r e s u l t  i n  a 35% reduct ion 

i n  surface-to-surface temperature d i f f e r e n t i a l  compared t o  taped thermocouple 

measurements. 

Heat Flux 

Mean w a l l  temperature and heat f l u x  f o r  steady-state ca l i b ra ted  hot  box 

t e s t s  are l i s t e d  i n  Table 5. Wall mean temperature i s  the average o f  the 

indoor and outdoor w a l l  surface temperatures. Wall mean temperatures are 

i d e n t i c a l  f o r  taped and embedded surface thermocouple measurement$. 

The second column shows w a l l  heat f l u x  determined from each ca l i b ra ted  

hot  box t e s t .  Heat f l u x  i s  determined from hour ly data using Eq. ( A l )  i n  

Appendix A. 

Relat ive humidity w i t h i n  the indoor and outdoor chambers 9s not  con- 

t r o l l e d  by CTL's  ca l i b ra ted  hot  box. 

and i s  l i s t e d  i n  Table 5. 

However, r e l a t i v e  humidity was measured 

Maximum and minlmum laboratory a i r  temperatures obtalned dur ing each 

steady-state t e s t  are a l so  l i s t e d  i n  Table 5. 

f o r  the indoor chamber f o r  t es ts  conducted i n  CTL's ca l i b ra ted  hot box. 

The laboratory acts as a guard I 

Concrete Thermal Conduct iv i ty Comparison 

Table 6 s u m r i r e s  thermal conduc t i v i t i es  o f  concrete determined using 

d i f f e r e n t  surface temperature measurements. Conductivi ty, k, i s  calculated 

using measured heat f l u x ,  surface temperatures, and concrete thickness. 

Actual concrete thickness i s  8.31 i n .  (211 mn). This thickness I s  used 

t o  determine conduc t i v i t y  measured by taped thermocouples. 

thickness of concrete between embedded thermocouple junct ions on opposlte 

The average 

sides o f  the w a l l  i s  8.19 i n .  (208 mn). This thickness i s  used t o  ca l cu la te  

! 
i conduc t i v i t y  measured by embedded thermocouples. 

I -20- 
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I 

Heat Flux, 
Btu/hr f t2 

( W/m2) 

-42.6 
(-1 35) 

(100) 
31.8 

TABLE 5 - STEADY-STATE HEAT FLUX AND TEST CONDITIONS 

Indoor Outdoor Max., H l n . ,  
Chamber, Chamber, "F O F  

fc x ("C) ( " C )  

( 22 )  -'' (21) 
18 20 71 71 

18 19 72 71 
(22) ( 2 2 )  

Nominal Test 
Condl t l o n  

t, = 100°F 
(38°C) 

4* 
Laboratory I Re'ative 1 Air Temperature 

*Measured by callbrated hot box .  
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I 

Wall 
Mean 

Temperature, 

O F  

( " C )  

TABLE 6 - THERMAL C O N D U C T I V I T I E S  DETERMINED USING 
TAPED AND EMBEDDED THERMOCOUPLE MEASUREMENTS 

Thermal Conductivi ty 
k, 

Btu.in./hr*ft*."F 
(W/rn.K) 

Measured UsIng 
Taped Thermocouples, 

No. of T . C . ' s  Measured Using 
Eight Embedded 
Thermocouples** 

16* 8** / 

9.8 
(1.41) 

10.8 
(1.56) 

10.0 
(1.44) 

11.3 
(1.63) 

I 
14.3 
(2.06) 

16.8 
(2 .42 )  

10.7 15.7 
(1 S O )  1 (1 .54)  I (2 .26)  I 70*** 

* k determlned using average Indoor and outdoor surface 
temperatures measured by 16 thermocouples taped t o  each 
wa l l  surface. 

** k determined uslng average indoor and outdoor surface 
temperatures measured by 8 thermocouples located I n  the 
second and t h i r d  rows o f  the 20-3/5-in. (525-mn) g r i d  
on each w a l l  surface. 

*** Values of k i n te rpo la ted  from measured resul ts .  
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The second column o f  Table 6 l i s t s  thermal c o n d u c t i v i t i e s  determined f rom 

t h e  average temperatures measured by 16 thermocouples taped t o  each s ide  o f  

t h e  w a l l .  The t h i r d  column l i s t s  c o n d u c t i v i t i e s  determined f r o m  average tem- 

pera tures  measured by e i g h t  taped thermocouples loca ted  i n  t h e  second and 

t h i r d  rows o f  t h e  20-3/5-in. (525-m) g r i d ,  t h e  same l o c a t i o n s  as the  

embedded thermocouples. The f o u r t h  column o f  Table 6 l i s t s  c o n d u c t i v i t i e s  

determined us ing  average temperatures measured by e i g h t  embedded thermo- 

couples on each s ide  o f  t h e  w a l l .  

The f i r s t  and second rows o f  da ta  i n  Table 6 l i s t  r e s u l t s  f rom steady- 

s t a t e  c a l i b r a t e d  h o t  box t e s t s .  

mean temperature o f  70°F (21°C). These values were i n t e r p o l a t e d  f rom steady- 

s t a t e  t e s t  r e s u l t s  f o r  w a l l  mean temperatures o f  32*F ( O O C )  and 100°F (38°C). 

The t h i r d  row l i s t s  i n f o r m a t i o n / f o r  a w a l l  

Values o f  thermal c o n d u c t i v i t y  determined us ing  temperature measurements 

f rom taped and embedded thermocouples a r e  10.7 B t u  In./hr.ft*."F (1.54 W/m2*K) 

and 15.7 B tu  I n . / h r * f t * * " F  (2.26 W/m2-K), r espec t i ve l y ,  f o r  a w a l l  mean tem- 

pe ra tu re  o f  70°F (21°C). 

pera tures  i s  32% less  than t h a t  c a l c u l a t e d  f rom embedded thermocouple tem- 

peratures.  This  i s  cons i s ten t  w i t h  t h e  d i f f e r e n c e s  i n  temperature d i f f e r e n -  

t i a l s  across t h e  w a l l  measured by taped and embedded thermocouples. 

The va lue c a l c u l a t e d  f rom taped thermocouple tem- 

Three t e s t  methods have been used t o  determine thermal c o n d u c t i v i t y  o f  

Wal l  C6 concrete.  F igu re  9 sumnarizes r e s u l t s  and i n d i c a t e s  t e s t  methods 

used. Thermal c o n d u c t i v i t y  i s  shown as a f u n c t i o n  o f  mo is tu re  conten t  o f  t he  

concrete.  Thermal c o n d u c t i v i t y  increases as mois tu re  conten t  o f  a g iven  

concrete increases f o r  any p a r t i c u l a r  t e s t  method. (11) 

F igure  9 i n d i c a t e s  da ta  f rom Wal l  C 1  as be ing f rom Reference 9. Other 

da ta  i n  t h e  f i g u r e  a re  f rom t e s t s  on Wa l l  C6. The mois tu re  content  o f  Wall 

C6, 1.414, i s  l e s s  than t h a t  f o r  Wal l  C1, 2*1%, because of t h e  normal d r y i n g  
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process o f  concrete du r ing  t h e  two years between t e s t  programs. 

p rev ious l y  c a l i b r a t e d  h o t  box t e s t i n g  o f  Wall C1 was performed October 

through December 1981. Wall  C6 was tes ted  January through February 1984. 

As s ta ted  

Measured thermal c o n d u c t i v i t y  i s  g rea te r  f o r  t e s t  methods us ing  embedded 

For guarded h o t  p l a t e  t e s t s ,  ASTM Designa- r a t h e r  than taped thermocouples. 

t i o n :  C177, thermocouples were embedded i n t o  surfaces o f  each concrete 

specimen. (') For h o t  w i r e  t e s t s  concrete specimens a re  cas t  w i t h  a thermo- 

couple embedded a long t h e i r  c e n t r a l  a x i s .  ( 9 )  

Results f rom t h i s  i n v e s t i g a t i o n  a r e  cons is ten t  w i th  r e s u l t s  f rom prev ious 

i n v e s t i g a t i o n s .  Thermal c o n d u c t i v i t i e s  measured us lng  embedded thermocouples 

range f rom 13 t o  21 Btu.in./hr.ftL."F (1.9 t o  3.0 W/m.K). 

w i t h  motsture content.  Thermal c o n d u c t i v i t y  determined f r o m  taped thermocouples 

increases f rom 10.4 t o  11.7 Btu.ln./hr=ft2."F (1.5 t o  1.7 W/m*K) w i t h  an 

increase i n  concrete mois ture conten t  f rom 1.4 t o  2.1% o f  ovendry weight.  

Values increase 

The smal ler  thermal c o n d u c t i v i t y  r e s u l t i n g  f rom taped thermocouple mea- 

surements i s  expected s ince a contac t  res is tance i s  in t roduced when thermo- 

couples are taped t o  the w a l l  surface. Imper fect  thermal contact ,  t h i n  a i r  

gaps, and w a l l  sur face imper fec t ions  cause the  temperature readings o f  taped 

thermocouples t o  dev ia te  f rom the  t r u e  w a l l  sur face temperature. Taped 

thermocouples read temperatures t h a t  a r e  between the  t r u e  w a l l  sur face tern- 

pera ture  and the  chamber a i r  temperature. The temperature d i f f e r e n t l a l  

across the  w a l l  measured by taped thermocouples i s  g rea ter  than t h a t  measured 

by embedded thermocouples. Therefore, t he  conductance o f  t he  w a l l  ca l cu la ted  

f rom temperatures measured by taped thermocouples i s  l ess  than t h a t  ca lcu-  

l a t e d  from temperatures measured by embedded thermocouples. 
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Total Thermal Resistance of Concrete 

Total thermal resistance values, RT, for Wall C6 are sumnarized in 

Table 7. 

the wall by surface-to-surface temperature differentials measured by either 

taped or embedded thermocouples. Total thermal resistances include the sur- 

face air film resistances listed in Table 4. 

Thermal resistances are calculated by dividing heat flux through 

The second column o f  Table 7 lists total thermal resistances calculated 

using the average temperatures measured by 16 thermocouples taped to each 

side of the wall. 

temperatures measured by eight taped thermocouples located in the,$econd and 

third rows o f  the 20-3/5-in. (525-mn) grid, the same location as the embedded 

thermocouples. 

using average temperatures measured by eight embedded thermocouples on each 

side o f  the wall. 

The third column lists RT values calculated from average 

The fourth column o f  Table 7 l i s t s  RT values calculated 

The third row of Table 7 lists total thermal resistances f o r  a wall with 

a mean temperature of 70'F (21OC). These values were interpolated from 

results of steady-state tests with wall mean temperatures of 3 2 O F  (0°C) and 

100°F (38°C). 

Total thermal resistance calculated using temperatures measured by the 

eight taped thermocouples on each side of the wall i s  6% higher than the 

design total resistance. Total thermal reststance calculated using tempera- 

tures measured by the embedded thermocouples i s  10% less than the design 

total resistance. The total thermal resistance calculated uslng temperatures 

from taped thermocouples i s  15% greater than that calculated using tempera- 

tures from embedded thermocouples. 

The sum o f  the design air film coefficients, 0.85 hr=ft*="F/Btu 

(0.15 m2*K/W), is constant and Is of the same order of magnitude as the 
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TABLE 7 - TOTAL THERMAL RESISTANCE, RT, DETERMINED USING 
TAPED AND EMBEDDED THERMOCOUPLE MEASUREMENTS 

Wall Mean 
Temperature, 

"F 
( " C )  

To ta l  Thermal Resistance, R T , *  
h r o f  t2moF/Btu 

, (m2mK/W) 

Measured Using 
Taped Thermocouples, 

1.69 
(0.30) 

1.62 
(0.29) 

1.65 
(0.29) 

1.68 
(0.30) 

1.59 
(0.28) 

1.63 
(0.29) 

Measured Using 
E igh t  Embedded 
Thermocouples*** 

1.42 
(0.25) 

1.34 
(0.24) 

1.38 
(0.24) 

* To ta l  thermal res is tances were :a lcu la ted  I n c l u d i n g  design sur face 

** RT determined us ing  average indoor  and outdoor sur face temperatures 

*** RT determined us lng  average indoor  and outdoor sur face temperatures 

' res is tances from Table 4. 

measured by 16 thermocouples taped t o  each w a l l  surface. 

measured by 8 thermocouples loca ted  i n  the  second and t h i r d  rows o f  the  
20-3/5-in. (525-m) g r i d  on each w a l l  surface. 

t Values f o r  RT i n t e r p o l a t e d  f rom measured results.  
Design To ta l  Thermal Resistance ( f rom Table 4) i s  1 .54 h r * f t 2 - " F / B t u  

(0.27 m2*K/W). 

Note: 
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concrete thermal res ls tance.  I n c l u d i n g  t h i s  constant  reduces the  percent  

d i f f e r e n c e  between RT values determined from taped and embedded thermo- 

couples 18%, compared t o  the  32% d i f f e rence  i n  thermal conduc t i v i t y ,  k, 

determined from taped and embedded thermocouples. 

Measured Surface Resistances 

Measured sur face o r  a i r  f i l m  res is tances a re  ca l cu la ted  by d i v i d l n g  

measured indoor  and outdoor a i r - t o -su r face  temperature d i f f e r e n t i a l s  by 

measured heat f l u x  f rom c a l i b r a t e d  h o t  box tes ts .  

Table 8 sumnarizes measured indoor  and outdoor sur face res is tances f o r  
,- 

taped and embedded thermocouple temperature measurements. Values ' f o r  taped 

thermocouples a r e  f rom the  groups o f  e l g h t  taped thermocouples I n  t h e  same 

p o s i t i o n s  as the  embedded thermocouples. 

Air f i l m  res is tances measured by the  c a l i b r a t e d  h o t  box a r e  approximately 

equal f o r  t he  indoor  and outdoor w a l l  surfaces. This r e s u l t  i s  expected 

s ince  a i r  f low ra tes  a r e  approximately equal on the  two sides o f  the  w a l l .  

The sum o f  t he  measured indoor  and outdoor sur face f i l m  res is tances i s  w l t h i n  

30% o f  the  sum o f  t he  design sur face  f i l m  res is tances,  0.85 hr.ft2."F/Btu 

(0.15 m2.K/W). Measured sur face f i l m  res is tances vary depending on the  

indoor  and outdoor chamber a i r  temperatures and the  t e s t  specimen mate r ia l  

composition. 

Measured surface res is tances ca l cu la ted  from embedded sur face thermo- 

couple temperatures a r e  about 0.13 hr. f t2*"F/Btu (0.02 m2*K/W) g rea ter  than 

values ca l cu la ted  from taped thermocouple measurements. This  d i f f e rence ,  

0 . 1 3  hr= f t2 * "F /B tu  (0.02 m2.K/W) , i s  t he  thermal contac t  res is tance between 

the  taped thermocouples and normal weight  concrete w a l l .  

t e n t  f o r  bo th  s teady-state t e s t s  and bo th  w a l l  surfaces. Thermal contac t  

Resul ts are consis-  

I 
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I 

Temper a- 
t u r e ,  
O F  

( " C )  

32 
(0 )  

(38)  
100 

TABLE 8 - MEASURED SURFACE RESISTANCES 

Indoor Surface Outdoor Surface 

Taped Embedded Taped Embedded 
Thermocouples Thermocouples Thermocouples Thermocouples 

0.39 0.52 0.46 0.59  
(0.07) (0 .09)  (0.08) (0.10) 

0.34 0.46 0.32 /O. 45 
(0.06) (0.08) (0.06) -( 0.08) 

Measured Surface Reslstance, 
h r - f t O F/Bt  u 

I Wall Mean I ( m2-K/W) 
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resistance i s  independent of wall surface and a9r temperatures for the 

steady-state tests performed on the normal weight concrete wall. 

For a wall with a low thermal resistance, such as the normal weight con- 

crete wall, this thermal contact resistance is o f  the same order o f  magnitude 

as the resistance of the wall. Thermal reslstance of the concrete I s  0.78 

hr*ft2m0F/Btu (0.14 m2=K/W) from measurements of eight taped thermocouples 

and 0.53 hr=f t2="F/8tu (0.09 r n * m K / W )  from measurements o f  eight embedded 

thermocouples. The total contact resistance for both wall surfaces is 

0.26 hr*ft2='F/Btu (0.05 m2-K/W). 

resistance derived from embedded thermocouple measurements. 

hlgher thermal resistances, the contact resistance measurement error wi 1 1  be 

less significant. 

This is 50% o f  the concrete thermal 

For walls with 

Thermal contact resistance between taped thermocouples and normal weight 

concrete may be influenced by the type and size o f  thermocouples, and type of 

tape. As  prevtously stated, for this study, 20 gauge, Type T thermocouples 

were taped to the normal weight concrete surface uslng duct tape. 

DYNAMIC TEST 

Exterior building walls are seldom in a steady-state condition. Outdoor 

air temperatures and solar effects cause cyclic changes in outdoor surface 

temperatures. Generally, Indoor surface temperatures are relatively constant 

compared to outdoor surface temperatures. 

Dynamic tests are a means of evaluating thermal response under control led  

conditions that simulate temperature changes actually encountered in building 

envelopes. Response o f  walls to temperature changes is a function o f  both 

thermal resistance and heat storage capacity. 

-30- 
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Test Procedure 

A dynamic test is conducted by malntalning calibrated hot box indoor air 

temperature constant while outdoor air temperature I s  cycled over a predeter- 

mined temperature versus tlme relationship. 

test specimen is determined from hourly data using Eq. (Al) in Appendix A .  

The rate of heat flow through a 

Test Cyc 1 e, was 

1 tested in 

One 24-hour (diurnal) temperature cycle, denoted the NBS 

led to Wall C6. This cycle has been applied to every wa aPP 

CTL's callbrated hot box. 

The NBS Test Cycle is based on a simulated 

National Bureau of Standards in their evaluati 
ance o f  an experimental masonry building. (12) 

sol-a1 r* cycle used by the 

n of dyn mic thermal perform- 

It represents a large vari- 

ation in outdoor temperature over a 24-hour period. The mean outdoor tem- 

perature of  the cycle is approximately equal to the mean indoor temperature. 

The dynamlc cycle was repeated untll conditions of dynamic equilibrium 

were obtained. 

applied temperatures and measured heat flux. 

Equilibrium conditions were evaluated by repeatability o f  

After equilibrium conditions 

were reached, the test was continued for a period o f  three days. Results are 

average readings for three consecutive 24-hour cycles. Duration of the 

dynamic test was nine days. 

Test Results 

Brief descriptions o f  symbols used in dynamic test result flgures and 

tables are listed in Table 9. Symbols are described in detail in the follow- 

ing paragraphs, 

*Sol-air temperature is that temperature o f  outdoor air which, in the absence 
of all radiation exchanges, would give the same rate of heat entry into the 
surface as would exist with the actual combination o f  incident solar radia- 
tion radiant energy exchange, and convective heat exchange with outdoor 
ai r . (10) 
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1 
TABLE 9 - ABBREVIATIONS FOR HEAT FLUX AND TEMPERATURE ! 

= heat flux measured by heat flux transducer mounted on indoor wall 
‘hft surface 

= heat flux measured by heat  flux transducer mounted on outdoor wall 
q’ft surface 

= heat f l u x  predicted from steady-state analysis uslng taped ‘” thermocouple measurements 

= heat flux predicted from steady-state analysls using embedded 
the rmoc ou p 1 e mea s u r emen t s q; s 

= heat flux measured by caltbrated hot box 

= outdoor alr temperature 

= wall surface temperature, outdoor slde, taped thermocouples 

= wall surface temperature, outdoor side, embedded thermocouples 

= wall surface temperature, indoor side, embedded thermocouples 

= wall surface temperature, Indoor side, taped thermocouples 

= Indoor air temperature 

= average o f  wall surface temperature on indoor and outdoor side 

qW 

t2  

t3  

tl 

ti 

tm 

/ 

tq 
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Measured Temperatures 

Measured temperatures for  t h e  NBS temperature cyc le  app l i ed  t o  Wa l l  C6 

Tables lO(a)  and 10(b) a r e  i l l u s t r a t e d  i n  F ig .  10 and l i s t e d  i n  Table 10. 

l i s t  r e s u l t s  i n  U.S. and SI u n i t s ,  respec t i ve l y .  

For Wall C6, outdoor a i r  (to), outdoor sur face - taped ( tz) ,  indoor  a i r  

(ti), and indoor  sur face - taped (t,) temperatures a re  average readings o f  16 

thermocouples placed as descr ibed i n  the  " Ins t rumenta t ion"  sec t i on  o f  t h i s  

repo r t .  Indoor sur face - embedded (t,) temperatures and outdoor sur face - 

embedded (t,) temperatures, respec t i ve l y ,  a re  average readings o f  8 embedded 

thermocouples on t h e  Indoor and outdoor surfaces o f  t he  t e s t  wall.. 

Table lO(a)  a l s o  l i s t s  c a l i b r a t e d  h o t  box indoor  and outdoor chamber 

r e l a t i v e  humid i t ies ,  and maximum and minimum labo ra to ry  a i r  temperatures 

measured du r ing  the  t e s t .  

F igure  11 i l l u s t r a t e s  d l f fe rences  between taped and embedded thermocouple 

measurements f o r  indoor  and outdoor sur face temperatures. Maximum d i f f e r -  

ences a r e  6.6*F (3.0"C) a t  Hour 14 f o r  the  outdoor surface and 0.9"F (0.4OC) 

a t  Hour 9 f o r  the indoor  surface. 

Sur face- to-sur face ( t  -t ) and sur face- to -a i r  (t,-t2, t -t ) temperature 

d i f f e r e n t i a l s  f o r  taped thermocouple measurements a r e  i l l u s t r a t e d  i n  F ig .  

12(a) ,  

t u r e  d i f f e r e n t i a l s  f o r  embedded thermocouple measurements a re  i l l u s t r a t e d  i n  

Fig.  12(b).  

Figs.  12(a) and 12(b) f o r  comparison purposes. 

2 1  1 1  

Surface-to-surface ( t  -t ) and su r face - to -a i r  (to-tq, t -t ) tempera- 4 3  3 1  

A i r - t o - a i r  (to-ti) temperature d i f f e r e n t i a l s  a r e  shown i n  both 

Heat F lux  

Measured and ca l cu la ted  heat f l u x  values a re  i l l u s t r a t e d  i n  F ig ,  13 and 

l i s t e d  Sn Table 11. Tables l l ( a )  and l l ( b )  l i s t  r e s u l t s  i n  U.S. and SI 

construction technology laboratories -33- 
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Fig .  10 Measured Temperatures f o r  NBS Test Cycle 
App l i ed  t o  Wall C6 
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TABLE 10(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL C6 

Time, 
hr  

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
1 2. 
1 3  
1 4  
15 
16 
17 
1 8  
19 
20 
21 
22 
23 
24 

Mean 

t 0  
Outdoor 

AS r 

46.8 
44.7 
44.1 
43.8 
45.0 
54.9 
66.1 
73.3 
79.3 
84.8 
87.9 
90.9 
97.5 
99.6 
96.3 
91.7 
84.2 
72.6 
64.7 
60.4 
59.6 
58.6 
51 - 3  
48.4 

68.6 

t 2  
Outdoor 

Surf .  
Taped 

59.0 
57.2 
56.1 
55.3 
55.1 
58.7 
64.1 
68.3 
72.0 
75.6 
78.3 
80.8 
84.9 
87.4 
87.1 
85.6 
82.5 
77.0 
72.4 
69.4 
68.0 
66.8 
63.1 
60.6 

70.2 

Measured Temperatures, 
O F  

t4* 
Outdoor 

Sur f . ,  
Embedded 

63.3 
61.7 
60.4 
59.4 
58.7 
59.9 
62.8 
6 5 * 6  
68.2 
70.9 
73.3 
75.3 
78.4 
80.8 
81.7 
81.6 
80.5 
77.7 
74.7 
72.2 
70.7 
69.6 
67.2 
64.9 

70.0 

*Average readings of 8 thermocouples, not  16. 

Cal lbra ted  Hot  Box R e l a t i v e  Humidity: 
Indoor Chamber - 18% 
Outdoor Chamber - 19% 

Laboratory Air Temperature: 
Max. - 72°F (22°C) 
MSn. - 71OF ( 2 1 O C )  

t 3 *  
Indoor 
Surf .  I 

Embedded 

71.8 
70.8 
69.8 
68.9 
68.0 
67.3 
66.9 
66.9 
67.3 
68.1 
69.0 
70.1 
71.4 
72.5 
73.7 
74.8 
75.7 
76.2 
76.3 
75.9 
75.2 
74.4 
73.6 
72.7 

71.6 

t 1 
Indoor 
S u r f . ,  
Taped 

71.6 
70.8 
70.0 
69.2 
68.5 ,/ 

68.0 
6 7 * 6  
61.7 
68.2 
68.9 
69.7 
70.7 
71.7 
72.7 
73.7 
74.6 
75.3 
75.7 
75.7 
15.2 
74.5 
73.8 
73.1 
72.3 

71 - 6  

t i  
Indoor 

A l  r 

72.2 
71.9 
71.7 
71.5 
71.3 
71.2 
71.1 
71.1 
71.2 
71.4 
71.7 
72.0 
72.2 
72.6 
72.9 
73.2 
73.3 
73.4 
73.4 
73.3 
73.1 
72.8 
72.6 
72.4 

72.2 
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Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15  
16 
1 7  
18 
19 
20 
21 
22 
23 
24 

Mean 

TABLE 10(b) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED 
TO WALL C6, SI UNITS 

t o  
Outdoor 

A 1  r 

8.2 
7.0 
6.7 
6.6 
7.2 

12.7 
18.9 
22.9 
26.3 
29.3 
31.1 
32.7 
36.4 
37.6 
35.7 
33.1 
29.0 
22.6 
18.2 
15.8 
15.4 
14.8 
10.7 
9.1 

20.3 

t 2  
Outdoor 
Surf. ,  
Taped 

15.0 
14.0 
13.4 
12.9 
12.8 
14.8 
17.8 
20.2 
22.2 
24.2 
25.7 
27.1 
29.4 
30.8 
30.6 
29.8 
28.1 
25.0 
22.4 
20.8 
20.0 
19.3 
17.3 
15.9 

Measured Temperatures, 
"C 

t 4  * 
Outdoor 

Surf . ,  
Embedded 

17.4 
16.5 
15.8 
15.2 
14.8 
15.5 
17.1 
18.7 
20.1 
21 .b 
22.9 
24.1 
25.8 
27.1 
27.6 
27.6 
26.9 
25.4 
23.7 
22.4 
21.5 
20.9 
19.5 
18.3 

"Average readings o f  8 thermocouples, not 16. 
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t3*  
Indoor  
Surf . ,  

Embedded 

22.1 
21.6 
21 .o 
20.5 
20.0 
19.6 
19.4 
19.4 
19.6 
20.0 
20.6 
21.2 
21.9 
22.5 
23.2 
23.8 
24.3 
24.6 
24.6 
24.4 
24.0 
23.5 
23.1 
22.6 

22.0 

t 1 
Indoor  
Surf . ,  
Taped 

22.0 
21.5 
21.1 
20.7 
20.3 
20.0 
19.8 
19.8 
20.1 
20.5 
21 .o 
21.5 
22.1 
22.6 
23.2 
23.7 
24.1 
24.3 
24.3 
24.0 
23.6 
23.2 
22.8 
22.4 

22.0 

t.1 
Indoor  

A 1  r 

22.3 
22.2 
22.1 
22.0 
21.8 
21.8 
21.7 
21.7 
21.8 
21.9 
22.1 
22.2 
22.4 
22.5 
22.7 
22.9 
23-0 
23.0 
23.0 
22.9 
22.8 
22.7 
22.6 
22.5 

22.4 

! 
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F i g .  11 Differences Between Taped and Embedded 
Thermocouple Measurements 
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Fig.  12 Temperature Differentials f o r  NRS Test  
Cycle Applied to Wall C6 

-38- 

1 construction technology laboratories 



60 

30 

0 

-30 

- 6 C  

Wall C 6  
NBS 

I 

d 

I 
8 16 24 

Time, hour 

30 

,- 

15 

AT, 
OC 

0 

-15 

-30 

( b )  Embedded Thermocouple Measurements 

Fig. 12 Temperature Differentials f o r  NBS Test  
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TABLE ll(a) - HEAT FLUX FOR NBS TEST CYCLE APPLIED TO WALL C6 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10. 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

Heasured Heat F lux ,  
Btu/hrmf t 

qw 
Calib. 

Hot Box 

-2.7 
-4.3 
-5.9 
-7.3 
-8.7 
-10.1 
-11 .o 
-11 .o 
-10.1 
-8.5 
-6.6 
-4.4 
-2.2 
-0.4 
1.7 
4.0 
6.0 
7.0 
7.0 
6.0 
4.5 
2.7 
0.9 
-0.8 

-2.3 

qhf t 
HFT @ 

Inside 
Surf. 

-0.8 
-2.0 
-3.4 
-4.7 
-5.8 
-7.0 
-7.7 
-7.8 
-7.5 
-6.7 
-5.6 
-4.4 
-2.7 
-1.1 
0.6 
2.4 
3.9 
4.8 
5.1 
4.7 
3.9 
2.9 
1.8 
0.5 

-1.5 

I 

qhf t 
H f T  @ 

Outside 
Surf. 

-29 2 
-30 6 
-29.1 
-27.7 
-24.5 
-10.2 
4.7 
13.9 
21.3 
28.3 
30.9 
33.0 
41.1 
41.2 
32.5 
21.9 
9.3 
-6.9 
-16.5 
-20.7 
-19.8 
-19.5 
-28.6 
-30.1 

-0 .6  

Calculated 
Heat F l u x ,  
Btu/hrmf t 

q s s  
Steady-State 

Taped 

-15.7 
-16.8 
-17.2 
-17.3 
-16.6 
-11.5 
-4.4 
0.7 
4.8 
8.5 
10.8 
12.7 
16.7 
18.7 
17.0 
13.9 
9.1 
1.6 
-4.1 
-7.3 
-8.2 
-8.7 

-12.5 
-14.6 

-1.7 

I 

q s s  
Steady-State 

Embedded 

-16.2 
-1 7.4 
-18.0 
-18.1 
-17.7 
-14.0 
-7.6 
-2.5 
1.8 
5.5 
8.2 
10.1 
13.7 
16.3 
15.7 
13.3 
9.3 
2.9 

-3.2 
-7.1 
-8.6 
-9.3 
-12.3 
-14.9 

-2.9 
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TABLE Il(b) - HEAT FLUX FOR NBS TEST CYCLE APPLIED TO WALL C6, SI UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10' 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 ' 

Yean 
-+- 

Measured Heat Flux,  

W/m2 

qw 
Callb. 

Hot Box 

-8.6 
-13.6 
-18.6 
-23.0 
-27 3 
-31.8 
-34.7 
-34 I 8 
-31 - 8  
-27 - 0  
-20 8 
-14.0 
-1.1 
-1.2 
5.5 
12.7 
19.0 
22.0 
22.2 
18.9 
14.2 
8.4 
3.0 
-2.4 

-7.1 
--- 

qhf t 
HFT (3 
Inside 
Surf. 

-2.4 
-6.5 
-10.7 
-14.7 
-18.4 
-21.9 
-24 3 
-24.7 
-23.7 
-21 -2 
-17.8 
-13.7 
-8.4 
-3.5 
2.0 
7.7 

12.3 
15.1 
16.0 
14.9 
12.4 
9.0 
5.6 
1.6 

-4.8 
- 

I 

qhf t 
HFT @ 

Outside 
Surf. 

~ 

-92.0 
-96.7 
-91.7 
-87.5 
-77.2 
-32.2 
15.0 
43.9 
67.2 
89.1 
97.5 
104.2 
129.6 
130.0 
102.6 
69.1 
29.3 
-21.9 
-52.0 
-65 3 
-62.4 
-61.6 
-90.3 
-94.9 

-2.0 

Calculated 
Heat f l u x ,  

W/m2 

% S 
Steady-State 

Taped 

-49.4 
-53.0 
-54.3 
-54.4 
-52.3 
-36 3 
-13.8 
2.3 
15.1 
26.7 
34.2 
40.1 
52.7 
58.9 
53.8 
43.9 
28.6 

5.0 
-13.0 
-23.1 
-26.0 
-27.6 
-39.3 
-46.2 

-5 .3  

~~ 

I 

qs  s 
Steady-State 

Embedded 

-51 .O 
,. -54.8 

+ -56.7 
-57.1 
-55.8 
-44.1 
-24.1 
-7.8 
5.6 
17.4 
26.0 
31.8 
43.3 
51.4 
49.5 
42.0 
29.5 
9.1 

-10.2 
-22.5 
-27.2 
-29.3 
-38.8 
-46.9 

-9 .2  

-42- 

I construction technology laboratories 



units, respectively. 

brated hot  box outdoor chamber to the indoor chamber. 

Heat flux 1s positive when heat flows from the cali- 

Heat flux determined from calibrated hot box tests is denoted q,. 

Measured heat flux is not affected by the surface temperature measurement 

technique. 

Heat flux measured on Wall C6 uslng 4x4-In. (100x100-nm) heat flux trans- 

ducers located on indoor and outdoor wall surfaces were denoted qhft and 

qhft, respectively. 

results from steady-state calibrated hot  box tests for Wall C6. 

Heat flux transducer data were Calibrated uslng 

Heat flux predicted by steady-state analysis was calculated ftom wall 

Heat flux predicted using temperature measurements surface temperatures. 

from taped thermocouples is denoted q s s .  

hourly basis using the following equation: 

Values were calculated on an 

qs, = ( t 2  - t , ) / R  ( 1 )  

where 
q,, = heat flux through wall predicted by steady-state analysis 

using taped thermocouple measurements, Btu/hr*ft**(W/m2) 

R 

t2 

= wall thermal resistance, hr=ft2*"F/Btu (m2=K/W) 

= average wall surface temperature, outdoor side, 

taped thermocouples, O F  ("C) 

tl = average wall surface temperature, indoor side, taped 

thermocouples, O F  ( " C )  

Wall surface temperatures, t2 and tl, are average readings of 16 thermocouples 

taped on each side of the wall. Wall resistance, R ,  is dependent on wall 

mean temperature and was derived from steady-state calibrated hot box test 

results using taped thermocouple temperature measurements. 
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Heat flux predicted by steady-state analysis based on temperature 

measurements from embedded thermocouples is denoted q l S .  

lated on an hourly basis from wall surface temperatures using the followtng 

equat i on : 

Values were calcu- 

91: 5 = (t4 - t g ) / R '  ( 2 )  

where 
= heat flux through wall predicted by steady-state analysis qs s 

using embedded thermocouple measurements, Btu/hr-ft2 (W/mz) 

R '  

t4 

= wall thermal resistance, hr*ft2*"F/Btu (m2*K/W) 

= average wall surface temperature, outdoor side, embedded 
/ 

thermocouples, "F ( " C )  

tg = average wall surface temperature, Indoor side, embedded 

thermocouples, O F  ( " C )  

Wall surface temperatures, t4 and tg, are average readings of eight thermo- 

couples embedded in each side of the wall. Wall resistance, R ' ,  is dependent 

on wall mean temperature and was derived from steady-state calibrated hot box 

test results using embedded thermocouple temperature measurements. 

Figure 13 shows that the curve for steady-state heat flux calculated from 

embedded thermocouple measurements, q;,, generally is shifted downward from 

the curve calculated from taped thermocouple measurements, qss. The ampli- 

tude for qis is 4% less than that of q,,. 

taped thermocouple measurements, the basis for qss ,  are more strongly influ- 

enced by outdoor chamber air temperature fluctuations than embedded thermo- 

couple measurements, the basis for qiS. 

Resistance of Concrete" section, taped thermocouple measurements are a com- 

bination o f  surface and air temperatures. 

This result is expected since 

As stated in the "Total Thermal 

I -,44- 
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Discussion of Test Results 

Surface Temperatures 

The differences between embedded and taped thermocouple readings shown in 

Fig. 1 1  will affect dynamic test results that utllite surface temperatures. 

For example, a dynamlc thermal resistance, or R value,* for a given tempera- 

ture condition will be different depending on whether taped or embedded 

thermocouples are used to measure surface temperatures. 

Surface temperatures for dynamic temperature cycles theoretically can be 

used in heat transfer equations to predict measured heat flows. Mr. Ken 

Childs, Oak Ridge National Laboratory, has shown in Ref. 13 that errors in 

measured surface temperatures, such as thermal contact resistance between 

thermocouples and normal weight concrete, affect predicted heat flows. 

Based on results of the test program, i t  i s  recornended that thermo- 

couples for measuring surface temperatures be embedded in surfaces of normal 

weight concrete walls to minimlze the contact thermal resistance between 

thermocouples and the wall surface. 

Thermal Lag 

One measure of dynamic thermal performance I s  thermal lag. Thermal lag 

is a measure of the response of indoor surface temperatures and heat flow to 

fluctuations in outdoor air temperatures. Lag is dependent on thermal 

reslstance and heat storage capacjty of the test specimen, since both o f  

these factors influence the rate of heat f l o w .  

*A dynamic R value i s  the sum of the temperature differences across a wall or 
other component measured a t  discrete intervals for a period of time, 
divided by the sum of heat f l o w s  through a component measured at the same 
intervals. 
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For each temperature measurement technique, Table 12 l i s t s  thermal lags 

determined f rom c a l i b r a t e d  h o t  box t e s t  r e s u l t s  and measured heat f l u x  t rans-  

ducer readings. Ca l i b ra ted  h o t  box thermal l a g  i s  q u a n t i f i e d  by two methods. 

I n  one measure, l a g  i s  ca l cu la ted  as the  t ime requ i red  f o r  t he  maximum o r  

minimum indoor  sur face temperature t o  be reached a f t e r  t he  maximum o r  minimum 

outdoor a l r  temperature i s  a t ta lned .  The row I n  Table 12 abeled "Taped@@ 

l i s t s  thermal lags determined f rom the  d l f f e rence  I n  peaks between outdoor 

a i r  temperatures, to, and indoor  sur face  temperatures measured by taped 

thermocouples, t l .  The row labe led  "Embeddedfifi l i s t s  thermal lags de ter -  

mined from t h e  d i f f e r e n c e  i n  peaks between outdoor a i r  temperatures, to, 

and indoor  sur face temperatures measured by embedded thermocouples, t3. 

I n  the  second measure, i l l u s t r a t e d  i n  F ig.  14 ,  l a g  i s  ca l cu la ted  as the  

t ime requ l red  f o r  the maxlmurn or minimum heat  f l ux ,  qw, t o  be reached a f t e r  

t he  maximum o r  minimum heat  f l u x  based on s teady-state p red ic t i ons ,  qss o r  

I s  a t ta ined .  The second measure i s  a l s o  used t o  determine thermal q s s ,  

l a g  f o r  heat f l u x  t ransducer data. Thermal lags f o r  c a l i b r a t e d  ho t  box heat 

f l u x  measurements and heat f l u x  t ransducer measurements a re  based on qSs f o r  

taped thermocouples and q i S  f o r  embedded thermocouples. 

Thermal l a g  values a r e  ca l cu la ted  t o  t h e  nearest  one-half hour s ince ho t  

box data a r e  c o l l e c t e d  and analyzed a t  hou r l y  i n t e r v a l s ,  

Thermal lags determined f rom sur face and a i r  temperatures a re  s i m i l a r  t o  

those determined f rom measured heat  f l u x .  

As can be seen i n  Table 12, thermal lags a re  i d e n t i c a l  f o r  taped and 

embedded thermocouple measurement technlques. This  i s  because peak tempera- 

tu res  occur a t  the  same hours f o r  t he  two  measurement techniques. 
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TABLE 12 - THERMAL LAG FOR NBS TEST CYCLE APPLIED TO WALL C6 

Thermo- Measured Thermal Lag, hrs 
coup1 e 
Place- Calibrated H o t  Box Heat Flux Transducer 
men t 

Steady-State vs.  Steady-State v s .  
Outdoor A l  r vs .  Cal. Hot Box Heat Flux Trans. 

Avg . Indoor Surf.  Temp.* Heat Flux** 

I Max. @ Mln. @ Max. @ Hln, @ Max. @ MIn, 
I Avg. Heat Flux** 

I 

Taped 4.5 3.5 4.5 4 4 5 4 4.5 

Embedded 4.5 3.5 4.5 4 4 5 4 4 . 5  
k 

* Thermal lags for taped thermocouple measurements are the time delay between 
Thermal lags for embedded thermocouple measurements 

** Thermal lags are based on qss  values f o r  taped thermocouple measurements 

peaks I n  to and tl. 
are t h e  tlme delay between peaks In t, and t g .  

and qi5 for embedded thermocouple measurements. 
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Reduction in Amplitude 

Reduction in amplitude is a second measure of dynamic thermal perform- 

ance. Reduction in amplitude, as well as thermal lag, is influenced by both 

wall thermal resistance and heat storage capacity. Reduction In amplitude 

is also dependent on the temperature cycle applied to the test specimen, 

Reduction in amplitude is defined as the percent reduction in peak heat 

f l u x  when compared to peak heat flux calculated using steady-state theory. 

Reduction in amplitude is illustrated In Fig. 14. Values for reduction in 

amplitude were calculated using the following equation: 

m 
A = Cl-(s - S)/(s;, - 7iss)1*100 

where 
A 

qm 

q 

= reduction in amplitude, 16 

= maximum or minimum measured heat flux through wall 

= mean measured heat flux through wall 

= maximum or minimum heat flux through wall predicted 

- 

q5 5 

( 3 )  

by steady-state analysis 
= mean heat flux through wall predicted by steady-state 
anal ysi s 

- 
qs s 

Reduction in amplitude values for taped thermocouple temperature measure- 

ments are based on q,,. 

couple temperature measurements are based on qss. 

Reduction in amplitude values for embedded thermo- 

Table 13 lists reduction in amplitude values for the NBS Test Cycle for 

the two surface temperature measurement techniques used on Wall C6. 

Amplitudes for heat flux transducer data, qhft, are generally not the 

same as those for measured heat flux, q,. 

are affected by discontinuities In contact between the heat flux transducer 

Heat flux transducer measurements 
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TABLE 13 - REDUCTION I N  AMPLITUDE FOR NBS TEST CYCLE 
APPLIED TO WALL C6 

Thermo- 
couple 
Place- 
men t 

Taped 

Embedded 

Measured Reduction i n  Amplitude, %* 

Cal lbra ted  Hot Box Heat F l u x  Trans. 

@ Max. @ Hin,  Avg, fl Max. @ Min. Avg . 
54 44  49 68 59 64 

52 42 47 66 58 62 

/ 

* Reduction i n  amplltude values a r e  based on qss values for  
taped thermocouple measurements and qis for embedded thermo- 
couple measurements. 
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and wall surface. 

presence of the instrument mounted on a wall. 

are altered at the location of a heat flux transducer. 

flux transducer calibration using steady-state results does not correct for 

dynamic effects o f  the Instrument location. 

As can be seen from Table 13, reduction in amplitude values based on 

Heat flux amplitudes also differ because o f  the physical 

A wall's thermal properties 

In addition, heat 

temperature measurements of embedded thermocouples are approximately 2% less 

than those based on taped thermocouple measurements. This is because steady- 

state heat flux calculated from embedded thermocouple measurements, q t s ,  has 

a smaller amplitude than does steady-state heat flux calculated from taped 

thermocouple measurements, qss.  

Total Heat Flux 

Another measure of dynamic thermal performance is total heat flux through 

a test specimen, illustrated in Fig. 15 .  

heat flux through a test wall. 

curve and the horizontal axis are used to provide an Indication of total heat 

flux through the wall. The sum o f  the areas above and below the horizontal 

axis is total heat flux for a 24-hr period. Table 14 lists this value, 

denoted as q i ,  for the NBS Test  Cycle applied to Wall C6. 

The curve marked l'~w'l I s  measured 

Areas enclosed by the measured heat flux 

A similar procedure is used to calculate total heat flux over a 24-hr 

period for predictions based on steady-state analysis, denoted q l s  in Table 

14. Values in the row labeled "Taped" are determined from steady-state heat 

flux calculated using taped thermocouple measurements. Values in the row 

labeled tlEmbeddedlt are determined from steady-state heat flux calculated 

using embedded thermocouple measurements. 
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I 
m 
W 
I 

I 

To ta l  Heat Net Heat 

par1 sons, par isons 
To ta l  Heat Flux, F lux  Com- Net Heat F lux  Flux Corn- 

Btu/f  t2 ( H.hr/m2) II Btu/ f t2  (Y-hr/rn2) 99 

Measured Calcu lated T 

T T 
q" 'hf t 

9, 
T *  &* qs s 

133.9 97.8 269.4 50 
(422.6) (308.5) (850.0) 

133.9 97.8 263.7 51 
(422.6) (308.5) (831.9) 

Thermo- 
coup1 e 
Place- 
men t 

T 
qhf - t 
qss  

T *  

36 Taped 

Embedded 

Hea s tl red Calcu lated N N 
QW -- qhf t 

qw N 4:s * &* 4s s * 
N 

qhf t 

-54.1 -36.5 -40.4 134 91 
(-170.8) (-115.3) (-127.4) 

TABLE 14 - TOTAL AND NET HEAT FLUX FOR NBS TEST C Y C L f  APPLIED TO WALL C6 

(-170.8) (-115.3) (-220.7) 
37 I -54.1 1 -36.5 1 -70.0 I 77 1 52 I 

* Tota l  and net heat f l u x  values are based on qss f o r  taped thermocouple measurements and 
qi5 for  embedded thermocouple measurements. 



To ta l  heat 

manner and a r e  

To ta l  heat  

f l u x  f o r  heat f l u x  t ransducer data were ca l cu la ted  i n  the  same 

denoted q h f t  i n  Table 14. 

f l u x  based on steady-state ana lys is ,  q s s ,  f o r  embedded thermo- 

T 

T 

v 

couple measurements I s  1% less  than q i S  f o r  taped thermocouple measurements. 

T h i s  i s  due t o  t h e  f a c t  t h a t  t he  s teady-state heat  f l u x  ca l cu la ted  from 

embedded thermocouple measurements has a smal ler  ampl i tude than t h a t  ca lcu-  

l a t e d  from taped thermocouple measurements. 

The columns labe led  "Tota l  Heat F lux  Comparlsons" l i s t  measured heat f l u x  

as a percentage o f  heat f l u x  p red ic ted  us ing  s teady-state ana lys ls .  

"Total  Heat F lux  Comparlsons" f o r  taped and embedded thermocouple meas- 

urements d i f f e r  by 1%. Since qw and q i f t  a re  the  same for t he  two tempera- 

t u r e  measurement techniques, changes i n  "To ta l  Heat F lux Comparisons" f o r  the  

t w o  techniques a re  due on ly  t o  d i f f e rences  i n  s teady-state heat f l u x  calcu- 

l a t e d  f rom taped and embedded thermocouple measurements, denoted qss. 

T 

T 

I t should be noted t h a t  comparison o f  measured heat f l u x  values for  a 

t e s t  w a l l  i s  l i m i t e d  t o  the  specimen and dynamic c y c l e  evaluated i n  t h i s  pro- 

gram. Resul ts a r e  f o r  a d i u r n a l  t e s t  c y c l e  and should n o t  be a r b j t r a r i l y  

assumed t o  represent  annual heat ing  and coo l i ng  loads. I n  add i t i on ,  r e s u l t s  

a re  f o r  an opaque w a l l  assembly. 

one component o f  the  b u i l d i n g  envelope. 

As such, they a r e  representa t ive  of on ly  

Net Heat F lux  

To ta l  heat f l u x  i s  t he  cumulat ive o r  i n teg ra ted  heat f l u x  f o r  a g iven  

pe r iod  o f  t ime. Net heat f l u x  i s  t he  average heat f l u x  for a g iven pe r iod  of 

time, m u l t i p l i e d  by the  l eng th  o f  t he  t ime per iod.  To ta l  heat  f l u x  i s  equal 

t o  n e t  heat f l u x  f o r  t lme per iods w i t h  no reversa ls  i n  heat f low through the  

specimen. 
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Net heat flux for a 24-hr periodic cycle is equal to the sum of hourly 

measured rates of  heat flow. These values can be found by totaling values of 
"q" from columns of Table 11. 

script ItN" In Table 14. 

Net heat flux values are denoted by the super- 

"Net Heat Flux Comparisonst1 list measured heat flux as a percentage of 

heat flux predicted using steady-state analysis. Measured calibrated hot box 

net energy theoretically should be equal to net energy based on steady-state 

predictions. Since qw and qllft are the same for the two temperature measure- 

ment techniques, changes In "Net Heat Flux Comparisonsll for the two techniques 

N 

are due only to differences In steady-state heat flux calculated,from taped 

and embedded thermocouple measurements, denoted qss. T 

TRANSIENT TEST 

Time required for a wall t o  reach a steady-state condition can be deter- 

mined from transient tests. This time Is affected by both thermal resistance 

and heat storage capacity o f  the test wall. 

Test Procedure 

Results of a transient test are determined from data collected In the 

period of time between two steady-state tests. 

state condition, denoted time 0, the outdoor chamber temperature setting i s  

changed. 

for the new outdoor chamber air temperature. 

6 a test specimen i s  determined from hourly averages of data. 

After a wall i s  in a steady- 

The transient test continues until the wall reaches an equilibrium 

The rate of heat flow through 

For the transient test on Wall C6, initial wall mean temperature was 

72.8"F ( 2 2 . 7 O C ) .  The initial temperature differential across the wall was 

less than 1°F (0.5OC). 

The final indoor and outdoor air temperatures, respectively, were 66.5"F 

The final wall mean temperature was 32.2OF (0.1OC). 
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( 1 9 . 2 O C )  and -5.2"F ( - 2 0 . 7 O C ) .  This  prov lded a nominal temperature d i f f e r -  

e n t i a l  between the  two chambers o f  72*F ( 4 O O C ) .  

Test Resul ts  

F igure  16 i l l u s t r a t e s  measured temperatures f o r  t he  t r a n s i e n t  t e s t  on 

Wall C6. Values a r e  shown as a f u n c t i o n  o f  t ime. Tables 15(a) and 15(b), 

respec t ive ly ,  l i s t  measured temperatures i n  U.S. un i ts  and SI uni ts .  

Table 9 i n  the  "Dynamic Tests"  s e c t l o n  l i s t s  b r i e f  desc r ip t l ons  o f  sym- 

bo ls  used i n  t e s t  data f i g u r e s  and tab les .  Symbols a re  descr ibed more 

thoroughly  i n  the  "Test R e s u l t s "  p o r t i o n  o f  t he  "Dynamic Tests" secJion. 

F igure  17  i l l u s t r a t e s  measured temperature d i f f e r e n t i a l s  f o r  t he  t ran -  

s i e n t  t e s t  on Wall C6. The d i f f e r e n c e  between Indoor sur face temperatures 

measured by taped and embedded thermocouples i s  denoted tg-t,. 

ence between outdoor sur face temperatures measured by taped and embedded 

The d i f f e r -  

thermocouples i s  denoted t2-t4. 

approaches the  value o f  f,-t, as the  w a l l  reaches s teady-state equ i l i b r i um.  

F igure  17 shows t h a t  the  value o f  tj-tl 

Measured heat f l u x  f rom c a l i b r a t e d  h o t  box t e s t s ,  q,, heat f l u x  measured 

by heat f l u x  transducers, qhft and s i f t ,  and ca l cu la ted  heat f l u x  us ing  

s teady-state theory, qss and q l s ,  a r e  i l l u s t r a t e d  i n  F ig.  18. Tables 16(a) 

and 16(b) l i s t  measured and ca l cu la ted  heat f l u x  i n  U.S. and SI u n i t s ,  res- 

p e c t i v e l y .  Measured r e s u l t s  show t h a t  Wall C6 prolonged the  consequences o f  

a sudden change i n  outdoor chamber a i r  temperature, when compared t o  steady- 

s t a t e  theory.  

Heat f l u x  p red lc ted  by s teady-state theory was ca l cu la ted  f rom tempera- 

As can be seen t u r e  measurements o f  both taped and embedded thermocouples. 

i n  F ig .  18, steady--state heat f l u x  ca l cu la ted  from embedded thermocouple 
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TABLE 15(a) - MEASURED TEMPERATURES FOR TRANSIENT TEST 

T h e ,  
h r  

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13  
14 
15 
16  
17 
18  
19 
20 
21 
22 
23 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 

t o  
Outdoor 

A t  r 

72 .8  
39.8 
14.3 

7.2 
4.3 
2 .3  
0.8 

-0 .2  
-0.9 
-1.6 
-2.2 
-2 .8  
-3.2 
-3.5 
-3.7 
-3.9 
-4 .0  
-4.3 
-4.4 
-4.5 
-4.6 
-4.7 
-4.8 
-4.9 
-4.9 
-5 .0  
-5.1 
-5.1 
-5.1 
-5.1 
-5.1 
-5.1 
-5.1 
-5.2 
-5.2 
-5 .2  
-5 .2  

t 2  
Outdoor 

Surf .  
Taped 

73.0 
60.1 
45.5 
38.6 
34.6 
31.4 
28.9 
26.9 
25.1 
23.6 
22.3 
21.1 
20.1 
19.3 
18.7 
18.0 
17.5 
17.0 
16.7 
16.3 
16 .0  
15.8 
15.5 
15 .3  
15.2 
14.9 
14 .8  
14 .6  
14.5 
14.5 
14.4 
14 .3  
14 .3  
14.2 
14.2 
14.2 
14.2 

Measured Temperatures, 
O F  

t 4 *  
Outdoor 

Sur f .  
Embedded 

72.6 
66.8 
56.8 
50.4 
46.0 
42.6 
39.6 
37.2 
35 .0  
33.1 
31.4 
29.9 
28.6 
27.5 
26.6 
25.7 
25.0 
24.3 
23.8 
23.3 
22.9 
22.5 
22.1 
21.8 
21.6 
21.2 
20.9 
20.7 
20.6 
20.5 
20.3 
20.3 
20.2 
20.1 
20.1 
20.1 
20.0 

t 3 *  
Indoor 
Sur f . ,  

Embedded 

72.9 
72.9 
72.4 
70 .8  
68.5 
65.9 
63.5 
61.3 
59.2 
57.5 
55.9 
54.5 
53.2 
52.1 
51.1 
50.3 
49.5 
48.8 
48.3 
47.8 
47.3 
47.0 
46.6 
46.3 
46.1 
45.7 
45.3 
45.2 
45.0 
44.9 
44.8 
44.7 
44.6 
44.6 
44.6 
44.5 
44.5 

"Average readlngs o f  8 thermocouples, not 16. 
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t 1 
Indoor 
Sur f .  
Taped 

72.6 
72.6 
72.2 
70.7 
68.7 
66.6 
64.6 
62.6 
61.1 
59.7 
58.5 
57.4 
56.4 
55.5 
54.8 
54.2 
53.7 
53.2 
52.8 
52.4 
52.1 
51.8 
51.6 
51.4 
51.3 
51 .o 
50.8 
50.7 
50.5 
5 0 . 5  
50.4 
50.3 
50.3 
50.3 
50.2 
50.1 
50.2 

t i  
Indoor 

Air 

72.4 
72.4 
72.3 
71 - 9  
71.3 
70.7 
70.2 
69.7 
69.3 
68.9 
68.6 
68.3 
68.1 
67.9 
67.7 
67.5 
67.4 
67.3 
67.2 
67.1 
67 .O 
67.0 
67.0 
66 .9  
66.9 
66.8 
66.8 
66 .8  
66.7 
66.6 
66.6 
66.6 
66.4 
66 .6  
66.5 
66.5 
66.5 
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TABLE 15(b) - MEASURED TEMPERATURES FOR TRANSIENT TEST, SI UNITS 

Time, 
hr 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
1 1 .  
12 
13 
14 
15  
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 

t 0  
Outdoor 

A i  r 

22.7 
4.3 

-9.6 
-13.8 
-15.4 
-16.5 
-17.3 
-17.9 
-18.3 
-18.7 
-19.0 
-19.3 
-19.5 
-19.7 
-19.8 
-19.9 
-20.0 
-20 1 
-20.2 
-20.3 
-20 3 
-20 4 
-20.4 
-20.5 
-20 5 
-20.6 
-20 6 
-20 6 
-20.6 
-20 6 
-20.6 
-20.6 
-20 6 
-20.7 
-20 6 
-20 7 
-20 - 7 

t 2  
Outdoor 
Surf. 
Taped 

22.8 
15.6 

7.5 
3.7 
1.4 

-0 .3  
-1.7 
-2.9 
-3.8 
-4.7 
-5.4 
-6.1 
-6.6 
-7.0 
-7.4 
-7 .8  
-8.1 
-8.3 
-8.5 
-8.7 
-8.9 
-9.0 
-9.1 
-9.3 
-9.3 
-9.5 
-9.6 
-9.7 
-9.7 
-9.8 
-9.8 
-9.8 
-9.9 
-9.9 
-9.9 
-9.9 
-9.9 

Measured Temperatures, 
"C 

~ 

t 4 *  
Outdoor 
Surf., 

Embedded 

22.6 
19.3 
13.8 
10.2 

7.8 
5.9 
4.2 
2.9 
1.7 
0.6 
-0.3 
-1.2 
-1.9 
-2.5 
-3.0 
-3.5 
-3.9 
-4.3 
-4.6 
-4.9 
-5.1 
-5.3 
-5.5 
-5.7 
-5.8 
-6.0 
-6.2 
-6.3 
-6.4 
-6 *4  
-6.5 
-6.5 
-6.6 
-6.6 
-6.6 
-6.6 
-6.7 

*Average readings o f  8 thermocouples, not 16. 
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~~ 

t3* 
Indoor 
Surf. 

Embedded 

22.7 
22.7 
22.5 
21.5 
20.3 
18.8 
17.5 
16.3 
15.1 
14.2 
13.3 
12.5 
11.8 
11.2 
10.6 
10.1 
9.7 
9.4  
9 .0  
8.8 
8.5 
8.3 
6.1 
8.0 
7.8 
1.6 
7.4 
7.3 
7.2 
7.2 
7.1 
7.0 
7 .O 
7 .O 
7.0 
6.9 
6.9 

t 1 
Indoor 
Surf., 
Taped 

22.6 
22.6 
22.3 
21.5 
20.4 . 
19.2 
18.1 
17.0 
16.2 
15.4 
14.7 
14.1 
13.6 
13.1 
12.7 
12;3 
12.0 
11.8 
11.5 
11.4 
11.2 
11 .o 
10.9 
10.8 
10.7 
10.5 
10.4 
10.4 
10.3 
10.3 
10.2 
10.2 
10.2 
10.1 
10.1 
10.1 
10.1 

t l  
Indoor 

A1 r 

22.5 
22.5 
22.4 
22.2 
21.8 
21.5 
21.2 
20.9 
20.7 
20.5 
20.3 
20.2 
20.0 
19.9 
19.8 
19.7 
19.7 
19.6 
19.6 
19.5 
19.5 
19.4 
19.4 
19.4 
19.4 
19.3 
19.3 
19.3 
19.3 
19.2 
19.2 
19.2 
19.1 
19.2 
19.2 
19.2 
19.2 
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TABLE 16(a) - HEAT FLUX FOR TRANSIENT TEST 

Time, 
hr 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9' 
10 
11  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 

Measured Heat Flux, 
Btu/hr*f t2 

qw 
Ca l ib .  

Hot Box 

-0.2 
0.0 
-0.6 
-3.2 
-7.9 
-12.3 
-16.0 
-19.5 
-22.6 
-25.5 
-27 7 
-29.8 
-31 -4 
-32.7 
-34.2 
-35.4 
-36.6 
-37 5 
-38 1 
-38.9 
-39.1 
-39 4 
-40.0 
-40 7 
-40.9 
-41.4 
-41.7 
-41.8 
-41.5 
-41 a9 
-41.9 
-42.2 
-42.7 
-42 6 
-42 3 
-42 2 
-42 7 

qhf t 
HFT @ 
Inside 
Surf 

2.0 
2 .o 
1.4 
-0.8 
-4.0 
-7.5 
-11.1 
-14.5 
-17.5 
-20 3 
-23 0 
-25 5 
-27.7 
-29.5 
-31.4 
-32.4 
-34.0 
-35 2 
-36.0 
-37.2 
-37.8 
-38.7 
-39.3 
-39.7 
-40.5 
-41 e l  

-41.7 
-41 .a 
-42.3 
-42 6 
-42 7 
-42.6 
-43 7 
-43.1 
-43.2 
-43.1 
-43.2 

I 

qhf t 
HFT @ 

Outs 1 de 
Surf. 

1.5 
-46.1 
-81.2 
-83.5 
-81.3 
-77.9 
-74 9 
-71 a 1  

-68.0 
-65.7 
-63 t 3 
-60.8 
-59.0 
-57.0 
-55.3 
-53.5 
-52.0 
-51 -2 
-49.9 
-49 4 
-48.5 
-47.3 
-47.0 
-46.4 
-46 0 
-44.9 
-45.0 
-44.1 
-44.1 
-43.6 
-43 3 
-43.7 
-42.7 
-43.1 
-43.1 
-43.1 
-43.6 
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Calculated 
Heat Flux,  
Btu/hr=f t2 

9 s s  

Taped 
Steady-State, 

0.5 
-15.5 
-32.8 
-39.4 
-41.7 
-42.7 
-43 2 
-43.2 
-43.4 
-43.4 
-43.5 
-43.5 
-43.4 
-43.3 
-43.2 
-43.2 
-43.1 
-43 I 1 
-43.0 
-43.0 
-42.9 
-42.9 
-42.9 
-42 9 
-42 9 
-42 8 
-42.8 
-42.8 
-42.7 
-42.7 
-42 7 
-42.7 
-42 7 
-42.8 
-42.7 
-42.7 
-42.7 

1 

955 
Steady-State 
Embedded 

-0.6 
c11.8 
'-29.7 
-38.3 
-41 -8 
-43.1 
-43.8 
-44 + 0 
-44.0 
-44.1 
-44.1 
-44.1 
-44 0 
-43.8 
-43.7 
-43 6 
-43.4 
-43.3 
-43.3 
-43.2 
-43 1 
-43.1 
-43.0 
-43.0 
-43.0 
-42.8 
-42.8 
-42.8 
-42.7 
-42.7 
-42 t 7 
-42.7 
-42.7 
-42 7 
-42.7 
-42.6 
-42.8 
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TABLE 16(b) - HEAT FLUX FOR TRANSIENT TEST, SI UNITS 

Time, 
hr 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9' 

10 
11 
12 
13 
14 
15  
16 
17 
18 
19 
20 
21 
22 
23 
24 
26 
28 
30 
32 
34 
36 
38 
40 
42 
44 
46 
48 

Measured Heat Flux,  

W/m2 

qw 
Calib. 

Hot Box 

-1 
0 

-2 
-1 0 
-25 
-39 
-51 
-62 
-71 
-80 
-87 
-94 
-99 

-1 03 
-1 08 
-112 
-115 
-118 
-1 20 
-1 23 
-1 23 
-1 24 
-1 26 
-1 28 
-1 29 
-1 31 
-1 32 
-1 32 
-1 31 
-1 32 
-1 32 
-1 33 
-1 35 
-1 34 
-1 33 
-1 33 
-1 35 

qhf t 
HFT @ 

Inside 
Surf. 

6 
6 
4 

-2 
-1 3 
-24 
-35 
-46 
-55 
-64 
-73 
-81 
-87 
-93 
-99 

-1 02 
-1 07 
-111 
-113 
-117 
-1 19 
-1 22 
-1 24 
-1 25 
-1 28 
-1 30 
-1 31 
-1 32 
-1 33 
-1 35 
-1 35 
-1 34 
-1 38 
-1 36 
-1 36 
-1 36 
-1 36 

I 

qhf t 
HFT @ 

Outside 
Surf. 

5 
-1 45 
-256 
-263 
-257 
-246 
-236 
-224 
-21 4 
-207 
-200 
-1 92 
-1 86 
-1 80 
-1 74 
-1 69 
-1 64 
-1 61 
-1 57 
-1 56 
-1 53 
-1 49 
-1 48 
-146 
-1 45 
-1 42 
-1 42 
-1 39 
-1 39 
-1 38 
-1 37 
-1 38 
-1 35 
-1 36 
-1 36 
-1 36 
-1 37 

Calculated 
Heat f l u x ,  

W/m2 

q s s  

Taped 
Steady-State, 

2 
-49 

-1 04 
-1 24 
-1 31 
-1 35 
-1 36 
-1 36 
-1 37 
-1 37 
-1 37 
-1 37 
-1 37 
-1 36 
-1 36 
-1 36 
-1 36 
-1 36 
-1 36 
-1 36 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 

1 

qs s 
Steady-State 

Embedded 

-2 

-94 
-1 21 
-1 32 
-1 36 
-1 38 
-1 39 
-1 39 
-1 39 
-1 39 
-1 39 
-1 39 
-1 38 
-1 38 
-1 37 
-1 37 
-1 37 
-1 37 
-1 36 
-1 36 
-1 36 
-1 36 
-1 36 
-1 36 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 35 
-1 34 
-1 35 

-/ -37 
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measurements, qis, reaches the final steady-state heat flux at about the 

same time as steady-state heat flux calculated from taped thermocouple 

measurements, qss.  

thermocouple measurements respond similarly to variations in outdoor air 

temperatures. 

Under transient test conditions, embedded and taped 

Table 17 lists time required to reach 99.5, 95, 90, and 63% of the final 

Heat flux based on steady-state heat flux achieved during a transient test. 

steady-state analysis calculated from both taped and embedded thermocouple 

temperature readlngs predicted 95% of the final heat flux would be reached 

after 4 hours. Calibrated hot box test results show that 95% o f  the final 

heat flux is reached after 23 hours. The amount o f  time requlred for Wall C6 

to reach 95% of the final heat flux was 5.75 times greater than steady-state 

predictions. 

of the final heat flux was 5.0 times greater than steady-state predictions. 

Massive walls, such as Wall C6, "damp out" effects of a sudden change in out- 

door air temperatures. 

Simllarly, the amount of time re.quired for Wall C6 to reach 63% 

The calculated time constant for Wall C6 is 1.4 hr. A time constant is 

a theoretical value o f  heat flow delay calculated from the conductivity, 

specific heat, density, and thickness for each layer of building material in 

a wall system. 

If the difference in temperature across a wall i s  changed abruptly from 

the steady-state condition, as in a step change, then the heat f l o w  through 

the wall will reach 63.2% of the new steady-state equilibrium heat flow after 

a time period equal to the time constant. (14) 

tlme constant of Wall C6: (14 )  

The following equation for a homogeneous wall was used to calculate the 
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( 4 )  
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-- 

lJeasured 

Heat Flux Calib. Hot Box H F T  @ Indoor Surf. 

TAME 17 - S W Y  ff TWSIWT TEST RESULTS 

Calculated 

steady-state, steady-state, 
raped Embedded 

Time to 
Reach qhft, 

hr 

Time to %ft* 
Reach Q, Btu/hr.ft 

hr (W/& 

qss* Time to (Iir 

(W& 1 hr ( W d )  
B t d h r - f t  Reach qss, I tu /hr* f t2  

99.5% of Final Heat Flux 

951 of  Final Heat Flux 

90% of Final Heat Flux 

-42.4 39 -43.1 
(-134) (-136) 

-40.5 23 -41.2 
(-128) (-130) 

-38.4 19 -39.0 
(-1211 (-123) 

39 

Time to 

hr 
Reach qis* 

-42.5 
(-1341 

631 of  Final Heat Flux 

-40.6 26 I (-1281 

-26.9 10 -27.4 
(861 

(-121) 
22 I 

5 

4 

3 

I 2 

-42.5 
(-134) 

-40.6 
(-12s) 

-38.4 
(-121) 

-27.0 
1-85] 



where 

tc 
r 

= c h a r a c t e r i s t i c  t ime constant  o f  Wall C6, h r  (s) 

= r e s i s t i v i t y  of concrete,  o r  r e c i p r o c a l  o f  c o n d u c t i v i t y  of 

concrete, h r * f t = " F / B t u  (m-K/W) 

c = s p e c i f i c  heat o f  concrete, Btu/ lb*"F (J/kg-K) 

3 3 d = dens i t y  o f  concrete, l b / f t  (kg/m ) 

x = th ickness of concrete, f t  (m) 

2 Concrete dens i t y  and w a l l  th ickness were 143 pcf (2290 kg/m ) and 8.31 i n .  

(211 m), respec t i ve l y .  

was 0.193 Btu/ lb="F (808 J/kg-K). 

f rom c a l i b r a t e d  h o t  box t e s t s  and embedded thermocouple measurements was 

15.7 Btu=in. /hr- f t2="F (2.26 W/m=K). 

Spec i f tc  heat  o f  t h e  a l r  d r y  concrete, f rom Table 2, 

Thermal c o n d u c t i v l t y  o f  Wa l l  C6.hetermined 

D e t a i l s  on the  de r i va t i on ,  c a l c u l a t i o n ,  and s i g n i f i c a n c e  o f  t ime con- 

s tan ts  a re  a v a i l a b l e  i n  Reference 14. 

SUMMARY AND CONCLUSIONS 

This  r e p o r t  presents r e s u l t s  o f  an exper imental  i n v e s t i g a t i o n  o f  heat 

3 t ransmiss ion c h a r a c t e r i s t i c s  f o r  a 143 pc f  (2240 kg/m ) normal weight con- 

c r e t e  w a l l  w i t h  taped and embedded thermocouples f o r  measuring surface tem- 

peratures.  The e f f e c t s  o f  surface temperature measurement technique on c a l i -  

b ra ted  h o t  box t e s t  r e s u l t s  were inves t iga ted .  

s teady-state and dynamic temperature cond i t ions .  

Tests were conducted under 

The f o l l o w i n g  conclusions a r e  based on r e s u l t s  obtained i n  t h i s  

i n v e s t i g a t i o n .  

1. Two steady-state t e s t s  w i th  nominal temperature d i f f e r e n t q a l s  o f  

44°F ( 2 4 O C )  and 72OF (40°C) were performed on Wall C6. Steady-state 

surface temperatures measured by embedded thermocouples were con- 

s i s t e n t l y  between 5 and 6°F (2.8 and 3.3"C) c lose r  t o  the  w a l l  mean 
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temperature than temperatures measured by taped thermocouples. 

Steady-state air-to-surface temperature differentials were 5 to 6 O F  

(2.8 to 3.3"C) greater for embedded thermocouple measurements. 

Steady-state surface-to-surface temperature differentials were 10 to 

12°F (5.6 to 6.7OC) less for embedded thermocouple measurements. 

2. Thermal conductivities of Wall C6 concrete determined from steady- 

state calibrated hot box test results using embedded and taped 

thermocouples, respectively, were 15.7 and 10.7 Btu*in./hr.ft2.0F 

(2.26 and 1.54 W/m.K). 

measurements was 32% less than that based on embedded thermocouple 

measurements. These values are consistent with conductjvlties meas- 

Conductivity based on taped thermocouple 

ured during a prevtous test program. ( 9 )  

3.  Total thermal resistance, RT, of Wall C6 determined using embedded and 

taped thermocouples, respectlvely, were 1.38 and 1.63 hr.ft2*"f/Btu 

(0.24 and 0.29 m2mK/W). 

of 7 5 O F  (24°C) and include standard surface film resistances. Total 

thermal resistance based on taped thermocouple measurements was 15% 

greater than that based on embedded thermocouple measurements. 

4. Measured surface resistances calculated from embedded surface ther- 

Values are for a mean wall temperature 

mocouple temperatures were about 0.13 hr.f t2ooF/Btu (0.02 m2.K/W) 

greater than values calculated from taped thermocouple measurements. 

This difference i s  the contact resistance between taped thermo- 

couples and the normal weight concrete wall. 

5. The total thermal contact reslstance between taped thermocouples 

the two surfaces of Wall C6 i s  0.26 hr-ft2moF/Btu (0.02 m2mK/W). 

This value Is equal to 50% of the concrete resistance determined 

from embedded thermocouple measurements. 

and 
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6. Embedded and taped thermocouples gave dlfferent surface temperature 

measurements for the NBS Dynamic Temperature Cycle applied to Wall 

C6. Differences in temperature measurements were a maximum of 6.6OF 

(3.OoC) for the outdoor wall surface and 0.9OF (0.4"C) for the 

indoor wall surface. The differences between embedded and taped 

thermocouple readings wtll affect some dynamic test results that 

utilize surface temperatures. 

7. Based on results of the test program, it I s  rscomnended that thermo- 

couples for measuring surface temperatures be embedded in surfaces 

of  normal weight concrete walls to minlmlze the contact re3lstance 

between thermocouples and the wall surface. 

8. For the NBS Test Cycle applied to Wall C6, heat flux predicted by 

steady-state calculations based on embedded thermocouple temperature 

measurements had an amplitude 4% smaller than steady-state heat f l u x  

based on taped thermocouple measurements. 

9. Thermal lag, a dynamlc thermal performance parameter, is not 

affected by surface temperature measurement technique. Average 

thermal lag measured by the calibrated hot box was 4 hours for the 

NBS Test Cycle applled to Wall C6. 

10, Reduction in amplitude, a dynamic thermal performance parameter, i s  

not significantly affected by surface temperature measurement tech- 

nlque. Average measured reductlons in amplltude determined using 

embedded and taped thermocouple measurements were 47 and 49%, 

respecti vel y. 

11. Total heat flux calculated from measured wall temperatures for the 

NBS Test Cycle applied to Wall C6 are nearly Identical for the two  

surface temperature measurement techniques. The ratio of measured 
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t o t a l  heat f l u x  t o  ca l cu la ted  t o t a l  heat f l u x  determined us ing  

embedded thermocouple measurements I s  1% greater  than t h a t  de ter -  

mined us ing  taped thermocouple measurements. 

12. Trans ient  t e s t  r e s u l t s  a r e  s i m i l a r  f o r  bo th  sur face temperature 

measurement techniques. The amount of t ime requ i red  f o r  Wall C6 t o  

reach 95% o f  t h e  f i n a l  heat f l u x  was 6 t i m e s  g rea ter  than t h a t  pre- 

d i c t e d  by s teady-state ana lys i s  us ing  e i t h e r  taped o r  embedded 

thermocouple measurements. 

Resul ts descr ibed i n  t h i s  r e p o r t  p rov ide  data on thermal response o f  a 

normal weight concrete w a l l  subjected t o  s teady-state and d i u r n a l  s o l - a i r  

temperature cycles.  Primary p r o j e c t  emphasis i s  on ins t rumenta t ion  used t o  

measure sur face temperatures. Data developed i n  t h i s  exper imental  program 

prov ide  a q u a n t i t a t i v e  basts f o r  modeling t h e  b u l l d i n g  envelope, which i s  

p a r t  o f  t h e  o v e r a l l  energy ana lys i s  process. 

energy requirements must i nc lude  cons idera t ion  o f  t he  e n t i r e  b u l l d i n g  

A complete ana lys i s  o f  b u i l d i n g  

envelope, b u l l d i n g  o r i e n t a t i o n ,  b u i l d i n g  operat ion,  and y e a r l y  weather 

cond i t ions .  
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APPENDIX A - CALIBRATED HOT BOX INSTRUMENTATION AND CALIBRATION 

Ca l ib ra ted  h o t  box t e s t s  were performed according t o  ASTM Designat ion:  

C976, "Thermal Performance o f  B u i l d i n g  Assemblies by Means o f  a Ca l ib ra ted  

Hot Box. IS1 1 

Ins t rumenta t ion  

Ins t rumenta t ion  was designed t o  moni tor  temperatures i n s i d e  and ou ts ide  

t h e  indoor  chamber, a i r  and sur face temperatures on both s ides o f  t he  t e s t  

wa l l ,  and heat ing  energy i n p u t  t o  the  indoor  chamber. Add i t l ona l  measure- 

ments moni tor  indoor  chamber c o o l i n g  system performance. Bas ica l l y ,  t he  

ins t rumenta t ion  prov ides a means o f  mon i to r ing  the  energy requ i red  t o  main- 
/ 

t a i n  constant  temperature i n  the  indoor  chamber w h i l e  temperatures i n  the  

outdoor chamber a re  var ied.  

prov ides a measure o f  heat f l o w  through the  t e s t  w a l l .  

This energy, when cor rec ted  f o r  thermal losses, 

Thermocouples corresponding t o  the  American Nat iona l  Standard for  Tem- 

pera ture  Measurement Thermocouples (ANSI MC96.1) Type T, 20 gauge, were used 

t o  measure temperatures i n  t h e  a i r  space o f  each chamber. Thermocouples were 

un i fo rm ly  d i s t r i b u t e d  on a 20-3/5-1n. (525-rrm) square g r i d  over the  w a l l  

area. Thermocouples were loca ted  approximately 3 i n .  (75  m) from the  face 

o f  t he  t e s t  w a l l .  

Thermocouples used t o  measure the  specimen sur face and i n t e r n a l  tempera- 

tu res  a r e  descr ibed i n  the  "Test Specimenw sec t i on  o f  t h i s  repo r t .  

Laboratory and i n t e r l o r  sur face temperatures o f  the  Sndoor chamber sides 

were measured. 

between the  chamber and the  labora tory .  

wt th  heat f l u x  t ransducer measurements on chamber surfaces. 

These temperatures prov ided data f o r  eva lua t ing  heat t r a n s f e r  

Temperature data were supplemented 
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I 
A digital humidlty and temperature measurement system was used to measure 

relative humidity and temperature in air streams on each slde of  the test 

wall. Probes were located in the air streams approximately at the specimen 

mld-point. 

A watt-hour transducer was used to measure cumulative electrlcal energy 

input to the indoor chamber. 

Measurements were monitored wlth a programable digital data acquisition 

system capable of sampling and recording up to 124 Independent channels o f  

data at preselected time intervals. The data acquisition system is inter- 

faced with a rnlcrocomputer that i s  programed to reduce and store-data. 

Channels were scanned every two minutes. Average temperature and supplemen- 

tary data were obtained from average readings for one hour. The cumulative 

watt-hour transducer output was scanned every hour. 

Air flow rates in each chamber were measured with air flow meters located 

approximately at the wall geometric center. Each flow rate meter was mounted 1 

i perpendicular to the air f l o w .  Air flow is vertfcal on both sides o f  the i 
I 

specimen. Air velocity is uniform and averages 20 ft/mln. (0.10 m/s). Data 

for a i r  flow meters were monitored periodically and were not part o f  the 

I automated data acquisition apparatus. Reference 2 glves more information on 

instrumentation of CTL'r calibrated hot box. 

Calibration Procedure 

Heat flow through a test wall is determined from measurements o f  the 

amount of energy input to the indoor chamber to maintaln a constant tempera- 

ture. The measured energy input must be adjusted for heat losses. Flgure A1 

shows sources of heat losses and galns by the indoor chamber where: 
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I- Control Volume 

Llndoor ( Metering) 
Chornber Chamber 

Fig. A1 Indoor (Metering) Chamber Energy Balance 
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Qw 

Qc 

Qh 

Qfan 

Q, 

Qf  

= heat t r a n s f e r  through t e s t  w a l l  

= heat  removed by Indoor  chamber coo l i ng  

= heat  supp l ied  by indoor  e l e c t r i c a l  res is tance heaters 

= heat  suppl ied by indoor  c i r c u l a t i o n  fan  

= heat loss/gaIn f r o m  labo ra to ry  

= heat loss /ga in  from f l ank ing  pa th  around specimen 

The d i r e c t i o n s  o f  arrows I n  Fig.  A1 I n d i c a t e  p o s i t i v e  heat f low.  

Since n e t  energy I n t o  the c o n t r o l  volume o f  t h e  indoor  chamber equals 

zero, heat t r a n s f e r  through the  t e s t  w a l l  can be expressed by the  f o l l o w i n g  

energy balance equation: I 

Q, - Qf Q, = Qc - Qh - Qfan (41 1 

The need f o r  c o o l i n g  I n  the  indoor  chamber r e s u l t s  f rom requirements f o r  

dynamic tes ts .  

tures', c o o l l n g  capac i ty  i s  requ i red  t o  ma ln ta in  indoor  temperature con t ro l .  

I n  cases where outdoor temperatures exceed Indoor tempera- 

Indoor chamber coo l i ng  equipment operates cont inuously  and i s  designed 

Cont ro l  o f  indoor  chamber temperature i s  t o  remove heat a t  a constant  ra te .  

obta ined by vary ing  t h e  amount o f  input heat  requ i red  t o  balance the  amount 

o f  heat  removed by the  r e f r i g e r a t i o n  system, the  amount o f  heat t h a t  f lows 

through the  t e s t  specimen, and the  amount o f  heat l o s t  t o  labora tory  space. 

Steady-state c a l i b r a t e d  h o t  box t e s t s  on two "standard" c a l i b r a t i o n  

specimens were used t o  r e f i n e  c a l c u l a t i o n s  o f  heat removed by indoor  chamber 

cool ing,  Qc, and f l a n k i n g  losses, Q,. The f i r s t  c a l i b r a t i o n  specimen, S1, 

has a r e l a t i v e l y  low thermal res i s tance  o f  6.8 hr * f t2 -OF/Btu  ( 1  -2 m2-K/W). 

It cons is t s  of 1-318-1n. (35-m) t h i c k  f l b e r g l a s s  and was s p e c i a l l y  f a b r i -  

cated t o  i nsu re  un i fo rm i t y .  

The second c a l i b r a t j o n  w a l l ,  S2, has a r e l a t i v e l y  h igh  thermal res is tance 

of 16.8 hr * f t * . " f /B tu  (3.0 m2.K/W). M a t e r l a l  f o r  specimen $2 was se lected 
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as p a r t  o f  t he  ASTH Committee C l6  H o t  Box Round RobSn program. 

o f  expanded po lys ty rene board tha t  i s  s p e c i a l l y  produced and c u t  t o  i nsu re  

un i fo rm i t y .  

I t  cons is ts  

Board faces a r e  coated t o  p rov ide  surfaces s u i t a b l e  f o r  a t tach-  

ment o f  inst rumentat ion.  

Heat removed by indoor  chamber cool ing,  Qc, was ca l cu la ted  f rom r e f r l g -  

e ran t  enthalpy and mass f l o w  ra te ,  assuming an deal  bas ic  vapor compression 

r e f r i g e r a t i o n  cyc le .  

t he  two alstandardaa c a l i b r a t i o n  specimens were used t o  a d j u s t  f o r  I n e f f i c i e n -  

c i e s  i n  t h e  ac tua l  r e f r i g e r a t i o n  cyc le .  

Resul ts  f rom steady-state c a l t b r a t e d  h o t  box t e s t s  on 

Losses from t h e  indoor  chamber t o  t h e  labora tory ,  9,. were ca l cu la ted  

f rom thermal p roper t i es  o f  component ma te r ia l s  making up w a l l s  and c e i l i n g s  

o f  t he  indoor  chamber and temperature cond i t ions  on the  i nne r  and ou ter  sur-  

faces o f  t h e  indoor  chamber. Heat f l u x  t ransducers mounted on the  I n s i d e  

sur face o f  t h e  indoor  chamber were used t o  check ca l cu la t i ons .  Indoor cham- 

ber a i r  and labo ra to ry  a i r  temperatures were genera l l y  maintained a t  t he  same 

nomlnal value, 72'F ( 2 2 O C ) ,  t o  mSnlmize l abo ra to ry  losses. Thus, t he  value 

o f  Q, i s  smal l  r e l a t i v e  t o  o ther  terms o f  t he  energy balance equation. 

A watt-hour t ransducer was used t o  measure heat suppl ied t o  the  indoor  

chamber by heaters  and a fan, 9, + Qfan. 

Heat l oss  o r  ga in  f rom f l a n k i n g  around the  t e s t  specimen, O f ,  was de ter -  

mined from steady-state t e s t s  of the  "standard" c a l i b r a t i o n  wa l ls .  Since 

thermal conductance o f  each standard c a l i b r a t l o n  w a l l  i s  known, Q, f o r  a 

.g iven s teady-state t e s t  can be ca l cu la ted  us lng  the  f o l l o w i n g  equation: 

Q, = A * C . (  t2-tl) ( A 2 1  

where 

Qw = heat t r a n s f e r  through t e s t  wa l l ,  Btu/hr (W*hr/hr) 

2 2  A = area o f  w a l l  sur face normal t o  heat f low, f t  ( m  ) 
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C = average thermal conductance, B tu /h r * f t 2 * "F  (W/m2-K) 

t2 = average temperature o f  ou ts ide  w a l l  surface, O F  ( " C )  

tl = average temperature o f  i n s i d e  w a l l  surface, O F  ( " C )  

Thus, Q, was determined f rom Eq. ( A l )  using ca l cu la ted  values o f  Qw, Q,, and 

Q,, and measured values o f  Qh and Qfan. 

For bo th  standard c a l i b r a t i o n  wa l l s ,  values o f  Qf  were observed t o  f o l l o w  

t h e  emp i r i ca l  r e l a t i o n s h l p :  

Q~ = 0.802 (t2 - tl) 
Qf  = 0.131 (t2 - tl) 

U.S. u n l t s  

(SI u n i t s )  

where / 

Qf = heat loss o r  g a i n  f rom f l a n k i n g  around t e s t  speclmen, 

Btu/hr  (W=hr/hr) 

t2 

tl 

= average temperature o f  ou ts lde  w a l l  surface, O F  ("C) 

= average temperature o f  i n s i d e  w a l l  surface, "F ("C) 

Since Q, i s  t he  res idua l  from Eq. ( A l ) ,  i t  may inc lude o ther  undetermined 

losses f rom the  indoor  chamber. 

A round r o b l n  t o  Inc lude  bo th  c a l i b r a t e d  (ASTH Deslgnation: C976) and 

guarded (ASTM Deslgnation: 

Subcommittee C16.30 whlch, when completed, w i l l  p rov ide  In fo rmat ion  on the  

C236) h o t  boxes has been organized under ASTM 

p r e c i s l o n  o f  t he  c a l l b r a t e d  h o t  box t e s t  method. 
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