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HEAT TRANSFER CHARACTERISTICS OF INSULATED 
CONCRETE SANDWICH PANEL WALLS 

by 

Martha G. Van Geem and Scott  T. Sh i r l ey  

ABSTRACT 

Tests were conducted t o  evaluate thermal performance o f  three insulated 
concrete sandwich panel wal ls.  
for steady-state and dynamic temperature condl t ions.  The object lve o f  the 
t e s t  program was t o  i nves t i ga te  ef fects  o f  t i e s  connectlng wa l l  layers on 
thermal proper t ies of insu lated sandwich panel wal ls.  

The three w a l l s  tested were s i m i l a r  except for the type o f  connectors 
j o i n i n g  the i n s u l a t i o n  and concrete layers. Each wall consisted o f  2-111. 
(50-mn) o f  extruded polystyrene i n s u l a t i o n  board sandwiched between two 3-ln. 
(75-mn) normal weight concrete layers. The f i r s t  wall, a con t ro l  wa l l ,  con- 
ta ined no t i e s .  Layers of the second w a l l  were connected uslng s ta ln less 
s tee l  t i e s  and anchors. Layers o f  the t h i r d  w a l l  were connected uslng hlgh- 
t e n s l l e  flberglass-composlte t l e s .  

C976) a t  Constructlon Technology Laboratories, Inc. (CTL). Steady-state 
t e s t s  were used t o  measure thermal resistance (RT)  and thermal t ransmlt-  
tance (U).  
w a l l  and the w a l l  w i t h  s ta ln less s tee l  connectors showed t h a t  s ta in less 
s tee l  connectors reduced w a l l  thermal resistance by 7%. A comparison o f  
r e s u l t s  from steady-state tes ts  on the con t ro l  w a l l  and the w a l l  w i t h  
h lgh- tens i le  flberglass-cornposlte t l e s  showed that the t l e s  d i d  not  reduce 
wall thermal resistance. 

under selected temperature ranges, Heat storage capacl t ies o f  the wal ls  
delayed heat f lows through speclrnens. Average thermal l ag  values ranged 
f r o m  5 t o  6 hours f o r  the three wal ls.  

a guarded hot  p l a t e  (ASTM Deslgnatlon: C l f f .  Wall resistances measured i n  
a ca l i b ra ted  hot box were compared t o  resistances calculated from w a l l  
mater ia l  propert ies.  

Heat t ransfer through the w a l l s  was measured 

Walls were tested i n  the ca l i b ra ted  hot  box f a c i l i t y  (ASTH Designation: 

A comparlson o f  r e s u l t s  f rom steady-state tes ts  on the con t ro l  

Dynamic ca l i b ra ted  hot  box t e s t s  provlded a measure of thermal response 

Thermal resistances o f  Insu lat ions used I n  the wal ls  were measured using 

*Respectively, Senlor Research Engineer and Asslstant Research Engineer, 
Flre/Thermal Technology Section, Constructlon Technology Laboratorles, 
Inc., 5420 Old Orchard Road, Skokle, I l l i n o i s  60077. 
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EXECUTIVE SUMMARY 

A significant amount of energy 1 s  l o s t  from conditioned environments of  

bu# ldings through thermal brldges. Heat transfer measurements of building 

components with thermal bridges are needed to assess the severity of heat 

loss through particular bridges so that remedial measures may be used, if 

necessary. Heat transfer measurements are also used to verify analytical 

methods o f  predicting heat losses through thermal bridges. 

Tests were conducted to evaluate thermal performance o f  three insulated 

concrete sandwlch panel walls. Heat transfer through the walls was measured 

for steady-state and dynamlc temperature conditions in a calibrated hot box. 

The three walls tested were similar except for the type o f  connectors 

joining the lnsulatlon and concrete layers. 

(50-m) o f  extruded polystyrene Insulatlon board sandwiched between two 

3-in. (75-mn) normal weight concrete layers. The first wall, a control 

wall, contalned no tles. 

stainless steel ties and anchors. Layers of the third wall were connected 

using high-tenslle flberglass-composite ties. 

Each wall consisted o f  2-in. 

Layers of the second wall were connected using 

The objective o f  the test program was to Investlgate thermal ef fects  of 

metal and non-metal t l e s  connecting wall layers on thermal properties of 

insulated sandwich panel walls. 

The program was conducted at Constructlon Technology Laboratorqes, Inc. 

(CTL). work was performed as part of a project sponsored jointly by the 

U.S. Department of  Energy (Office o f  Buildings and Comnunlty Systems), Arnoco 

foam Products Company, and the Portland Cement Association. 

Construction and testing o f  the control wall and the wall with stainless 

steel connectors was performed as part o f  a subcontract with Martin Marietta 

Energy Systems for the U.S. Department o f  Energy. This work was 
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co-sponsored by the Portland Cement Associatlon and Is part o f  the Butldfng 

Thermal Envelope Systems and Haterlah Program (0TESN) at Oak Rldge National 

Laboratory. 

Construction and testing of the wall wlth high-tens1 le f lberglass- 

cornposlte ties were sponsored by Amoco Foam Products Company. 

plate tests o f  Insulations used in the walls were also sponsored by Amoco 

Foam Products Company. 

Guarded hot 

A guarded hot plate was used to measure thermal resistances of the two 

1 

i 

brands o f  extruded polystyrene insulation used to construct the three test 

walls. 

Oeslgnatlon: 

Thermal reslstances were determined at CTL In accordance wlth ASTH 

C 177 "Steady-State Thermal Transmlssion Properties by Neans 

of the Guarded Hot Plate." Nominal specimen dlmenslons were 2 x 1 2 ~ 1 2  In. 

(50x300~300 mn). Average measured thlcknesses o f  the two brands o f  

insulatlon were 1.99 and 1.94 In. (49.8 and 48.5 mn), respectlvely. Thermal 

resistances were determined at specimen mean temperatures ranging from 34 t o  

121°F ( 1  to 50°C) for one brand and 36 to 1 1 6 O F  (2 to 47°C) for the second 

brand. 
1 

Insulatlon thermal resistances at specjmen mean temperature o f  7S°F 

( 2 4 V )  were lnterpolated from measured values. 

respectlvely, had thermal resistances o f  8.92 and 9.02 hr*ft2aoF/8tu (1.57 and 

1.59 m2.K/W) at a specimen mean temperature of 75*F (24*C). 

The two brands, 

Ualls were tested In the calibrated hot box facllity (ASTH Designation: 

C976) at CTL. Test specimens were 8- f t  7-in. (2.6 m) sq. Steady-state tests 

were used to measure thermal reslstance ( R )  and thermal transmittance ( U ) .  

Wall thermal resistances were measured at mean temperatures of approximately 

105°F (40'C) and 3S°F (2OC), and air-to-air temperature differentials, 

respectlvely, o f  60°F (33°C) and 75OF (42Y). 

I 
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A comparlsan of results from steady-state tests on the control wall and 

the wall with stainless steel connectors showed that stainless steel 

connectors reduced wall thermal resistance by 7%. A comparison of results 

from steady-state tests on the control wall and the wall with high-tensile 

fiberglass-composite t i e s  showed that the ties did not reduce wall thermal 

reslstance. 

Design total thermal resistances for Walls P1, P2, and P3 were wlthin 6% 

of calibrated hot box test results. 

ealculatlng total wall resistance predicted performance of the wall with 

stalnless steel connectors. A 5% decrease in total thermal reslstance f o r  

the wall uith stainless steel connectors, compared to the control wall, was 

predlcted. 

The isothermal planes method of 

A 7% decrease was measured. 

Comparing results f rom the control wall and the wall with stainless 

steel ties shows that the three-dimensional finite difference technique 

performed by Mr. K .  W .  Childs, ORNL, accurately predicted steady-state 

thermal performance of the stainless steel torslon anchors. A 6% decrease 

in wall thermal resistance due to the connectors was predlcted. A 7% 

decrease was measured. 

Callbrated hot box indoor and outdoor alr temperatures, indoor and 

outdoor wall surface temperatures, and the two concrete-insulatlon interface 

temperatures were measured using 16 thermocouples in each o f  the six 

planes. 

on surface temperatures. Steady-state test results showed that wall surface 

temperatures adjacent t o  stainless steel ties are not significantly 

Additional thermocouples were used to evaluate the effects of ties 

different from surface temperatures between ties, 

Dynamic callbrated hot box tests were performed on the three test 

specimens. Dynamic tests are a means of evaluating thermal response under 

control led condl tions that simulate temperature changes actually encountered 
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by building envelopes. For these tests, the calibrated hot box indoor a i r  

temperatures were held constant while outdoor alr temperatures were cycled 

over a pre-determined temperature versus time relationshlp. 

Three 24-hour (diurnal) temperature cycles were performed on each wall 

in this investlgation. 

58, 68, and 78°F (14, 20, and 2 6 O C )  and temperature swings of  about 60°F 

(33OC). Average Indoor a l r  temperature over the 24-hour period for each 

cycle was approximately 72°F ( 2 2 O C ) .  

The cycles had mean temperatures of approxlmately 

Oynamlc callbrated hot box tests were used t o  determlne dynamic thermal 

properties of thermal lag, reduction in amplitude, and total heat flow 

ratio. 

concrete sandwich panel walls delayed heat flow through specimens. Average 

thermal lag values ranged from 5 to 6 hours for the three walls. 

As indicated by the damplng e f f e c t ,  heat storage capacltles o f  the walls 

reduced peak heat flows through specimens for dynamic temperature conditions 

when compared to predictlons based on steady-state thermal resistances 

(R-values). 

control wall, 42 to 48% for the wall with stainless steel connectors, and 44 

to 69% for the wall with hlgh-tensile fiberglass-composite ties. 

As indicated by thermal lag, heat storage capacities of insulated 

Reductlon In amplltude values ranged from 34 to 46% for the 

For the three dlurnal temperature cycles applied to the test walls, 

total heat f l o w  for  a 24-hour period were less than would be predicted by 

steady-state R-values. Total measured heat flows for the 24-hour cycles 

ranged from 43 to 81% of those predicted by steady-state analysis for the 

three walls. These reductions in total heat flow are attributed to wall 

storage capacity and reversals in heat flow. 

Transient test data were collected durlng calibrated hot box testing o f  

the three test specimens. 

data collected in the perlod of tlme between two steady-state tests. 

Results o f  a translent test are dstermlned from 

After 
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a w a l l  I s  I n  a s teady-state condition, the  outdoor chamber temperature 
I 

s e t t l n g  I s  changed. The t r a n s i e n t  t e s t  contfnues u n t i l  the  wal l  reaches 

e q u l l l b r l u m  heat f l o w  f o r  t he  new outdoor chamber a l r  temperature. 

l n l t i a l  wall mean temperature f o r  t he  t e s t s  was 73'F (27°C). 

mean temperature was approximately 33'F (1  " C )  . 

The 

The f i n a l  w a l l  

T rans len t  t e s t  r e s u l t s  i n d i c a t e d  t h a t  heat  s torage capac l t l es  of the  

th ree  Insu la ted  concrete sandwlch panel w a l l s  delayed heat f l o w  through the  

specimens. The amount o f  t ime requ i red  f o r  t he  w a l l s  t o  reach 63% o f  a 

f i n a l  heat  f l o w  were approxlmately 3-112 t imes g rea te r  than p red ic ted  by 

steady-state c a l c u l a t i o n s  based on measured sur face  temperatures. 

Ca l i b ra ted  h o t  box t e s t  r e s u l t s  presented I n  t h l s  r e p o r t - a r e  l i m i t e d  t o  

the  specimens and temperature cyc les used I n  t h l s  i nves t i ga t l on .  It i s  

a n t l c i p a t e d  t h a t  results would d l f f e r  for w a l l s  w i th  d l f f e r e n t  l n s u l a t l o n  

th lcknesses, f o r  t l e  systems w l t h  d l f f e r e n t  c ross-sec t iona l  areas, or when 

i n s u l a t i o n  i s  n o t  t i g h t l y  packed around t i e s  as i t  was I n  t h l s  t e s t  program. 

Resul ts  descr ibed i n  t h l s  r e p o r t  p rov ide  da ta  on thermal response o f  

conc re te - lnsu la t l on  sandwlch panel w a l l s  subjected t o  s teady-state and 

d i u r n a l  s o l - a i r  temperature cyc les.  A complete ana lys i s  o f  b u i l d I n g  energy 

requlrements must l nc lude  cons ide ra t i on  of t he  e n t i r e  b u l l d l 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 l t l ons .  

Data developed i n  t h l s  exper lmental  program prov ide  a q u a n t l t a t l v e  basts f o r  

rnodellng t h e  b u l l d i n g  envelope, which i s  p a r t  o f  the  o v e r a l l  energy ana lys i s  

process. 
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HEAT TRANSFER CHARACTERISTICS OF INSULATED 
CONCRETE SANDWICH PANEL WALLS 

by 

M. G. Van Geem and S. T. Shirley* 

INTRODUCTION 

Tests were conducted to evaluate thermal performance o f  three insulated 

concrete sandwich panel walls. 

for steady-state and dynamic temperature conditions. The objective o f  the 

test program was t o  Investigate effects of ties connectlng uythes on thermal 

properties o f  sandwlch panel wal Is. 

Heat transfer through the walls was measured 

The three walls tested were slmllar except for the type of  connectors 

joining the lnsulatlon and concrete l ayers .  

(SO-mn) of extruded polystyrene insulation board sandwlched between two 

Each wall conslsted of 2-In. 

3-in. (75-mn).normal weight concrete wythes as shown I n  Flg.  1. The flrst 

wall, a control wall, contalned no t l e s .  

connected using stainless steel ties and anchors. 

Layers of the second wall were 

Layers o f  the thlrd wall 

were connected uslng high-tensile f lberglass-composi t e  ties. 

Walls were tested in the calibrated hot box facillty at Constructlon 

Technology Laboratorles, Inc. (CTL). Steady-state tests were used to obtain 

average heat transmisslon coefflclents, including total thermal reslstance 

(RT), and thermal transmlttance ( U ) .  

thermal response for selected temperature ranges. A simulated sol-alr 

Dynamic tests provided a measure of 

*Respectively, Senlor Research Engineer and Assistant Research Engineer, 
F 1  re/Thermal Techno1 ogy Sect1 on, Cons t ruc tl on Technology Laboratories, 
Inc., 5420 Old Orchard Road, Skokle, Illlnois 60077. 
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F i g .  1 Cross Section o f  Insulated Sandwich Panel Walls 
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dynamic c y c l e  was se lected t o  p e r m i t  comparison of r e s u l t s  w t t h  those obtafned 

i n  prev ious i nves t i ga t i ons .  (’-’)* Resul ts from t e s t s  on w a l l s  w i t h  t i e s  a re  

compared t o  those from the wall w i t h  no t l e s .  

Thermal res is tances of i n s u l a t i o n s  used I n  t h e  w a l l s  were measured us ing  a 

guarded h a t  p l a t e .  Wall res is tances measured i n  a c a l i b r a t e d  h o t  box a re  

compared t o  res is tances ca l cu la ted  from mate r ia l  p roper t l es .  

BACKGROUND 

One method o f  i n s u l a t l n g  s t r u c t u r a l  concrete w a l l s  I s  t o  p rov ide  a l a y e r  

o f  I n s u l a t i o n  between two laye rs  of concrete as shown i n  Fig. 1. 

o the r  fasteners a re  used t o  connect the th ree  layers.  

T ies o r  

T i e s  are,of ten 

necessary f o r  s t a b i l i t y  and load t rans fe r ,  as e i t h e r  or bo th  concrete l aye rs  

may be deslgned t o  be load bearing. 

T ies  o r  o ther  elements t h a t  penetrate an i n s u l a t i o n  l a y e r  a c t  as thermal 

b r ldges  uhen t h e i r  c o n d u c t l v i t y  5 s  l a r g e  compared t o  i n s u l a t i o n .  Heat losses 

a r e  concentrated a t  t he  l o c a t i o n  o f  conduct ive elements because heat  w i l l  

flow through the  pa th  of l e a s t  res is tance,  as  i l l u s t r a t e d  I n ’ f i g .  2. Metal 

t i e s  connect ing l aye rs  o f  i nsu la ted  concrete sandwich panel w a l l s  reduce the  

thermal reslstance o f  a wall assembly. 

M a t e r i a l s  o ther  than metal  may be used f o r  connectors i f  they prov ide  

enough s t reng th  t o  r e s l s t  t he  connector design loads. 

f iberg lass-composi te  t i e s ,  such as those manufactured by Amoco Foam Products, 

have been developed t o  reduce thermal b r i d g i n g  through i n s u l a t i o n .  

d u c t i v l t y  o f  the  f lberg lass-composi te  m a t e r i a l  i s  approximately 1/100 t h a t  

o f  s t a i n l e s s  s tee l .  

H igh - tens l l e  

The con- 

*Superscript numbers i n  parentheses r e f e r  t o  re ferences l l s t e d  a t  the  end of 
t h i s  repo r t .  
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The guarded hot plate test method [ASTM Designation: C177(9)] l s  the 

most wldely accepted method of measuring thermal reslstance of bulldlng mate- 

rials. Generally, tests are performed uslng relatively small samples of  

homogeneous materials. Sample s l z e s  generally range from 0.2 to 4 sq f t  

(0.02 to 0.4 m2), depending on the hot plate used. Overall thermal resist- 

ance o f  a system contalnlng a thermal brldges such as a stainless steel t l e  

cannot be measured uslng a guarded h o t  plate. 

The callbrated hot box [ASTM Deslgnatlon: C976(9)] and the guarded hot 

box [ASTH Designation: C236 (''1 are used to measure thermal performance of 

full scale wall assemblles. Specimens may be constructed of homogeneous 

materials, such as concrete, or composite systems, such as insulated frame 

ualls, masonry walls, or panels with metal connectors. The CTL callbrated 

hot box is used to measure performance for steady-state or dynamic tempera- 

ture condltlons. 

envelope components that store as well as transmit heat. Test results are 

used to evaluate performance of cornparatlve wall systems and to verify 

analytlcal models. 

be known to evaluate energy losses through a buildlng envelope, 

Dynamic testlng l s  particularly important for rnasslve 

Heat transfer characteristics of  bulldlng elements must 

TEST SPECIMENS 

Three Insulated concrete sandwlch panel walls were constructed by CTL and 

subsequently tested I n  a calibrated hot box. Walls conslsted of insulatlon 

board sandwlched between normal welght concrete 'layers as shown \n Ftg .  1.  

Overall nomlnal dlmenslons of each wall were 103x103 in. ( 2 . 6 2 x 2 . 6 2  m). 

Nomlnal dlmenslons of concrete and lnsulatlon layers were 3 in. ( 7 5  mn) and 

2 in. (50 nun), respectlvely. 
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The first wall, designated Wall P1,  was constructed of board Insulatlon 

sandwiched between two concrete layers. 

lnsulatlon was Identified as Dow Styrofoam extruded polystyrene Insulation. 

Wall PI was constructed wlthout any ties bridging between two concrete 

I ayer s . 

The light blue colored board 

The second wall, designated Wall P2, was also constructed with Dow 

Styrofoam insulation board identified as, sandwiched between two concrete  

layers. Wall P2 was constructed with stainless steel ties and torsion 

anchors brldglng the two concrete layers. 

The third wall, designated Wall P3, was identlfled by Amoco Foam 

Products Company as the Amoco-Thermomass Wall System. 

green colored board insulation, Identified as Amofoarn*-CH extruded 

polystyrene, sandwlched between two concrete layers. The two concrete 

layers were bridged with plastic t ies ,  identified by Amoco Foam Products 

Company as hlgh-tensile fiberglass-composite tles. 

It consisted o f  light 

Wall Construction 

Walls were reinforced wlth a single layer o f  6x6-in. (150x150-mn) 

W1.4xW1.4 welded wlre fabric located at the center of each 3-in. (75-mn) 

concrete layer, as detalled In fig. 3. Walls were oriented horizontally for 

casting. The wlre mesh was supported at a distance o f  1.5 in. (38 mn) from 

the face o f  the wythe by concrete chairs. 

Fig.  4 ,  raised the wlre mesh off o f  the fortwork base before and durlng con- 

crete placement. Chair supports were also used to raise wire mesh above the 

insulation prior to casting the second concrete wythe. 

These chair supports, shown in 

Chalr supports were 

*Styrofoam and Amofoam, respectlvely, are trademarks of Dow Chemical Company 
and Amoco Foam Products Company. 

i 

I 

I 
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F i g .  4 Location of Concrete Chairs Suppor t ing Wire Mesh 
for Wall P1 

F i g .  5 L i f t i n g  Lugs f o r  Wall P1 
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made of t he  same concrete used f o r  w a l l  COnStrUCtfOn. 

s t e e l  o r  p l a s t l c  cha l rs ,  were used t o  e l im ina te  Poten t la1  thermal b r l d g i n g  

caused by supports. 

Concrete, r a t h e r  than 

Threaded I n s e r t s  were cas t  i n t o  Walls P I ,  P2, and P3 a t  mid-thlckness o f  

t he  t o p  edge o f  each wythe, as shown I n  F ig.  5. The s t e e l  loop-type i n s e r t s  

were used t o  t ranspor t  each w a l l  a f t e r  the concrete had a t t a i n e d  the  neces- 

sary st rength.  

The mlx deslgn f o r  concrete used t o  cons t ruc t  Walls P1, P2, and P3 i s  

g iven  l n  Table 1. 

f o r  a l l  wa l l s .  The nominal maxlrnum s i z e  o f  the  coarse grave l  was 3/4 i n .  

E l g l n  coarse and f l n e  aggregates were used i n  the  concrete 

(20 mn). Aggregates f rom E l g l n  a r e  consldered do lomi t i c .  (10) ’ 

Laboratory t e s t  r e s u l t s  f o r  measured slump, alr  content ,  and u n i t  weight 

o f  t he  f r e s h  concrete a r e  sumnarized i n  Table 2. The water-cement r a t l o  o f  

concrete used f o r  each o f  t h e  th ree  w a l l s  was 0.57.  

D e t a i l s  o f  c o n s t r u c t l o n  procedures f o r  each o f  the  th ree  w a l l s  are des- 

c r ibed  I n  t h e  f o l l o w l n g  sec t ions .  

Wall P I  

The 2-111. (50-mn) t h i c k  Dou Styrofoam I n s u l a t i o n  used for  Wall P1 was 

obta ined f rom Dow Chemlcal U.S.A. I n  nominal 4x8- f t  (1.22x2.44-m) sheets. 

I n s u l a t i o n  was pleced together  t o  form an 8 - f t  7-117. (2.62-rn) square panel 

as shown I n  F l g .  6 ,  I n s u l a t l o n  pieces were secured a t  j o i n t s  us ing  cont inu-  

ous s tr ips  of duc t  tape on each surface. 

I n f l l t r a t l o n  o f  concrete paste d u r i n g  placement. Wall P1 had 2 5 - f t  2-1/4 I n .  

(7 .68 m) o f  I n s u l a t l o n  seams. 

Taplng o f  t he  seams prevented 

Measured th lckness and dens l t y  o f  the Dow Styrofoam I n s u l a t i o n  was 2 i n .  

3 (50  mn) and 1.87 pcf (29.9 kg/rn ) ,  respec t i ve l y .  
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TABLE 1 - CONCRETE M I X  DESIGN FOR WALLS P1, P2, and P3 

Ma t e r  1 a 1 

Type I Cement 

Water 

E l g i n  Coarse Gravel,  
3/8* to 3/4' SSD* 
(2.04% W** )  

E l g l n  Fine Gravel,  
No. 4 t o  3/8' SSD 
(2.25% MC**)  

E l g i n  Sand, SSD 
(1.79% MC**)  

Vlnol  Resin - 2.2% 
Sol u t  1 on 
( Alr-Entralnlng 
Admlxture) 

Quantities p e t  cu yd 
of  concrete  

812 l b  
(395 h) 

872 l b  
(395 kg) 

1431 l b  
(649 kg) 

1.5 ml/ lb cement 
(3.30 ml/kg) 

*Saturated surface dry;  n e l t h e r  absorbing water from 
nor conttqbutlng water t o  the  concrete r n I x ( l 1 )  

**Moisture content, by ovendry weight 
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TABLE 2 - MEASURED PROPERTIES OF FRESH CONCRETE 

Average 
Alr Content, 

x 

1 . 3  

6.1 

7.8 

Average U n i t  
Welght, 

P C f  
(kg/m3) 

144.1 
(2308) 

144.9 
( 2321 ) 

143.3 
(2296) 

Wall 
Oeslgnatlan 

P1 

P2 

P3 
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Average 
S1 ump, 

I n .  
(m) 

3.7 
( 9 4 )  

3.2 
(81 1 

2.9 
( 7 4 )  



Fig .  6 Location and Length o f  Insulation Seams for Wall P1 
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3 Ten 6-cu- f t  (0.17-m ) batches o f  concrete were prepared f o r  cas t i ng  of 

Wall p1. 

and t ranspor ted  by wheelbarrow t o  the  c a s t i n g  s i t e .  

Concrete was mixed by a 6-cu- f t  (0.17-m') pan-type concrete mixer 

Placement o f  concrete 

t o  f o r m  the  f i r s t  3- in.  (75-m) t h i c k  concrete l a y e r  was performed i n i t i a l l y .  

Concrete was consol ldated us lng  a v i b r a t i n g  pad as shown i n  F lg.  7. 

was screeded t o  o b t a i n  a un i form 3- in .  (75-mn) th ickness. I n s u l a t i o n  board 

w i t h  thermocouple w i res  at tached was then placed on t o p  o f  the  concrete.  

Concrete 

A f t e r  t he  i n s u l a t i o n  board and thermocouples were pos i t ioned,  const ruc-  

t i o n  procedures descr lbed above were repeated for t h e  second concrete layer .  

The top  l a y e r  of concrete was t roweled t o  o b t a i n  a un i fo rm surface. 

concrete l aye rs  were c a s t  w i t h l n  a 3-hour per iod .  

Both 

f i g u r e  8 shows t h e  

f i n l s h e d  sur face o f  Wal l  P 1 .  

Wall P1 was a l lowed t o  cure i n  f o r w o r k  f o r  15 days. A f t e r  removing 

formwork, t he  w a l l  was a l lowed t o  a i r  dry  i n  t h e  l abo ra to ry  a t  a temperature 

of 73+5OF - (23+3*C) and 45515% RH f o r  approximately 3 months. 

P r i o r  t o  t e s t i n g ,  t he  faces o f  Wall P1 were coated w1th.a cement i t ious 

waterproo f ing  m a t e r i a l  t o  seal  minor sur face imper fect ions.  A tex tu red ,  non- 

cernent i t ious p a i n t  was subsequently used as a f i n l s h  coat. These coat ings 

prov ided a whi te ,  un l fo rm sur face for  both w a l l  faces. Wal l  edges were l e f t  

uncoated. 

Wall P2 

Torslon anchors and t l e s ,  I d e n t i f i e d  as s t a i n l e s s  s tee l ,  were used t o  

connect concrete l aye rs  o f  Wall P2. 

and s l x teen  metal  t l e s  a r e  shown i n  F l g .  9. A Type A-3 t i e  cons i s t s  of a 

0.118-in. (3-m) diameter bar w l t h  a nominal he igh t  o f  5 I n .  (125  mn), 

Dimensions o f  Type A and Type 8 t o r s i o n  anchors a re  shown I n  F i g ,  10. 

Connectors uere  manufactured by The Burke Company and were i n s t a l l e d  per 

Locat ions o f  the  four torsion anchors 

manufacturer I s i ns t rue  t l o n s  . 
-1 3- 
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Fig.  9 Location o f  Stainless Steel Torsion Anchors 
and Ties i n  Wall P2 
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SfCTION c4-A 

F ig .  10 Dimensions o f  Type A and Type 3 Torsion Anchors 



Flgures 11 and 12, respec t l ve l y  show t l e s  and t o r s i o n  anchors at tached 

d i r e c t l y  t o  the  w i r e  mesh of the lower l aye r  before concrete was placed. 

28-In. (700-m) l ong  No. 2 bars were  I n s t a l l e d  a t  the l o c a t i o n  of each to r -  

s lon  anchor, as shown I n  F ig ,  13. 

TWO 

The Dow Styrofoam I n s u l a t i o n  used f o r  Wall P2 was obtained i n  nominal 

4 x 8 - f t  (1.22x2.44-m) sheets. 

shown I n  Flg.  14. Sect ions were chosen t o  f a c i l i t a t e  placement o f  I n s u l a t i o n  

around t i e s  and t o r s l o n  anchors. I n d l v l d u a l  p ieces of l n s u l a t l o n  sec t l on r  

were j o l n e d  us lng  duct tape. 

except a t  t he  l o c a t l o n  o f  t o r s i o n  anchors. 

I n s u l a t l o n  was c u t  t o  form t h ree  sect lons as 

Jo In ts  of each sur face were cont lnuous ly  taped, 

Sect lons o f  I n s u l a t l o n  were c u t  ou t  a t  l oca t i ons  o f  t i e s  and t o r s l o n  

anchors. 

ou t  sect ion.  Cut-out sec t ions  were saved and replaced, as shown I n  F i g .  16, 

a f t e r  I n s u l a t i o n  board was placed on the f l r s t  concrete layer .  Seams o f  

cu t -ou t  sect lons and the  three sect lons of I n s u l a t l o n  shown I n  F l g .  1 4  w e r e  

taped an the top  surface us jng  duct tape. 

F igure 15 shows I n s u l a t i o n  In p lace  w l t h  a t i e  pene t ra t l ng  the cu t -  

Measured th ickness and dens l ty  o f  the Dow Styrofoam I n s u l a t i o n  used f o r  

3 Wall P2 was 2.0 fn .  ( 5 0  mn) and 1.86 pcf  (29.8 kg/m ) ,  respec t l ve l y .  

3 Ten 6-cu- f t  (0.17-m ) batches of concrete were prepared f o r  cas t i ng  o f  

Wal l  P2. Concrete was mlxed us ing a 6 -cu- f t  (0.17-m ) revolv lng-drum-type 

mlxer  and was t ranspor ted  I n  a concrete bucket by f o r k l i f t  t o  t he  c a s t l n g  

s l t e .  The concrete bucket was l l f t e d  above f o r m o r k  by an overhead crane 

and concrete was placed l n  the  f o r w o r k .  Concrete was placed I n  each 3- in .  

(75-m) thlckness f rom one s ide  of t he  w a l l  t o  the  opposl te  s ide.  Concrete 

I n  each laye r  was consol idated u s l n g  a v i b r a t i n g  screed as shown I n  F ig.  17 .  

Polystyrene I n s u l a t f o n  was placed on top o f  t he  f l r s t  concrete l a y e r  a f t e r  

t h e  concrete was placed. 

3 
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Fig. 11 Mounting of Type A-3 Metal  T i e  t o  Wire Mesh f o r  
Wall P2 

F i g .  1 2  Mounting of Torsion Anchor t o  Wire Mesh f o r  
Wall P2 
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/-Type A or Type B Torsion Anchor 

yF - 28'(700mm) long N o 2  Bar 

Fig .  13 Torslon Anchor Installation Detail 



8'0" (2.43m) 
I 

x Section I 1 

zzzzz Section 3 

Fig.  14 Locat ion  and Length o f  I n s u l a t i o n  Seams for Wall P2 

I 

! 
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F i g .  15 I n s u l a t i o n  Cut-Out for.Wal1 P2 t o  Allow 
P e n e t r a t i o n  o f  Metal T i e  

* -  

F i g .  16 Insulation Replaced Around M e t a l  T i e  

-21 - 
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fig. 17 Concrete Consolidation f o r  Wall P2 Using 
Vibrating Screed 
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The top surface of the second concrete layer was troweled to obtain a 

uniform surface. 

Wall ~2 was allowed to cure In formwork for 14 days. After removing 

formwork, the uall was allowed to alr dry in the laboratory at a temperature 

of 73+S°F (23+*C) and 45215% RH for approximately 3 months. 

Prior t o  testing, the faces of Wall P2 were coated and painted In the 

same manner as Wall P 1 .  

Wall P3 

Ties, descrlbed as high-tensile fiberglass-composite, were used t o  

connect concrete layers of Wall P3. 

shown In Fig. 18. Connectors, shown In Fig. 19, were manufactured by 

Thermomass Technology Inc. and were installed per manufacturer's instruc- 

tions, Dlmenslons of the 6-in. (750-mn) long connectors are shown In 

Fig, 20. 

Locations of the thirty-six ties are 

The Amofoam insulation was obtalned in nominal 4x8-ft (1.22x2.44-m) 

sheets. Insulation was cut to form an 8 - f t  7-ln. (2.62 m) square panel as 

shown in Fig. 21. Insulation pieces were joined using continuous strips of 

transparent cellophane tape on each surface. 

Products. Wall P3 had 25 ft 2 in. (7.67 m) of insulation seams. 

Tape was provided by Amoco Foam 

Prior to placing the insulation on the concrete, 15/32-1n. (12-m) holes 

were drilled through the insulation at the location o f  ties. 

Polystyrene jnsulation was placed on t o p  of the f l rst  concrete layer 

after the concrete was placed. 

pushed through the predrilled holes in the insulation into the lower 

concrete layer, as shown i n  Fig. 22. 

Hlgh-tensile fiberglass-composite ties were 
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F i g .  19 H i g h - T e n s i l e  Fiberglass-Cornposi t e  Ties 
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Section A-A Section 8-8 

Fig.  20 Dimensions o f  High-Tensile Fiberglass-Composite T i e  



8'- 7* 
( 2 . 6 2 m )  t------------ 

I 
I 

4'- 0' 4'- 0. c - ,  
(1.22m) 0 

F ig .  21 L o c a t i o n  and Length of Insulation Seams f o r  Wall P3 
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Amofoam insulation used for Wall P3 had a measured thlckness of 2 In. 

and a density of 2.08 pcf (33.3 kg/m3). 

6-cu-ft (0.17-m ) batches of concrete were prepared for castlng of 3 
m 

Wall P3. Concrete was mixed using a 6-cu-ft (0.17-ma) revolving-drum-type 

concrete mlxer and was transported in a concrete bucket by forklift to t h e  

castlng site. The concrete bucket was llfted above formwork by an overhead 

crane and concrete was placed I n  the formwork. Concrete was placed In each 

3-in. (75-mn) thick layer from one slde of  the wall to the opposite side. 

The concrete was consolidated using the same vlbrating screed used In con- 

struction o f  Wall P2. To reduce the chance of volds in the concrete, ties 

were touched gently ulth an imnersion vibrator as shown in Fig. 23. 

The top surface of the second concrete wythe was troweled to obtain a 

uniform surface. 

Wall P3 was allowed to cure in formwork for fourteen days. After remov- 

ing formwork, Wall P3 was allowed to alr dry in the laboratory at a tempera- 

ture o f  73+S°F (2323OC) and 45275% RH for approxhately 3 months. 

Prlor to testlng, the faces o f  Wall P3 were coated and painted jn the 

same manner as Walls P1 and P2. 

Physical ProDerties of Walls 

Measured unlt welghts, thicknesses, and surface areas o f  Walls P1, P2, 

and P3 are sumnarized In Table 3. Insulatlan thlcknesses and densltles for 

Walls P1,  P2, and P3 are also llsted In Table 3. 

Instrumentation 

Nlnety-six thermocouples, correspondlng to ASTM Designation: €230, 
'Standard Temperature-Electromotive Force (EMF) Tables for Thermocouples, " ( 9 )  

Type T, were used to measure temperatures during thermal testing. For each 

I 

i 

I 
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F i g .  22 H i g h - T e n s i l e  Fiberglass-Composite Tie Placed 
i n  I n s u l a t i o n  and Lower La,yer of  Concrete for 
Wall P3 

Fig. 23 Vibration o f  High-Tensile Fiberglass-Composite 
Tie 
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TABLE 3 - SUMMARY OF PHYSICAL PROPERTIES FOR WALLS P1, P2, and P3 

Property 

Unlt Weight of Wall, lb/ft2 (kg/m2) 

Average Wall Thlckness, In. (mn) 

Wall Area, f t2  (m2) 

Insulatlon Thickness, in. (mn) 

Insulatlon Density, lb/ft3 (kg/m3) 

Measured Value 

Wall P1 

77.1** 
(376) 

(208) 
8.20 

73.90 
(6.86) 

2 
(50) 

1.07 
(29.9) 

*Measured before calibrated h o t  box testing. 
**Measured after callbrated h o t  box t e s t s  were completed. 

Wall P2 

74.5* 
(364) 

(208) 
8.20 

73.'94 
(6.87) 

2 
( 50) 

1.86 
(29.8) 

Wall P3 

7 5 . 1 *  
(366) 

(208) 
8.19 

74.09 
(6.88, 

2 
( 50) 

2.08 
( 3 3 . 3 )  
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test wall, 16 thermocouples were located i n  the air space on each side of 

the t e s t  specimen, 16 on each face o f  the t e s t  wall, and 16 at each of  the  

two concrete/insulation interfaces. The 16 thermocouples in each plane were 

spaced 20-3/5-1n. (525-mn) apart In a 4x4 g r i d  over the wall area.  

Thermocouples measuring temperatures in the alr space of each chamber of 

the calibrated hot box were located approxlmately 3 In. (75 mn) from the 

face of the test wall. 

Surface thermocouples were securely attached to the wall with duct tape 

f o r  a length o f  approximately 4 In- (100 mn). The tape covering the sensors 

was painted the same color as the test wall surface. Thermocouples attached 

to indoor and outdoor surfaces of Wall P1 are shown in Figs. 24 and 25, 

respecti vel y. 

Internal thermocouples placed at the concrete/fnsulatfon interfaces were 

taped directly to the Insulation board prior to placement in the wall, as 

shoun In Fjg .  26. This technlque ensured desirable thermocouple locatlon 

le, 

ong a 

during concrete placement. Thermocouples were wlred to f0rrn.a thermop 

such that an electrical average of 4 thermocouple junctions, located a 

horizontal line across the grid, was obtained. 

Addltional thermocouples were also used to monitor temperatures on 

near ties bridglng concrete layers for Walls P2 and P3. Two stainless 

and 

steel 

ties in Wall P2 were monltored. Each tie was located 2-ft 9-1/2 In. (0.85 

m) f rom the t o p  o f  the wall and 2 - f t  9-1/2 In. (0.85 m) from the side of the 

wall. Thermocouple locations in a typlcal cross-section o f  the wall are 

shown in Fig. 27. Thermocouple sensors were taped to each end o f  the 

monltored tie, on concrete surfaces directly across from the monitored tie, 

and on concrete surfaces 6 In. (150 mn) and 12 I n .  (300 mn) above the 
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F ig .  24 Indoor Surface of Wall P1 Before Calibrated 
Hot Box Tes t ing  

I 

--- 

Fig .  25 Outdoor Surface o f  Wall P 1  Before Calibrated 
Hot Box Testing 
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F i g .  26 Thermocouples Taped t o  I n s u l a t i o n  Board for 
Wall P1 
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Location of 
Therrnocduple 
( t yp.) 

Insulation 

Concrete 

,Stainless Steel 

Fig.  27 Locations o f  Thermocouples i n  Vicinity of 
Sta in less  Steel Tie 

-34- 

Sensors 

Tie 

construction technology laboratories, inc. 



mon l to red  t l e .  The thermocouples l o c a t e d  12 In .  (300 mn) above the  

mon i to red  t i e  are mldway between two t i e s .  Reported temperatures a r e  

average readlngs o f  two s l m l  l a r l y  l o c a t e d  thermocouples a t  t h e  monl tored 

t l e s .  

Thermocouples were p laced  I n  Wal l  P1 a t  t h e  same l o c a t i o n s  as those 

p l a c e d  l n  Wa l l  P2 t o  m o n l t o r  s t a l n l e s s  s t e e l  t l e s .  Comparisons o f  measure- 

ments f rom thermocouples on Wa l l s  P1 and P2 show e f f e c t s  o f  t l e s  on conc re te  

temperatures.  

One h i g h - t e n s l l e  f i b e r g l a s s - c o m p o s l t e  t i e  l n  Wal l  P3 was a l s o  moni tored.  

The t l e  was l o c a t e d  26 I n .  (650 mn) from t h e  top  o f  t h e  w a l l  and 26 i n .  

(650 mn) f r o m  t h e  s l d e  o f  t h e  w a l l .  Thermocouple l o c a t i o n s  a r e  shown l n  

F lg .  28. Thermocouple sensors were taped 1-1/2 i n .  (68 mn) f r o m  t h e  l n s u l a -  

t i o n  a l o n g  t h e  l o n g l t u d l n a l  a x i s  t h e  mon l to red  t l e ,  as shown I n  F l g .  29. 

Thermocouples were a l s o  taped t o  conc re te  su r faces  d i r e c t l y  across f rom t h e  

mon l to red  t l e .  and on c o n c r e t e  sur faces 4-1/4 i n .  (106 m) and 8-1/2 i n .  

(212 mn) below t h e  mon l to red  t l e .  The thermocouples l o c a t e d  8-1/2 I n .  

(212 mn) below t h e  rnonl tored t l e  are mldway between two t i e s .  

Wires f o r  thermocouples mounted on t i e s  and I n s u l a t i o n  were rou ted  through 

s i d e  formwork p r l o r  t o  c a s t l n g  t h e  second conc re te  wythe o f  each w a l l .  

Heat f l u x  t ransducers  measur ing 4x4- in .  (100x100-mn) were mounted near 

t h e  c e n t e r  of t h e  Indoor  and outdoor  su r faces  o f  t h e  t e s t  w a l l s .  Sensors 

were l o c a t e d  near t h e  c e n t e r  o f  t h e  w a l l s  a t  w a l l  mid-helght .  The s u r f a c e  

o f  t h e  h e a t  f l u x  t ransducer  I n  c o n t a c t  w i t h  a w a l l  s u r f a c e  was coated w l t h  a 

t h l n  l a y e r  o f  h l g h - c o n d u c t l v l t y  s I l I c o n  grease. The s i l i c o n  grease p r o v l d e d  

u n l f o r m  c o n t a c t  between t h e  hea t  f l u x  t ransducer  and w a l l  sur face.  Duct 

tape was used t o  secure h e a t  f l u x  t ransducers  t o  t h e  w a l l  surfaces. The 

d u c t  t ape  was p a l n t e d  t h e  same c o l o r  as t h e  t e s t  w a l l  su r face .  Heat f l u x  
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1.5" 1.5'' 2" 1.5'' 1.5" p i p p q w y m ,  

F 
'ie 

'e  

'i be r g lass - 

Sensors 

Fig.  28 Locations o f  Thermocouples in V i c i n i t y  of High- 
Tensi 1 e F i  berg1 ass-Composi t e  T i e  
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Fig. 29 Thermocouple At tached  Directly to High-Tensile 
Fi berglass-Composi te Tie 
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t ransducers were c a l i b r a t e d  us ing r e s u l t s  f r o m  s teady-state c a l i b r a t e d  ho t  

box t e s t s  on the i nsu la ted  concrete wa l l s .  

PHYSICAL PROPERTIES OF CONCRETE 

A t  t he  t i m e  each w a l l  was cast,  companlon c o n t r o l  specimens were made f o r  

measurement o f  se lected phys ica l  p roper t i es .  Concrete f o r  c o n t r o l  specimens 

was sampled from each of the 10 batches requ i red  t o  cas t  each w a l l .  Each 

specimen was cas t  I n  i n d i v i d u a l  6x12-in. (150x300-mn) c y l i n d e r  molds. 

Un i t  weight, mo is tu re  content,  compressive s t rength,  and t e n s i l e  s p l l t -  

t l n g  s t reng th  of 6x12-In. (150x300-mn) c y l i n d e r s  were determined. Measured 

phys i ca l  p roper t i es  a r e  summarized I n  Table 4. 

Unft Weight 

Ye1 g h t s 

c a l l y  whl le  

ted  from cy 

o f  t he  6x12411. (150x300-mn) c y l i n d e r s  were determlned p e r i o d i -  

specimens were a i r  d ry lng .  

l nde r  weights i n  a i r  and Imnersed i n  water. 

Volume o f  each c y l l n d e r  was ca l cu la -  

Unl t  weights were 

ca l cu la ted  from measured weights and volumes. 

U n i t  welghts o f  t h e  concrete c y l i n d e r s  a r e  sunmarlzed i n  Table 5. As 

shown I n  the  table, u n i t  weights decreased w i th  t ime for t he  f i r s t  two months 

and then remained f a l r l y  constant  t h e r e a f t e r .  

i s  due t o  evaporat ion of f r e e  water from the concrete. 

The reduc t ion  I n  u n i t  weight 

Mo is tu re  Content 

Average mois ture content  o f  concrete i n  each w a l l  a t  the  t ime o f  c a l i b r a -  

t ed  h o t  box t e s t s  was est imated us ing  a i r  d ry  and ovendry uni t  weights of 

6x12-in. ( 1  50x300-mn) cy l i nde rs .  Est imated mois ture content  f o r  t h e  con- 

c r e t e  i n  each w a l l  a r e  l l s t e d  i n  Table 4. 

I 

i 

I 
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TABLE 4 - SUMHARY OF PHYSICAL PROPERTIES OF 
CONCRETE FOR WALLS P l  , P2, and P3 

Proper ty  

U n i t  Weight o f  Fresh Concrete,  l b / f t 3  

Est lmated Molsture Content o f  Concrete,  

Concrete Comptesslve Strength ,  psi  ( M P a )  

( W m 3  1 

X ,  Ovendry Welght 

H o l s t  cured* 

A 1  r cured 

Concrete S p l l t t l n g  T e n s l l e  Strength 
p s i  (HPa) 

H o i s t  cured*  

A j  r cured 

Measured Value 

Wal l  P1 

144.1 
( 231 0 )  

1 . 8  

471 5 
( 3 2 . 5 )  

5580** 
( 3 8 . 4 )  

479 
(3 .30)  

498**  
( 3 . 4 3 )  

Wal l  P2 

144.9  
(2320)  

2.3 

4820’ 
( 3 3 . 2 )  

5660*** 
(39 .0 )  

4 54 
- ( 3 . 1 3 )  

500*** 
( 3 . 4 5 )  

*Cured l n  mold5 for f f r s t  24 hours, molst  cured f o r  27 days 
**Cured I n  molds for  f l r s t  7 days, a l r  cured f o r  147 days 

***Cured I n  molds for f i r s t  7 days, a l r  cured f o r  133 days 
****Cured I n  molds f o r  f l r s t  7 days, a l r  cured for  124 days 

Wal l  P3 

1 4 3 . 3  
(2300)  

2 . 2  

4630 
( 3 1 . 9 )  

5 5 2 0 * * * *  
( 3 8 . 0 )  

471 
( 3 . 2 5 )  

495* * * *  
( 3 . 4 1 )  
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TABLE 5 - UNIT  WEIGHT OF SITE-CURED CONTROL SPECIMENS 

0 
14 
16 
17 
21 
22 
28 
35 
42 
46 
57 
62 
63 
70 
84 
98 

112 
154 
175 

A v e r a g e  for Cyllnders, l b / f t 3  (kg/m3) 

Wall P1 

144.1 (2310)* 

146.2 ( 2 3 4 0 )  
I- 

-- 
-- 

145.2 (2330) 
144.9 (2320) 
144.6  (2320) -- 

-- 
144.0 (2310) 

-c 

-- 
143.8 (2300) 
143.4 (2300) 

143.0 (2290) 
142.6 (2280) 
142.6 (2280) 

-- 

*Un i t  weight o f  fresh concrete 

Wall P2 

144.9 (2320)* -- 
-- 

746.7 (2350) 
145.7 (2330) 

145.1 (2320) 

144.5 (2320) 

-- 
-- 
-- 
-- 
I* 

143.9 (2310) 
-- 
-- 

143.5 (2300) -- 

Wall P3 

143.3 (2300)* 
146.5 (2350) -- 

-- 
144,. 7 ( 2320) -- 

-- 
144.4  (2310) 

144.3 (2310) 
-- 
-- 
-* 

143.6 (2300) -- 

-- 

f 

I 

I 

-40- 

construction technology laboratories, inc. 1 



Compresslve S t r e n q t h  4 

Comprerslve s t r e n g t h s  o f  6x12- in.  (150x300-mn) conc re te  c y l i n d e r s  were 

determined i n  accordance w i t h  ASTH Designat ion:  C39 'Standard Tes t  Method f o r  

Cornpresslve S t r e n g t h  o f  C y l l n d r l c a l  Concrete Two s e t s  o f  com- 

p r e s s l v e  s t r e n g t h  d a t a  were ob ta lned  f o r  each w a l l  as f o l l o w s :  

1. Twenty-e lght  day compresslve s t r e n g t h s  o f  5 c y l l n d e r s  cured f o r  24 

hours i n  molds, and then m o l s t  cured a t  7 3 ~ 3 ' F  (23+1,7"C) and 100% RH 

t h e  rema ln ing  27 days. 

2. Compresslve s t r e n g t h s  of 5 c y l i n d e r s  cu red  I n  molds for  7 days, and 

then a i r  cured a t  7355°F (23+3*C) and 45515% RH u n t i l  each w a l l  was 

mldway th rough  thermal  t e s t s .  

Compressive s t r e n g t h  was measured on 5 molst -cured c y l l n d e r s  and 5 a l r - c u r e d  

c y l i n d e r s .  

I n  Tab le  4. 

Average compressive s t r e n g t h s  f o r  b o t h  se ts  o f  c y l l n d e r s  a r e  shown 

S p l i t t l n q  T e n s i l e  S t r e n g t h  

S p l i t t l n g  t e n s l l e  s t r e n g t h s  o f  6x12 ~n . - ( lSOx300-m)  c o n c r e t e  cy lqnders  w e r e  

determlned I n  accordance w I t h  ASTH Des lgna t lon :  C496 "Standard Tes t  method f o r  

S p l i t t i n g  T e n s l l e  S t r e n g t h  o f  C y l l n d r l c a l  Concrete Specimens." C y l i n d e r s  were 

cured I n  t h e  same two ways as cornpresslve s t r e n g t h  c y l l n d e r s .  S p l l t t l n g  t e n s i l e  

s t r e n g t h  was measured on 5 mols t - cu red  c y l l n d e r s  and 5 a l r - c u r e d  c y l l n d e r s .  

Average s t r e n g t h s  f o r  b o t h  se ts  o f  c y l i n d e r s  a r e  shown I n  Table 4. 

THERMAL RESISTANCE OF INSULATION 

A guarded h o t  p l a t e  was used t o  measure the rma l  r e s l s t a n c e s  o f  Styrofoam 

I n s u l a t i o n ,  used f o r  Wa l l s  P1 and P 2 ,  and Amofoam I n s u l a t i o n ,  used f o r  Wal l  P3. 

Tests  on Styrofoam l n s u l a t l o n  were performed An August and September 1985. 

Tests  on Amofoam i n s u l a t i o n  were performed I n  October 1985. 
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T e s t  Procedure 

Thermal reslstances were determlned a t  CTL In accordance with ASTM Deslg- 

nation: 

Guarded Hot Plate. 

c 177 "Steady-State Thermal Transmlsslon Propertles by Means o f  the 
" ( 9 )  

Guarded hot plate specimens were cut from the same lot o f  fnsulatlon board 

as that  used In the concrete-Insulation sandwlch walls. Two speclmens were c u t  

from each type of  Insulation. Nomlnal specimen dimenslons were 2 x 1 2 ~ 1 2  In, 

(50x300~300 mn) . Measured thlcknesses of both Styrofoam insulatlon speclmens 

was 1.99 In. (49.8 mn). Measured thickness of Amofoam Insulation was 1.94 In. 

(48.5 mn). 

Insulation densltles were deterrnlned from measured welghts and dlmenslons. 
3 3 Densities of Styrofoam and Amofoarn were 1.8 lb/ft (28.8 kg/m ) and 2.2 

lb/ft (35.2 kg/m ), respectively. 3 3 

Uslng a guarded hot plate, two identlcal samples of  the material to be 

tested are placed on either slde of a horlzontal flat plate heater assembly 

conslstlng o f  a 5.88 In. (149.4 m) square Inner (maln) heater surrounded by a 

separately controlled guard heater to form a 12-111. (300-mn) square assembly. 

The functlon of  the guard heater I s  to ellmlnate lateral heat flow to or from 

the maln heater thereby forcing all heat generated in the main heater to flow 

in the direction of  the two test samples. 

placed In contact with the samples producing a uniform and constant 

Llquld cooled heat sinks are also 

temperature on the outside of each sample. (12) 

The rate o f  heat f l o w  through the speclmens is determlned from measuring 

The thermal resistance o f  the test samples heat Input into the heater plate. 

l s  determined from measurements o f  the final surface temperatures after 

steady-state has been reached, the power Input to the maln heater, and the 

geometry o f  the test samples. 

I 
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Test speclmen temperatures are measured by chromel/alumel thermocouples 

placed In contact with the specimen surfaces. For each o f  the two surfaces o f  

the two specimens, three thermocouples were located in the reglon of the main 

heater, and t w o  were located In the reglon o f  the guard heater. 

After steady-state heat flow and temperatures are  reached, the test i s  

continued for 3 hours. Thermal reslstance I s  calculated f r o m  three sets o f  

measured data collected after equillbrlum i s  reached. Data sets are collected 

at time intervals of not less than 30 minutes. Power input to the maln heater 

and surface temperatures within the region of the main heater are used to 

determine thermal resistance. 

Test Results 

Thermal resfstances were determined for 4 mean temperatures of the Styro- 

foam Insulation and 5 mean temperatures of the Amofoam insulation. Measured 

resistances are listed i n  Table 6.  

Specimen mean temperature, also listed in Table 6, i s  the average tempera- 

ture of the cold and hot surfaces for the two test samples. The average tem- 

perature differential across the specimens, from the hot surface to the cold 

surface, i s  denoted AT in Table 6. 

A plot of thermal resistance versus mean specimen temperature i s  presented 

i n  F i g .  30. Thermal resistance decreases with increasing mean temperature f o r  

both types of Insulation. 

Thermal resistances at specimen mean temperatures of 75°F (24°C) were 

Interpolated from measured values. Styrofoam and Amofoam insulatlons, respec- 

tively, had thermal reslstances of 8.92 and 9.02 hr*ft2m0F/Btu ( 1 . 5 7  and 1.59 

m2*K/W) at a specimen mean temperature of 75*F ( 2 4 O C ) .  Apparent thermal con- 

ductlvities o f  Styrofoam and Amofoam Insulations, respectively, were 0.223 and 

0.215 Btu*in./hr*ft'="F (0.032 and 0.030 W/m*K). 
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TABLE 6 - MEASURED THERMAL RESISTANCES OF STYROFOAH AND AMOFOAM INSULATIONS 

Type o f  
I n s u l a t l o n  

Styrofoam* 

Sty ro foam 

Sty ro foam 

Styrofoam 

Amof oam** 

Amof oam 

Amof oam 

Amof oam 

Amof o m  

Test  
No. 

*Average measured tt 

Spec Imen 
Hean Temp., 

'F 
( " C )  

33.9 
(1.1) 

52.6 
(11.5) 

98.5 
(33 .8)  

121.3 
(49.6) 

36.0 
(2.2) 

( 7 . 9 )  

(21.2) 

88.3  
(31.2) 

115.7 
(46.5) 

46.2 

70.2 

~~ 

AT , 
Temperature 

D i f f e r e n t l a l ,  
O F  

( " C )  

29.5 
(16.3) 

45.0 
(25.0) 

41 .O 
(22.8) 

38.5 
(21.4) 

29.5 
(16.4) 

28.1 
(15.5) 

27.3 
(15.1) 

25.9 
(14.3) 

24.1 
(13.4) 

R ,  
Thermal Reslstance, 

hr.ft2."f/Btu 
( m2=K/W) 

9.87 
(1.74) 

9.36 
(1.65) 

8.56 
(1.51) 

8.05 
(1.42) 

9.91 
(1.74) 

9.37 
(1 -65) 

9.18 
(1.62) 

8.69 
(1.53) 

8.13 
(1.43) 

ckness of Styrofoam i n s u l a t i o n  was 1.99 In.  (49.8 m). 
**Average measured thickness o f  Amofoam insulation was 1.94 In. (48.5 mn): 
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tm, Maon Tempwature, *C 
0 10 20 30 40 50 
I I I 1 I I 

ASTM Oesiqnation: CI77 
0 Styrofoam 
0 Amofoam 

0 

B 

0 
8 

1. 
I I I I I I I I I I 
40 !m 60 70 80 90 100 110 120 Is0 

tm, Mean Tomp~rature, *F 

1.70 
Meowed 
Thermal Realotonca, 

me- K 
W 1.60 

1.50 

1.40 

F i g .  30 Measured Thermal Resis tances o f  Styrofoam and Amofoam Insulations 



I 
I 

CALIBRATED HOT BOX TEST F A C I L I T Y  

Heat flow through Walls P1, P2, and P3 was measured for steady-state and 

dynamic temperature conditions. Tests were conducted in the callbrated hot 

box faclllty s h w n  in Figs. 31 and 32. Tests were performed In accordance 1 

wlth ASTM Designation: C 976, "Thermal Performance of Bullding Assemblies 

by Means o f  a Callbrated Hot Box. "(11) 

The followlng is a brief descriptlon of the calibrated h o t  box. Instrumen- 

tation and calibration details are described In Appendix A and Reference 13. 

The facility consists o f  two hlghly Insulated chambers as shown in Fig. 32. I 

1 

Walls, celllng, and floors o f  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 insulatlng frame that surrounds the 

test wall. 

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

Air in each chamber I s  conditioned by heating and cooling equip- 

I 

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

cycled wlthln the range -15 to 130°F (-26 to 54°C).  Temperatures can be pro- 

gramed for a 24-hour cycle to obtain the deslred temperature-time relation- 

I 

ship. The Indoor (metering) chamber, which simulates an indoor environment, 

can be maintained at a constant room temperature between 65 and 80°F (18 and 

I 

27OC). 

The specimen Is oriented vertically in the CTL callbrated hot box. 

Therefore, heat f l o w s  horizontally through the wall. The faclllty was 

designed to accomnodate walls wlth thermal resistance values ranging from 

1 . 5  to 20 hr=ft*='F/Btu (0.26 to 3.52 m2-K/W). 

The pressure in both the indoor and outdoor chambers I s  atmospheric. 
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F i g .  31 Calibrated Hot Box Test Facility 

lnwla tion ,-Test Wall 

F i g .  32 S c h e m a t i c  o f  Calibrated S o t  sox  
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THERMAL RESISTANCE OF WALLS 

Two steady-state callbrated hot box tests were performed on each o f  the 

Walls P1, P2, and P3. Heat flow and temperature measurements were used to 

determlne average thermal propert les of total thermal reslstance ( RT) and 

transml ttance ( U )  . 
Design heat transmlsslon coefficients are calculated for the walls and 

compared to measured values. 

a three-dlmenslonal modeling of a torslon anchor used In Wall P2. 

Test results are also compared to results f rom 

Desictn Heat Transmission Coefflclents 

Design values are calculated ln accordance wlth procedures established 

by the American Society o f  Heating, Refrlgeratlng, and Alr-Condltloning 

Englneers. (14) Wall configurations and thermal conductivities o f  wall 

materials are used to calculate design values. 

Hater l a 1 Pr ope rt I es 

Thermal conductlvlties used to calculate design heat transmlsslon coeffi- 

cients are listed in Table 7. 

of 75°F ( 2 4 O C ) .  

Values o f  all materials are  for temperature 

A thermal conductlvlty value o f  16.0 Btu*ln/hr*ft2=eF (2.31 W m K )  was 
used for normal welght concrete. (8 )  

Thermal conductlvitles of Styrofoam and Amofoam lnsulatlons were deter- 

mined from guarded hot plate test results, dlscussed In the sect lon titled 

"Thermal Reslstanee of Insulatlon." 

Stalnless steel torsion anchors and ties were used to bridge concrete layers 

of Wall P2. A thermal conductlvlty of 182 Btu.ln/hr=ft'."F (26.2 W/m.K) 
was used for stainless steel. (15) 
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TABLE 7 - THERMAL CONDUCTIVITIES USED TO CALCULATE DESIGN 
HEAT TRANSMISSION COEFFICIENTS 

Hater I a1 

Normal Weight 
Concrete 

Styrofoam 
Insulation 

Amof oam 
Insulation 

Stainless Steel 

High-Tensile 
Flberglass- 
Composite Tie 

Thermal Conductivity* 

16.0 

0.223 

0.215 

182 

2.1 

W/m K 

2.31 

0.0322 

0.0310 

2 6 . 2  

0.303 

Source 

Ref .  8 

Interpolated for a mean tem- 
perature of  75°F  from guarded 
hot plate test results. 

Interpolated for a mean tem- 
perature o f  75'F from guarded 
h o t  plate test 'results. 

Ref .  15 

Ref .  16 

*Values are f o r  material temperatures of 7 5 O F  (24'C). 
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The t l e s  Incorporated I n t o  Wall P3 were fiberglass and a thermal conduc- 

tivlty of 2.1 Btu*in/hrmft'*'F (0.303 W/mmK) was used for calculation pur- 

poses. Thls value was obtained from the manufacturer's literature. (16)  

Wall P1 

Design values of total resistance and transmittance for Wall P1 are shown 

in Table 8. Figure 33 shows locations of layers used for calculations. 

Wire mesh. such as shown in Fig. 33, i s  comnonly used in construction of  

wall systems, but was not consldered in thermal calculatlons because its 

effect is considered insignificant. 

Total  resistance values, RT. include standard surface resfstances equal 

t o  0.68 hrmft**"F/Btu (0.12 r n 2 * K / W )  for indoor surfaces and 0.17 

hr.ft2moF/Btu (0.03 r n 2 m K / W )  for outdoor surfaces. These values are comnonly 

used in design and are considered to represent still air on the indoor wall 

surface and an alr flow of 15 mph (24 krn/hr) on the outdoor wall surface. 

Actual surface reslstances may be calculated using measured temperatures and 

heat flux presented In the callbrated h o t  box portion o f  the "Thermal 

Resistance of Walls" sectlon o f  th i s  report. Thermal transmittance, U, I s  

equal to the reciprocal o f  total thermal resistance, RT. 

Calculated total thermal resistance of Wall P1 is 10.15 hr.ft2m"F/Btu 

(1.79 m2-K/W). 

Wall P2 

Calculations o f  design heat transmlsslon coefflclents for Wall P2 were 

made uslng the Isothermal planes method also designated the series parallel 

method. (17*18)  This method of calculatlon i s  appllcable for wall 

assemblies in which heat can flow laterally In any continuous layer. 

Lateral heat flow ln continuous layers is assumed to result in isothermal 

i 

i 

1 
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TABLE 8 - D E S I G N  HEAT TRANSMISSION COEFFICIENTS FOR WALL P1 

Component 

1 .  Outs ide Alr F l l m  

2 .  3 .0 - In .  (76.2-mn) Normal Welght 
Concrete 

3 ,  1 . 9 9 - i n .  (50.5-mn) Dow Styrofoam 
I n s u l a t i o n  

4 .  3 . 0 - i n .  (76.2-mn) Normal Weqght 
Concrete 

5 .  I n s l d e  Alr F l l m  

Tota l  R 

T o t a l  U * *  

R 
Thermal Reslstance,  

hrwf tZb0F/Btu 
( m* K/W) 

0.17* 
(0.03) 

0.19 
(0.03) 

8.92 
(1 .57 )  

0.19 
(0.03) 

0.68* 
(0.12) 

10.15 
(1 .79 )  

0.098 
(0.559) 

'Source: ASHRAE Handbook - 1985 Fundamentals, Arnerlcan S o c l e t y  o f  
Heat lng ,  R e f r i g e r a t l n g .  and A l r -Condl t lon lng  Engineers ,  
I n c . ,  A t l a n t a ,  1985, Chapter 23.  

**Unl  t s  for thermal  t ransmi t tance  are Btu/hrmft2."F (Wrn2.K) 
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? 

N or m o I Weig hi  Concrete 

Wire Mesh 

I ns u I at ion 

Fig. 33 Layers Assumed f o r  Calculating Design Heat 
Transmission Coefficients f o r  Wall P 1  
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planes. These planes p rov ide  a means for heat f low towards areas w i t h  

h igher  thermal c o n d u c t i v i t i e s .  

concrete layers  In Wall P2 a c t  as  heat s inks  o r  thermal br idges.  

I n  t h i s  case the  t i e s  used t o  b r i d g e  

P a r a l l e l  cornbinztions of t he  h i g h l y  conduct ive b r idge  and l n s u l a t l o n  are  

The ca l cu la ted  t o t a l  thermal assumed t o  a c t  I n  se r les  w i t h  concrete layers .  

res is tance,  RT, o f  Wall P2 I s  the  sum of seven I n d l v l d u a l  res is tances :  

+ Rc + Ro (1)  
Rr Rc + R r r  R p + 'r Rc 

RT = Ri + Rc + acRrta R r c 'pRrr+'rRp acRr+arRc 

where 

RT = To ta l  thermal res i s tance  based on isothermal  planes ( s e r i e s - p a r a l l e l  

heat f l o w  paths),  hr* f t2 . "F/Btu (m2.K/W) 

R, = thermal resistance o f  I n s l d e  a i r  sur face  f i l m ,  assumed t o  be 

0.68 hr*ft2.OF/Btu (0.12 m2mK/W) 

Rc = thermal res l s tance  o f  1.5- in.  (38-mn) t h i c k  concrete l a y e r ,  

hr.ft2moF/Btu (m2*K/W) 

Rr = thermal res l s tance  o f  1.5-in. (38-rrm) long segment o f  s t a i n l e s s  

s t e e l  rod t h a t  penetrates concrete,  h rmf t2*oF/6 tu  (rn2.K/W) 

Rrr=  thermal res i s tance  of 2-117. (50-mn) segment of s t a i n l e s s  s t e e l  rod 

t h a t  penetrates i n s u l a t l o n  layer ,  h r . f t 2 *0F /8 tu  ( r n 2 m K / W )  

= thermal res i s tance  of i n s u l a t l o n ,  hr . f t2='F/Btu (m2mK/W) 

= area o f  s t a i n l e s s  s t e e l  rods t ransverse  t o  heat f l o w  d i v i d e d  by 

R 

'r 

P 

t o t a l  w a l l  area 

a = l -ar ,  area o f  1.5-1n. (38-mn) t h i c k  concrete l a y e r  between uelded- 
C 

w i r e  fabrlc  and i n s u l a t i o n  t h a t  I s  t ransverse t o  heat  f low,  

d l v i d e d  by t o t a l  w a l l  area 

a = 1-a area o f  i n s u l a t i o n  t ransverse t o  heat f l o w  d i v i d e d  by t o t a l  P r '  
w a l l  area 
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This equation for total thermal reslstance can be reduced to: 

2RrRc + RrrRp 
RT R i  + Ro + 2Rc + acRr + arRc a R + a R P rr r P  

I 
For homogeneous materials, thermal resistance Is equal to thlckness in the 

direction of heat flow dlvlded by thermal conductivity. 

Figure 34 shows regions represented by terms described in Eqs.  1 and 2. 

The seven component resistances for Wall P2 are listed in Table 9. Wall 

layers are identifled by numerals in Fig. 34. The outer portion of the con- 

crete layers, where no ties were present, were treated separately from inner 

portions contalnlng tles. 

The sixteen stainless steel ttes penetrating the Insulation o f  Wall P2 

had an aggregate cross-sectional area of 0.351 sq In. (226 m ). The four 

torsion anchors had an aggregate cross-sectional area of 0.430 sq in. 

(277 mn ). Total cross-sectional area of stainless steel In Wall P2 was 

2 

2 

2 0.781 sq In. (504 m ). 

Total thermal resistance o f  Wall P2 calculated 
2 planes method Is 9.64 hroft * *F /Btu  (1.70 m2=K/W). 

than the calculated thermal resistance o f  the uall 

Wall P3 

Deslgn heat transmlssion coefficients for Wall 

uslng the isothermal 

This value is 5% less 

wi th no tles, Wall P1. 

P3 were calculated using 

the parallel path method. This method is preferred when the materlal pene- 

trating the insulation has a lower conductivity than the highly conductive 

surrounding layer. (17) 

t l e s  have a lower thermal conductivlty than the concrete. 

In this case, the high-tenslle fiberglass-composite 

I 
I 
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Extruded Polystyrene 
Insulation, op, R, 

Inside Air Film, R i  

Normal Weight Concrete, oc 

Stainless Stcel Rods Stainless Steel Rods 
Penetrotinq Insulotion, Orr ,  Rrr Penetrating Concrete, O r ,  

Wlre Mesh 

Outside Air Film, R, 

F i g ,  34 Layers Assumed for  Calculating Design Heat 
Transmission Coefficients fo r  Wall P 2  
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TABLE 9 - DESIGN HEAT TRANSMISSION COEFFICIENTS FOR WALL P2 

Component 

.~ 

1. Outside A l r  F l l m  

2, 1.5-In. (38.7-m) Normal Welght 
Concrete 

3. 1.5-111. (38.1-mn) Normal Welght 
Concrete w l th  Steel  Ties 

4. 1.99-in, (50.5-mn) Dow Styrofoam 
Insu la t i on  wl th  Steel  TIes 

5. 1.5-In. (38.1-mn) Normal Welght 
Concrete wlth Steel Ties 

6. 1.5-in. (38.7-mn) Normal Welght 
Concrete 

7. Ins lde Alr F i l m  . 

Total  R 

Tota l  U***  

R 
Thermal Resistance, 

h r e f  tZe*F/Btu 
(mZ.K/W) 

0.17* 
( 0 . 0 3 )  

0.094 
(0.01 5) 

0.094** 
(0.01 5) ' 

8.41** 
(1.48) 

0.094** 
(0.01 5 )  

0.094 
(0.01 5 )  

(0.12) 
0.68* 

9.64 
(1.70) 

0.104 
(0.589) 

*Source: ASHRAE Handbook - 1985 Fundamentals, American Society o f  
Heatlng, Reft lgerat jng,  and Alr-Candlt ionlng Englneers , 
Inc., At lanta,  1985, Chapter 23. 

**Resistance o f  layer  ca lcu lated using the isothermal planes method. 

***Uni ts for thermal transmlttance a r e  Btu/hr.ftP*OF (W/m2.K) 
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To c a l c u l a t e  t o t a l  thermal res fs tance us ing  the  p a r a l l e l  pa th  method, 

t o t a l  res ls tances  a re  f i r s t  c a l c u l a t e d  along a pa th  through a t i e ,  and a path 

through the  l n s u l a t l o n .  Resistances for i n d l v l d u a l  components a long the  two 

paths a re  l l s t e d  and sumned I n  Table 10. 

Locat ions o f  l aye rs  are I l l u s t r a t e d  l n  F l g .  35. The ou ter  p o r t i o n  o f  the  

concrete l ayers ,  where no t i e s  were present,  were t rea ted  separa te ly  from 

Inner  p o r t l o n s  con ta ln lng  t l e s .  

The o v e r a l l  t ransrn l t tance o f  t he  u a l l  deterrnlned us ing  the  p a r a l l e l  path 

method i s  t he  area-weighted average o f  the  thermal t ransrnl t tances f o r  the  

two paths.  To ta l  thermal res i s tance  of Wall P3 i s  t he  r e c i p r o c a l  o f  o v e r a l l  

t ransrnl t tance. 

T o t a l  thermal res l s tance  of Wall P3 ca lcu la ted  us lng  the  p a r a l l e l  path 

method I s  10.25 hr.ft2*"F/8tu (1.81 m2*KM). 

t he  c a l c u l a t e d  thermal res i s tance  o f  the  w a l l  w i t h  no t l e s ,  Wall P1. 

This  va lue i s  1% grea te r  than 

Three-Dlmenslonal Hodel ins of Tors lon Anchor 

Mr. K.W. Chllds o f  H a r t i n  n a r l e t t a  Energy Systems, Inc .  performed a 

three-dlmenslonal  s teady-state heat t r a n s f e r  c a l c u l a t l o n  on a p o r t l o n  o f  Wall 

P2. The ana lys l s  was performed t o  est lmate performance o f  Wal l  P2 p r l o r  t o  

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

The sec t i on  o f  t h e  w a l l  modeled was 40-In. (1.02-m) s q  w i t h  a Type B 

t o r s l o n  anchor loca ted  a t  t he  center .  A Type B t o r s i o n  anchor was chosen 

because i t  prov ides a g rea te r  thermal b r idge than a s t a l n l e s s  s t e e l  t l e .  

H a t e r l a l  thermal c o n d u c t l v l t l e s  assumed f o r  t he  c a l c u l a t l o n  a re  l l s t e d  l n  

Table 11. 

For t h e  ana lys ls ,  an a i r  temperature o f  O'F (-18'C) uas c o n t r o l l e d  on 

one s i d e  of the  w a l l  and 100°F ( 3 8 O C )  was malotalned on t h e  o ther  s ide.  
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TABLE 10 - DESIGN HEAT TRANSMISSION COEFFICIENTS FOR WALL P3 

Component 

1. Outslde Air Fllm 

2. 1.0-ln. (25-mn) Normal Welght 
Concrete 

3. 2.0-in. (SO-mn) Normal Weight 
Concrete 

4. 6.0-in. (150-m) High-Tensile 
Flberglass-Composite T i e  

5 .  1.94-In. (50-mn) Amofoam 
Insulation 

6. 2.0-in. (50-mn) Normal Yeight 
Concrete 

7. 1.0-in. (25-mn) Normal Welght 
Concrete 

8. Inside Alr F l l m  

Total R 

Total U** 

R, Thermal Resistance 

3etwe n Ties 

(rnZ*K/W) 
irmf t 4 *'f/8tu 

0.17* 
(0.03) 

0.063 
(0.01) 

(0.02) 
0.125 

-- 

9.02 
(1.59) 

0.125 
(0.02) 

0.063 
(0.01) 

0.68* 
(0.12) 

~ 

10.25 
(1.81) 

0.098 
(0 .55 )  

.~ 

A t  Tles 
h r a f  t2*OF/Btu 

( rn2*K/W) 

0.17, 
(0.03) 

0.063 
(0.01) 

-- 

,' 1.73 
(0.30) 

-- 

-- 

0.063 
(0.01) 

(0.12) 
0.68* 

2.71 
(0.48) 

0.310 
(2.10) 

Adjust  fo r  Tles ( ~ 1 % )  
U = (0.9994)(0.098) + (5.86~10-4) 0.370) 

= 0.098 Btu/hr*ft2="F (0.55 W/mb*K) 
R = 1/U = 10.23 hr*ft2*"F/Btu (1.81 m2*K/W)  

*Source: ASHRAE Handbook - 1985 Fundamentals, American Soclety of 
Heating, Refrigerating, and Air-Conditioning Engineers, Inc. , 
Atlanta, 1985, Chapter 23. , 

**Units for thermal transmittance are Btu/hr*ft2*'F (W/rn2=K) 
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Nor ma1 Weight 
Concrete 

High -Tens i I e 
fiberglass- Composite 

Wire Mesh 

Insu I at i on 

Fig. 35  Layers Assumed f o r  Calculating Design Heat 
Transmission Coefficients f o r  Wall P3 
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I 

TABLE 11 - THERMAL CONDUCTIVITIES OF MATERIALS FOR THREE-DIMENSIONAL 
STEADY-STATE HEAT TRANSFER CALCULATION 

Thermal Conduct lv l ty  

Hater 1 a 1 

C o n c r e t e  

Insula t 1 on 

Steel 1 
Stalnless Steel 

~ 

12 

0.20 

360 

240 

W / m m K  

1.73 

0.029 

52 

35 

I 
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Since the anchors have two l i n e s  o f  approxlmate symnetry when viewed f r o m  

the  sur face o f  t he  wa l l ,  on ly  one f o u r t h  o f  t he  anchor was modeled. 

De ta l l ed  r e s u l t s  from the ana lys is  a re  g lven I n  Appendix 8, Flgures B1 

and 82, respec t l ve l y ,  show l oca t lons  of isotherms on the  warm and c o l d  sIdes 

of t he  modeled reg lon  of the  wa l l .  Because a constant  heat t r a n s f e r  c o e f f i -  

c l e n t  was used a t  the  w a l l  surfaces, isotherms r a d l a t i n g  from the center  of 

t he  anchor a l so  represent  l i n e s  o f  constant  heat  f l u x .  

An In teg ra ted  average o f  the heat f l u x  over t he  40x40-In. (1.02x1.02-m) 

area shows an increase I n  t o t a l  heat f l o w  o f  6% due t o  a s lng le  Type B t o r -  

s ion  anchor compared t o  the  same w a l l  w i thou t  t i e s  o r  t o r s i o n  anchors. 

Results from the  three-dImenslona1 ana lys i s  were ex t rapo la ted  t o  

es t imate  performance f o r  the  e n t l r e  8 - f t  7-In. x 8- f t -7- In .  (2.62 m x 2.62 m) 

w a l l  used I n  the  CTL exper lmental  study. A Type B t o r s l o n  anchor w l th  0.117 

sq I n .  (75.6 mn ) of s t a l n l e s s  s tee l  pene t ra t i ng  the  I n s u l a t i o n  causes an 

increase I n  heat f l o w  o f  6% f o r  d 40-in. (1.02-m) sq  area. I t  I s  assumed 
2 

t h a t  6.67 t l m e s  t h a t  amount o f  s tee l ,  o r  0.781 s q  I n .  ( 5 0 4  mn ) ,  w i l l  cause 

a 6% increase i n  heat f l o w  f o r  an area 6.67 tfmes as large,  or 8 f t  7 7n. 

2 

(2.62 m) sq. Therefore, computatlons i n d i c a t e  t h a t  0.781 s q  I n .  (504 mn 2 ) 

o f  s t a l n l e s s  s t e e l  i n  Wall P2 w l l l  cause an fncrease I n  heat f l o w  o f  approxf-  

mately 6% averaged over the  w a l l  area. 

Cal lb ra ted  Hot Box T e s t  Resul ts 

Test Procedures 

Steady-state c a l l b r a t e d  ho t  box t e s t s  were conducted by maln ta ln lng  con- 

s t a n t  Indoor and outdoor chamber temperatures. Resul ts a re  ca l cu la ted  from 

data c o l l e c t e d  when specimen temperatures reach e q u l l i b r l u m  and the  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  
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two  temperature dlfferentlals. For the flrst case, Indoor alr temperature 

was malntalned at approxlmately 7 3 O F  (23OC) whlle outdoor alr temperature was 

malntalned at approxlmately 134°F ( 5 6 O C ) .  This provlded a nomlnal tempera- 

ture dlfferentlal of approxlmately 61°F (34°C) and mean wall temperature of 

approxlmately 104°F ( 4 O O C ) .  I n  the second case, Indoor alr temperature was 

malntalned a t  approxlmately 71 "F ( 2 2 O C )  whlle outdoor aIr temperature was 

malntalned at approxlmately - 4 O F  ( - 2 0 O C ) .  Thls provlded a nomlnal tempera- 

ture dlfferentlal o f  75°F  (42 'C)  and a mean wall temperature of approxlmately 

34'F (1°C). 

Steady-state callbrated hot box t e s t s  on Wall P1 were performed in March 

and April 1985. 

Tests on Wall P3 were performed In September 1985. 

Tests on Wall P2 were performed In June and July 1985. 

Test Results 

Steady-state results from calibrated hot box tests on Walls P1, P2,  and 

P3 are summarized ln Table 12. Data are averages for 16 consecutive hours 

of testlng. Wall mean temperature, heat f l o w ,  total thermal resistance, and 

thermal transmittance are llsted for steady-state test condltlons applled t o  

each wall. 

The flrst column of Table 12 llsts the mean wall temperature, tm, durlng 

each steady-state test. 

of the Indoor and outdoor wall surface temperatures. 

Wall mean temperature i s  determlned from the  average 

The second column shows wall heat flow determined from each calibrated 

hot 

and 

and 

for 

i 

box t e s t .  The thlrd and fourth columns llst total thermal resistance 

transmlttance coefflclents calculated using measured values of heat flow 

standard surface reslstance coefflclents of 0.68 hr*ft2a"F/8tu (0.12 rn2 -K /W)  

outdoor and 0.17 hr*ft2*"F/Btu (Q.03 m2*K/W) f o r  Indoor. Deslgn heat 

-62- 

I construction technology laboratories, inc. 



TABLE 12 - STEADY-STAT€ RESULTS FROM CALIBRATED HOT 60X TESTS 

8.89 
(1.57) 

10.95 
(1 .94 )  

10.15 
(1.79) 

8.27 
(1 .46 )  

10.31 
( I  .az) 
9 .64  

(1.70) 

Nornlnal 
Test 

Condition 

0.112 
(0.636) 

0.091 
(0.5'1 7)  

0.098 
( 0.559) 

0.121 
(0.686) 

0.097 
(0.551) 

0.1066 
( 0.6053) 

Laboratory 
AS r 

Temper a t  u r e  
Re1 a t 1  ve 
Hum1 d 1 t y  

9* 
Heat 
Flow, 
8tu 

hr.ftz 
( w/m2 1 

(22.0)  

(-22.0) 

6.97 

-6.99 

-- 

7.46  
( 2 3 . 5 )  

-7.44 
( -23.5)  

-- 

RT** ? U*+, Wall 
Des 1 g- 
n a t l o n  

Indoor  
Chamber , 

x 
Outdoor 
Chamber, 

x 
P1 

P I  

P I  

tmZl04' F 
{ 4 O O C )  

( l ° C )  

Des 1 gn+ 
Values 

tm334"F 

22 

23 

-- 

21 

22 

-- 
- 

33 

37 

-- 

P2 

P2 

P2 

tm=l03"F 
( 3 9 O C )  

tm=34*F 
(1 'C) 

Des 1 gn+ 
Values 

15 

23 

-- 

tm=l O5.F 
(41  'C) 

( a o c )  

Deslgn+ 
Va 1 ues 

t,=3 5 O F  

10.55 
(1.85) 

11.30 
(1.99) 

10.25 
(1.81) 

0.095 
(0.538) 

0.088 
(0.502) 

0.0976 
(0.554) 

tck 

*** 

-- 

6.17 
(19.5)  

(-20.2) 
-6.39 

c- 

P3 

P3 

P3 

*Measured by the c a l l b r a t e d  hot box. 
* *Tota l  thermal res ls tance,  RT, and t ransmi t tance,  U, f o r  s teady-state t e s t s  w e r e  

ca l cu la ted  uslng the deslgn sur face  res is tance c o e f f l c l e n t s  and measured values o f  
heat f l ow .  

* * * N o t  ava l l ab le .  
+Values computed for  t, = 7 5 ° F  ( 2 4 ° C ) .  



transmission coefficients from Tables 8, 9, and 10 are shown In the last row 

o f  each sectlan In Table 12 for comparlson. The deslgn values fo r  each wall 

were calculated at a mean wall temperature o f  75°F (24°C). 

Measured relative humidity within the indoor and outdoor chambers of  the 

CTL callbrated hot  box I s  llsted In Table 12. 

Maximum and minimum laboratory air temperatures obtained during each 

The laboratory acts as a steady-state test are also llsted In Table 12. 

guard for the indoor chamber during tests conducted In CTL's callbrated hot 

box. 

Thermal Resistance ComDarlsons 

Wall P1 is a control wall for this test program. Since Walls Pt  and P2 

were constructed using the same concrete mix and Insulatlon differences in 

thermal performances o f  the walls can be attributed to stalnless steel 

torsion anchors and ties In Wall P2. Walls P1 and P3 were constructed with 

the same concrete mlx but different brands of extruded polystyrene lnsula- 

t l o n s .  Dlfferences In thermal performance o f  Walls P1 and P3 can be 

attributed to the Insulations or the high-tensile flberglass-composite ties 

In Wall P3. 

Figure 36 shows measured and design thermal resistances for Walls P1, 

P2. and P3 as a function o f  mean temperature. At a mean wall temperature of 

approximately 104OF (40'C) the measured total thermal resistance o f  Wall P1 

was 8.89 hr*ft2.'f/8tu (1.57 m2-K/M). 

P2 and P3 had measured total therml resistances o f  8.27 and 10.55 hr*ft*.'F/Btu 

(1.46 and 1.85 m2.K/W), respectlvely. 

At this same mean temperature Walls 

At a mean wall temperature o f  approximately 34'f (1°C) the measured total 

At this thermal resistance o f  Wall Pl was 10.95 hr*ft2.0F/Btu (1.94 m2mK/W). 

I 
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I 

! 
same mean temperature Walls P 2  and P 3  had measured t o t a l  thermal res is tances of 

10.31 and 11.30 hr. f t2*"F/Btu (1.82 and 1.99 m2*K/W), respec t i ve l y .  

Walls P1 and P2 

For steady-state t e s t s  a t  a mean w a l l  temperatures o f  104°F ( 4 O o C ) ,  and 
$ 

34°F ( l o t ) ,  respec t ive ly ,  t o t a t  thermal res is tances o f  Wall P2 were 7 and 6% 

less  than for Wall P1. Th is  reduc t l on  I n  thermal res is tance i s  due t o  g rea te r  

heat f l o w  through s t a i n l e s s  s t e e l  t i e s  and t o r s i o n  anchors i n  Wal l  P2. 

The design thermal res is tance of Wal l  P 2  ca l cu la ted  a t  a mean w a l l  tem- 

pera ture  of 75*F (24°C) us lng  t h e  Isothermal  planes method I s  5% l e s s  than 

t h a t  f o r  M a l l  P1. The c a l c u l a t i o n  i s  cons i s ten t  w i th  the  measured decrease 
I 

i n  thermal res ls tance o f  Wal l  P2. 

Uslng r e s u l t s  f rom the three-dlmenslonal  ana lys is  performed by M r .  K. W. 

ChIlds,  a 6% Increase i n  heat  f l o w  through Wal l  P2 was predic ted.  Thls  c a l -  

cu la ted  method a l s o  accura te ly  p red ic ted  the  decrease i n  thermal res i s tance  

o f  Wall P2. 

Wal ls P1 and P3 

For steady-state t e s t s  a t  mean w a l l  temperatures o f  104*F ( S O O C )  and 34OF 

( l * C ) ,  respec t lve ly ,  t o t a l  thermal res is tances  o f  Wall P3 were 19 and 3% 

grea te r  than f o r  Wall P1. The des ign thermal res ls tance f o r  Wal l  P3 was 1% 

greater  than that for Wall  P1. 

The magnitude o f  t he  h igher  res i s tance  o f  Wall P3 a t  a mean temperature 

of 104°F ( 4 O O C )  was n o t  p red ic ted .  

a t t r l b u t e d  t o  the  h i g h - t e n s i l e  f iberglass-composi te t i e s  because o f  t he  

smal l  percentage o f  gross w a l l  area represented by the  t i e s .  T ies  represent  

l ess  than 0.06% o f  t he  w a l l  area perpend icu la r  t o  heat f l o w .  

i n  r e s l  stance cannot be a t t r l b u t e d  t o  the  concrete because t h e  concrete 

The Increase i n  res is tance cannot be 

The increase 
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contributes less than 4% to the wall's thermal resistance. More research is 

needed to determine the reason for the Increase in reslstance of Wall P3 at 

a mean temperature of 104°F ( 4 O O C ) .  For example, thermal resistance of Wall 

P3 could be measured at 10°F ( 6 O C )  Intervals o f  mean temperature to better 

define thermal resistance as a function o f  mean temperature. Thermal 

resistance o f  concrete and Insulation portions of the wall could be measured 

at selected mean temperatures using a guarded hot plate. 

full s l z e  wall assembly, Wall P3, could then be compared to results from the 

materlal s tests . 

Results on the 

Total thermal resistances of walls P1, P2, and P3 at 75'F 424°C) mean 

temperatures were estimated to be 9.74, 9.10, and 10.87 hr.ft2*"F/8tu ( I  -72 ,  

1 .60, and 1.91 mz*K/W) , respectively. 

resistances at 104°F (4OOC) and 3 4 O F  (1'C). 

Values were interpolated f rorn measured 

Interpolated thermal resistances for Walls Pl and P2, respectlvely, at 

7 5 O F  ( 2 4 O C )  mean temperatures were 4% and 6% less than design reslstances. 

Interpolated resistance for Wall P3 at a 75'F (24°C) mean temperature was 6% 

greater than the design resistance. 

Steady-State Temperature Profiles 

Temperature profiles across Walls Pl, P2, and P3 for the steady-state 

tests are illustrated In Figures 37, 38, and 39. The following notatIon is 

used to designate average measured 

= outdoor alr temperature 

= wall surface temperature, 

t4 = internal wall temperature 

insulation on the outdoor 

to 

t2 

temperatures: 

outdoor side 

at the interface o f  concrete and 

side 
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= internal wall temperature at the Interface of concrete and t3  
insulatlon on the Indoor side 

tl = wall surface temperature, indoor slde 

ti = indoor air temperature 

All temperatures are averages from the 16 thermocouples located in each plane 

as prevlously described In the nInstrumentatIonw section of this report. 

A comparlson o f  Figs. 37, 38, and 39 shows that temperature profiles are 

similar for each of  the three walls. The presence o f  stalnless steel connec- 

tors, used in Wall P2, and hlgh-tensile fiberglass-composite tles, used in 

Wall P3, does not slgniflcantly affect average temperatures at the wall sur- 

faces and conctete/insulatlon interfaces, 

As described In the section on "Instrumentationn additional thermocouples ' 

were located on and near the tles In Walls P2 and P3. Wall Pl also had addi- 

tlonal thermocouples although no ties were present. 

Figures 40,  41, and 4 2  present measured temperatures at locations of these 

additional thermocouples for each steady-state test applled to Walls P1,  P2, 

and P3, respectlvely. A comparlson o f  F l g s .  40 and 41 shows that wall 

surface temperatures monitored In vicinity o f  a stainless steel tie on Wall 

P2 are not significantly different from surface temperatures on Wall P1. 

Figure 41 shows that surface temperatures directly across from the monltored 

tie are not significantly different from those 12 in. (300 mn) away from the 

tie. The point 12 In. (300 mn) from the monitored tie i s  midway between two 

ties spaced 2 ft (0.6 m) apart.  These data Indicate that the stainless steel 

tie does not significantly affect wall surface temperatures. 

Similarly, Flg. 42 shows that the presence of a hlgh-tensile flberglass- 

composite tie does not significantly affect wall surface temperatures. 
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Surface temperatures d l r c c t l y  across from the  monitored t i e  are n o t  s ig -  

n l f i c a n t l y  d i f f e r e n t  f rom those 8-112 .In. (215 mn) away f rom the  t i e .  The 

p o l n t  8-1/2 In .  (215 mn) from the monltored t l e  I s  rnldway between two t i e s  

spaced 1 7  In .  (430 mn) apar t .  

DYNAHIC CALIBRATED HOT BOX TESTS 

E x t e r i o r  but l d i n g  w a l l s  a r e  seldom subjected t o  s teady-state thermal 

cond i t ions .  Outdoor a l r  temperatures and so la r  e f f e c t s  cause c y c l l c  changes 

i n  outdoor sur face temperatures. Generally, indoor  sur face temperatures a re  

relatively constant  compared t o  outdoor sur face temperatures. 

Qynamlc t e s t s  a r e  a means o f  eva lua t i ng  thermal response under c o n t r o l l e d  

cond i t i ons  t h a t  s lmu la te  temperature changes a c t u a l l y  encountered i n  b u i l d i n g  

envelopes. 

l s  a f u n c t l o n  o f  bo th  thermal res is tance and thermal s torage capac i ty .  

The heat  f l o w  through w a l l s  as a response t o  temperature changes 

Test Procedures 

Dynamlc t e s t s  were conducted on Wal ls P1, P2, and P3 I n  the  CTL c a l l -  

b ra ted  h o t  box. 

tu res  were he ld  constant  w h i l e  outdoor a l r  temperatures were cyc led  over a 

pre-determined t ime  versus temperature r e l a t i o n s h l p .  The r a t e  o f  heat  f l o w  

through a t e s t  speclmen was determined f rom hour l y  averages o f  data. 

For these tes ts ,  the  c a l i b r a t e d  h o t  box Indoor  a i r  tempera- 

Three 24-hour ( d i u r n a l )  temperature cyc les were used on each w a l l  i n  t h i s  

I n v e s t i g a t i o n .  The f i r s t  cyc le ,  denoted the  NBS Test Cycle, has been used i n  

prev ious s tud ies  us ing  t h e  CTL c a l i b r a t e d  ho t  box. This p e r i o d i c  c y c l e  i s  

based on a sfmulated s o l - a l r *  c y c l e  used by the Nat iona l  Bureau o f  Standards 

*So l -a i r  temperature i s  t h a t  temperature o f  outdoor a i r  t ha t ,  i n  t h e  absence 
of a l l  r a d l a t l o n  exchanges, would g i v e  the  same r a t e  o f  heat  e n t r y  i n t o  the 
sur face  as would e x l s t  w i th  the  a c t u a l  cornblnation o f  i n c i d e n t  so lar  radia- 
t l o n  r a d i a n t  energy exchange, and convect ive heat  exchange w i t h  outdoor 
a i r .  ( 1 4 )  
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In thelr evaluatlon o f  dynamic thermal performance of an experlmental 

masonry bulldlng. (19) 

temperature over a 24-hour perlod. 

cycle Is approximately equal to the mean Indoor temperature. 

It represents a large varlation In outdoor 

The mean outdoor temperature of the 

Two addltlonal sol-alr temperature cycles were run wlth mean outdoor 

temperatures approximately 10°F ( 6 O C )  above and 10°F ( 6 O C )  below the Indoor 

temperature. The test cycle designated "NBSt10" was derlved by lncreaslng 

hourly outdoor temperatures of the N8S Test Cycle by 10'F ( 6 O C ) .  The t e s t  

cycle deslgnated 'NBS-10' wa4 derlved by decreaslng hourly outdoor tempera- 

tures by 10°F (6'C). 

Outdoor chamber air temperatures for the three actual test cycles applled 

t Q  Walls Pl, P2, and P3 are Illustrated in Fig. 43. Outdoor alr temperatures 

represent the average from the 16 thermocouples located 3 In. (75 mn) from 

the test specimen surface I n  the outdoor chamber. Average Indoor alr temper- 

ature over the 24-hour period for each cycle was approximately 72°F (22°C). 

For all tests, dynamlc cycles were repeated until condltlons of equlllb- 

Equllibrlum condltlons were evaluated by consistency o f  

After equlllbrium condl- 

rium were obtalned. 

applied temperatures and measured energy response. 

tions were reached, each test was contlnued for a period o f  three days. 

Results are based on average readlngs f o r  three consecutlve 24-hour cycles. 

Each t e s t  requlred a total of approxlmtely elght days for completion. 

Dynamlc calibrated hot  box tests were performed on Wall P1 in April and 

May 1985. 

were performed on Wall P3 In October and November 1985. 

Tests were performed on Wall P2 In July and August 1985. Tests 

Test Results 

Measured temperatures, temperature differentials, and heat f l o w  f o r  

dynamlc temperature cycles for each wall are presented In Appendlx C. B r l e f  

I 

I 
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desc r lp t l ons  o f  symbols used i n  t e s t  r e s u l t  f i gu res  and tab les  a re  l i s t e d  

i n  Table 13. Symbols a r e  descr ibed i n  d e t a i l  i n  the  f o l l o w i n g  paragraphs. 

Pleasured Temperatures and Temperature D i f f e r e n t i a l s  

For Wal ls P1, P2, and P3, outdoor a l r  ( t o ) ,  Indoor a i r  ( t , ) ,  outdoor 

sur face  (t2). indoor  sur face ( t l ) ,  and I n t e r n a l  w a l l  (t,.t,) temperatures 

a r e  average readings of t he  16 thermocouples placed as descr ibed i n  the  

" Ins t rumenta t ionw sec t ton  o f  t h i s  repo r t .  I n t e r n a l  concre teAnsu la t1on 

i n t e r f a c e  temperatures on the  Indoor and outdoor sides, (t,) and (t4). 

respec t i ve l y .  a r e  average readlngs o f  thermocouples placed on each s ide  o f  

t he  i n s u l a t i o n  board. F igu re  44 shows a w a l l  c ross-sect ion i l l u s t r a t i n g  the  

l o c a t i o n  o f  measured temperatures. 

Heat Flow 

Heat f l o w  I s  designated p o s l t i v e  when heat f lows f rom t h e  c a l i b r a t e d  h o t  

box outdoor chamber t o  the  Indoor chamber. Heat f l o w  determined f rom 

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

Heat f l o w  measurements f r o m  heat f l u x  transducers loca ted  on indoor  and 

outdoor w a l l  surfaces were denoted q h f t  and q i f t .  respectively. 

wa l l ,  heat f l u x  t ransducer data were c a l i b r a t e d  us ing r e s u l t s  f rom steady- 

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

For each 

Heat f l ow  p red ic ted  by s teady-state data ana lys i s  I s  denoted q,... 
Values were ca l cu la ted  on an hour l y  bas is  f rom w a l l  surface temperatures 

us lng  t h e  f o l l o w i n g  equat ion:  

Qs s = (t2-tl)/R 

where 

= heat  f l o w  through 

8 t u / h r f t ( W/m2 ) 

qs 5 

1 

i 

( 3 )  

w a l l  p red ic ted  by s teady-state ana lys is ,  
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TABLE 13 - ABBREVIATIONS FOR HEAT FLOW AND TEMPERATURE 

heat flow measured by heat  f l u x  transducer mounted on Indoor wall 
‘hft surface 

heat flow measured by heat flux transducer mounted on outdoor wall 
surface 
heat flow predicted from steady-state analysis 

heat flow measured by tallbrated hot box 

indoor air temperature 

wall surface temperature, indoor slde 

concreteAnsulatlon Interface temperature on the indoor slde 

concrete/insulation Interface temperature on the outdgor slde 

wall surface temperature, outdoor side 

outdoor air temperature 

average o f  wall surface temperatures on Indoor and outdoor side 
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R 

t2 

tl 

= average thermal resistance, hr=ft2*"f/8tu (m2mK/W) 

= average temperature of outdoor wall surface, O F  ( O C )  

average temperature of Indoor wall surface, O F  ( " C )  

Thermal reslstances for each wall are dependent on wall mean temperature and 

were derived from steady-state calibrated h o t  box test results. 

Appendix C tables also footnote callbrated hot box Indoor and outdoor 

chamber relative humlditles, and maxlmum and minlmum laboratory air 

temperatures measured during tests. 

Dlscusslon of Test Results 

Heat Flow Comoarisons 

Flgure 45 shows measured and calculated heat flows through Walls P1, P2, 

Heat flows measured by the calibrated and P3 f o r  the NBS Temperature Cycle. 

hot box, q,, and calculated from steady-state resistances using Eq. 3, q,,, 

are shown. Flgures 46 and 47, respectlvely, show measured and calculated 

heat flows through Walls Pl. P2,  and P3 for the NESt10 and NBS-10 

Temperature Cycles. 

Measured heat flow curves, q,, f o r  Walls P1, P2,  and P3 show slgnifl- 

cantly reduced and delayed peaks compared to calculated heat flows, qss ,  

This  Is shown for all three temperature cycles in Figs. 45, 46, and 47. 

The amplitudes o f  calculated heat flows, q,,, for Wall P2 are greater 

than those f o r  Wall P1 due to the decreased reslstance o f  Wall P2. The 

arnplltudes of calculated heat f low,  qss ,  for Wall P3 are less than those 

for Wall P1 due to the Increased resistance of Wall P3, Thermal reslstances 

of Walls P1,  P2, and P3 are discussed in the "Thermal Reslstance 

Comparlsons' sectlon o f  thls report. 
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Fig.  47 Heat Flow for NBS-10 Test Cycle Applied t o  Walls P1, P2, and P3 
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Measured heat flows, q,, for the NBS Test Cycle applied to Walls P1, ~2 

Figure 47 shows that measured heat and p3 are not significantly different. 

flows for the NBS-10 Test Cycle applled to the three walls were similar. 

For the NBS+10 Test Cycle, amplitudes of measured heat flow, q,, were 

The NBSt10 Test Cycle was the less for Wall P3 than for Walls P1 and P2. 

warmest o f  the three dynamic temperature cycles applied to the walls. The 

high resistance of Wall P3 for the steady-state test at a mean temperature 

of 104OF ( 4 O O C )  my be related to the low heat flow measured for the wall 

during the NBS+10 Test Cycle. 

Thermal Lag 

One measure o f  dynamic thermal performance Is thermal lag. Thermal lag 

I s  a measure o f  the response of indoor surface temperatures and heat flow to 

fluctuatlons in outdoor air temperatures. Lag i s  dependent on thermal 

resistance and heat storage capacity of the test specimen, since both o f  

these factors Influence the rate o f  heat flow. 

For each dynamic test cycle, Table 14 lists thermal lags determined from 

calibrated hot box test results and measured heat flux transducer readings. 

Calibrated hot box thermal lag i s  quantified by two methods. 

denoted to vs tl, lag i s  calculated as the time required for the maximum 

or mlnlmum indoor surface temperature to be reached after the maximum or 

In one measure, 

minimum outdoor air temperature is attained. In the second measure, denoted 

qss  vs qw, lag I s  calculated as the time required for the maximum or mlnimum 

heat flow rate, qw, to be reached after the maximum or minimum heat flow rate 

based on steady-state predictions, q,,, i s  attained. 

illustrated in Figure 48 for the NBS Test Cycle applied to Wall P3. 

The second measure is 

Both 

measures g i v e  similar results. The second measure was also used to 

determlne thermal lag for heat flux transducer data. 
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Desig- 
n a t l o n  

P l  

P2 
P3 

P1 

P2 

P3 

P1 
P2 

P3 

TABLE 14 - THERHAL LAG 

Test  
Cycle 

NBS 

NBS 

NBS 

NBS+lO 

NBStlO 
NBS+lO 

NBS-10 

NBS-10 

NBS-10 

Measured Thermal Lag, hrs 

Ca l ibra ted  Hot Box 
I 

@ Max. I @ Mln. I @ Max. 

6 4.5 

I 1 

@ Hin.  

6 

6 

3.5 
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5.5 

5.5 
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5 
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- 
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@ Max. 
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F i g .  48 Definition o f  Thermal Lag and Reduction in Amplitude 
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I 

Average thermal lag values for Walls P1, P2, and P3 were between 5 and 6 

hours. Thermal lag values for each wall are relatively constant regardless 

of the temperature cycle applied to the wall. 

P3 are not significantly different f rom those for Wall P1, the control 

wall. 

the thermal storage capaclty of the concrete and the thermal resistance of 

the Insulation board. The tie systems present in Walls P2 and P3 did not 

slgnlflcantly affect thermal lag of the wall systems. 

Thermal lags for Walls P2 and 

Thermal lags exhlblted by the three walls are  predominately due t o  

Thermal lag is o f  interest because the time o f  occurrence of peak heat 

flows will have an effect on overall response o f  the building envelope. If 

the envelope can be effectively used to delay the occurrence of  peak loads, 

It may be possible to improve overall energy efflclency. The *lag effect' 

is also of Interest for passlve solar applications. 

Reduction in Amplitude 

Reduction in amplltude Is a second measure of dynarnlc thermal perforrn- 

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

wall thermal resistance and heat storage capacity. Reduction In amplltude 

i s  dependent on the temperature cycle applied to the  test specimen. 

Reductlon In amplltude is defined as the percent reductlon ln peak heat 

flow when compared to peak heat flow calculated uslng steady-state theory. 

Reduction In amplitude I s  Illustrated in Fig. 45. Values for reductlon in 

amplltude were calculated using the following equation: 

A = (1 - ( q '  - q ) / ( q i s  - Gss)I 100 

where 

A 

q '  

q 

= reduction in amplltude, X 

= maximum or mlnlmum heat flow through wall 

= mean heat flow through wall - 
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= maxlmum o r  mlnlmum heat f low through w a l l  p red lc ted  by steady-state QC s 

9s 5 

anal ys 1 s 
- 

= mean heat  f l o w  through w a l l  p red lc ted  by s teady-state ana lys ls  

Table 15  l l s t s  reduc t l on  I n  ampl l tude values f o r  each dynamjc temperature 

Average reduc t l on  I n  ampl i tude values cyc le  app l led  t o  Wal ls P1, P2, and P3. 

f o r  heat f low measured by t h e  c a l i b r a t e d  ho t  box, q,, range from 34 t o  69% 

for Walls P1, P2, and P3. 

t ransducer measurements range f r o m  57 t o  63% f o r  the  th ree  walls. 

Reductlon I n  ampl l tude values from heat  f l u x  

Reductlon I n  amplt tude values f o r  Walls P2 and P3 are n o t  c o n s i s t e n t l y  

g rea ter  or l ess  than those for  Wall P1, t he  c o n t r o l  wa l l .  Amplltude reduc- 

t l o n s  exh lb l t ed  by t h e  th ree  w a l l s  a r e  predominant ly due t o  the  thermal 

s torage capac i ty  o f  t h e  concrete and t h e  thermal res i s tance  o f  the I n s u l a t t o n  

board. 

a f f e c t  ampl l tude reduc t lons  o f  the  w a l l  systems. 

The t i e  systems present  I n  Wal ls P2 and P3 d l d  not  significantly 

Amplltudes f o r  heat  f l u x  t ransducer data, qhft, a r e  genera l l y  n o t  the 

same as those for measured heat  f low, qw. 

because of the phys i ca l  presence o f  the  fnstrument mounted on a w a l l .  A 

w a l l ' s  thermal p r o p e r t l e s  a r e  l o c a l l y  a l t e r e d  by the  heat f l u x  transducer. 

In add i t ion ,  heat f l u x  t ransducer c a l l b r a t l o n  us lng  s teady-state r e s u l t s  may 

n o t  f u l l y  c o r r e c t  for  dynamlc e f f e c t s  o f  the inst rument  l o c a t l o n .  

Heat f l o w  ampl i tudes d i f f e r  

Actual  maximum heat  f l o w  through a w a l l  i s  Impor tant  in determln lng the 

peak energy load for  a b u l l d l n g  envelope. Test r e s u l t s  show a n t l c l p a t e d  peak 

energy demands based on a c t u a l  heat f l o w  are l ess  than those based on steady- 

s t a t e  pred lc t lons  f o r  w a l l s  wl th  thermal storage capacl ty .  Ca lcu la t jons  

based on s teady-state ana lys l s  overest lmate peak heat f l o w  f o r  the  th ree  

dynamlc temperature cyc les  app l i ed  t o  Walls P1, P2, and P3. 
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Wall 

nation 
DeSlg- 

P1 

P2 

P3 

P1 

P2 

P3 

P l  

P2 

P3 

Test 
Cycle 

NBS 

NBS 

NBS 

NBS+10 

NBS+lO 

NBS+lO 

TABLE 15 - REDUCTION IN AMPLITUDE 

~ 

Measured, X 

Calibrated Hot Box I Heat flux Trans. 

NBS-10 

NBS-10 

NBS-10 

-90- 

- 

Q Min. 

56 

57 

56 

59 

59’ 

57 

55 

56 

54 

Avg . 
60 

60 

59 

62 

63 

60 

59 

59 

57 i 
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Total and Net Heat Flow 

Results of dynamic tests are also compared uslng measures o f  total heat 

flow through a specimen for a 24-hr temperature cycle. 

Total measured heat flow i s  Illustrated In Fig. 49 for the NBS Test Cycle 

applied to Wall P3. 

test wall. Areas enclosed by the measured heat flow curve and the l i n e  f o r  

The curve marked *qw" I s  measured heat flow through the 

zero heat flow are total heat flow through a 

above and below the horizontal axis I s  total 

24-hour period, denoted as qw. T 

A sImIlar procedure I s  used to calculate 

wall. The sum o f  the areas 

measured heat f l o w  for a 

total heat flow for a 24-hour 

perlod from measured heat flux transducer data, qhfm, and predictions based 

on steady-state analysis, q,,. 

Table 16 llsts total heat flow values for the NBS, NBS+10, and NBS-10 T e s t  

Values measured by the calibrated hot Cycles applied to Walls P1, P2, and P3. 

boxe measured by heat flux transducers, and calculated using steady-state 

thermal resistances are denoted qw, qhft, and q s s ,  respectively. 

Flow Comparlsons" listed i n  Table 16 show measured total heat flow as a per- 

centage of predlcted heat flow based on steady-state analysis. 

T T  T 'Total Heat 

As shown In the 'Total Heat Flow Comparlsons" column o f  Table 16, total 

heat flow measured by the calibrated hot box ranges from 43 to 81% o f  total 

heat flow calculated using steady-state analysis. The ratio of total meas- 

ured heat f l o w  to steady-state predlctlons depends on the outdoor alr tern- 

perature cycle applied to the wall. 

reductions i n  actual heat f l o w ,  compared t o  steady-state predictions, occur 

for temperature cycles which produce heat flow reversals through a wall. 

Particularly for massive walls, greater 
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I 

0 
Heat flow, 
Bhuhr-sq tt 

-5  
0 

Wall P3 

8 16  
Tmo, hr 

24 

F ig .  49 Definition o f  Total Measured Heat Flow 

i 
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TABLE 16 - TOTAL HEAT FLOW 

T 
qw 

T 
- 

qs s 

66 

54 

50’ 

81 

16 

43 

78 

63 

14 

I 1 

T 
‘hf t 

T 
- 
‘s s 

39 

39 

49 

58 

61 

45  

61 

53 

89 

Total Heat Flow, 
Btu/ f  t 2  I (W=hr/m2) 

P1 

P2 

P3 

P1 

P2 

P3 

Wall 
Des 1 g- 
nat ion 

~~ 

NBS+lO 

NBS+lO 

NBS+10 

NBS-10 

NBS-10 

NBS-10 

Heas u red Calculated 
T e s t  
Cycle T 

P1 

P2 

P3 

NBS 

NBS 

NBS 

25.1 
(79.0) 

23.3 
(73.6) 

17.3 
(54.7) 

~ 

30.2 
(95.3) 

31.4 
(99.0) 

13.7 
(43 .4)  

33.4 
( 1  05.3) 

28.2 
(89.1) 

28.0 
(88.5) 

T T 
%ft I 9,s 

14.9 
(46 .9)  

17.2 
(54 .1)  

17.1 
(53.8) 

21.6 
(68.1) 

25.1 
(79.1) 

14 .2  
(44.7) 

. _ _  

38.2 
( 1  20.5) 

43.5 
(137.3) 

34.6 
(109.3) 

37.3 
(117.7) 

41.4 
(1 30.5) 

31.6 
( 99.8) 

26.0 
(82.1) 

23.9 
(75.3) 

33.6 
(105.9) 

43.0 
(135.6) 

44.8 
(141.4) 

37.7 
(118.9) 

Total Heat Flow 
Comparisons, 

x 
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It should be noted that comparison of total measured heat flow values 

for the test walls Is limited to specimens and dynamlc cycles evaluated in 

thls program. 

should not be arbitrarily assumed to represent annual heating and coollng 

loads. In addition, results are for Individual opaque wall assemblles. As 

such, they are representative of only one component o f  the bullding envelope. 

Results are for three partlcular diurnal test cycles and 

Total heat flux Is the cumulative or integrated heat flux for a given 

period of tlme. 

of time, multlplled by the length of the time period. Total heat flux is 

equal to net heat flux for time periods wlth no reversals in heat flow 

through the speclmen. 

Net heat flux is the average heat flux for a given period 

Net heat flow for a 24-hour periodlc cycle is equal to the sum o f  hourly 

measured rates o f  heat flow. These values can be determined by totallng 

values of  'qu from columns of Heat F l o w  Tables in the 'Test Results' sect ion.  

Net heat flow values are denoted by the superscript 'Nu and are presented in 

Table 17. 

The column 'Net Heat F l o w  Comparisons' in Table 17 lists measured heat 

flow as a percentage o f  predlcted heat flow based on steady-state analysls. 

Measured calibrated hot box net heat f l o w  theoretically should be equal to 

net heat f l o w  based on steady-state predictions. 

I 

I 

TRANSIENT TEST RESULTS 

Time required for a wall to reach a steady-state condltlon can be deter- 

This time is affected by both thermal reslstance mined from transient tests. 

and thermal storage capacity of  the test wall. 

i 
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TABLE 17 - NET HEAT FLOW 

I 

Hal 1 
Des 1 g- 
natlon 

P1 

P2 

P3 

P1 

P2 

P3 

P1 

P2 

P3 

r 

Test  
Cycle 

NBS 

N BS 

NBS 

NBS+10 

NBS+lO 

NBS+lO 

NBS-10 

NBS-10 

NBS-10 

Net HeatZFlou, 
Btu/ft2 

(W*hr/m ) 
~ 

Measured 

-70.7 
(-33.9) 
-10.7 
(-33.7) 
-10.2 
(-32.1) 

29.4 
(92.9) 
30.0 
(94.5) 
13.7 
(43.4) 

-33.4 
-1 05.3) 
-24.6 
(-77 I 6) 
-27 - 7  
(-87.4) 

N 
‘hf t 

-2.4 
(-7.5) 
-5.1 

(-1 6.2) 
-14.3 
(-45.2) 

21.5 
(67.9) 
25.1 
(79.1) 
9.3 

(29.5) 

-26.0 
(-82.1 ) 
-23.2 
(-73.2) 
-33.6 

:-105.9) 

Calculated 
.- 

N 
qs s 

-6.7 
(-21 .l) 
-8.1 

(-25.6) 

(-21 .2) 
-6.7 

18.2 
(57.5) 
23.1 
(72.9) 
17.1 
(54.1) 

-31 -1 
(-98.2) 
-26.7 

( -84.2) 
-26.1 
(-82.4) 

Net Heat Flow 
Comparisons, 

x 

N 
9, 

9s s 

- 
N 

161 

132, 

152 

161 

130 

80 

107 

92 

106 

N 
qhf t 

N 
- 

q s s  

35 

63 

21 4 

118 

109 

54 

84 

87 

128 
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Test Procedures 

Results of a translent test are determined from data collected in the 

period of tlme between two steady-state tests. After a wall 1 s  In a steady- 

state condltlon, denoted time 0, the outdoor chamber temperature settlng I S  

changed. The translent test continues untll the wall reaches equilibrium 

heat flow f o r  the new outdoor chamber alr temperature. The rate of heat flow 

through a test specimen is determlned from hourly averages o f  data. 

Transient test data were collected during callbrated hot box testlng o f  

was initial wall mean temperature for the t e s t s  Walls P1, P2, and P3. The 

73*F ( 2 3 O C ) .  The flnal wa 

Test Results 

Results from transient 

1 mean temperature was approxlmately 3 3 O F  ( " C ) .  

! 

I 

tests are presented in Appendlx D. Values are 

shown as a functlon of time. Table 13 in the 'Test Results* portlon of the 

nOynarnic Calibrated Hot Box Tests# section lists brief descripttons of 

symbols used in test data figures and tables. 

Heat flows through Walls P1, P2, and P3 for the transient tests are com- 

pared In Fig. 50. Heat flows measured by the calibrated hot box, denoted 

are delayed compared to heat flows calculated from steady-state resist- 9" , 
ances, qss.  

Values of qs, change dramatlcally during the flrst portlon of a transient 

test because of changes In oudoor surface temperatures. 

Table 18 llsts time required to reach 99.5, 95, 90, and 63% of the final 

steady-state heat flow achleved durlng the transient tests for Walls Pl, P2, 

and P3. Table 18(a) lists values measured by the calibrated hot box. Table 

18(b) lists values predicted uslng steady-state analysis. 

Calculated heat flows, q s s ,  were determined using Eq. (3). 

Performance of the three walls was similar. Steady-state analysis pre- 

dicted for all three walls that 63% of the final heat flow would be reached 

t 
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Heat Flow 
Btuhr-sq ft 

-5  

- 1  0 

0 24 48 

Time, hr 

Fig .  50 Heat Flow f o r  T r a n s i e n t  Tests  on Walls P1, P 2 ,  and P3 
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TABLE 18 - SWWARY W TRANSIENT TEST RESULTS F a  WlLS P1. P2 AN0 P3 

wall P1 
I 

(a) Results Neasured by the Calibrated Hot BOX 

wall P2 
I 

%* 
Btu/hr*f$ 

(W/& 

Heat F l a d  Tim to e* Tim to 
Reach t+, Btu/hr*ft? Reach q,, 

hr CWd1 hr 

4 . 7 0  1 24 
(-21.11 

9ot of Final 
Heat flar 

w a l l  P1 wall P2 

qsss Tim to qss * Tim to 
Btu/hr-f$ Reach qss, Btu/hr*ft? Reach qss 

( W d )  hr ( W h ? )  hr 

Heat Flaw 

r 

I 1 I I 

I - - I  

I I I 

qss * 
Btu/hr*ft2 

(W& 

~ 

I wall P3 

Tim to 
Reach qss, 

hr 

4 . 3 5  36 
(-20.1) I 

952 of Final 
Heat Flar  

9t% of Flnal 
Mat F l a r  

4.03 I 13 
(-12.7) 

4.46 13 -7.04 13 
(-20.4) (-22.2) 

(-19.3) (-21.0) 
4.12 10 6 . 6 7  10 

(b) Results Calculated by Steady-Skte Armlysis 

99.55 o f  Final I 4 .76  I 24 I -7.37 I 26 
Wt Flw (-21.3) (-23.31 I 

t I I I I 
I I I 1 

1 1 I 1 

63% o f  Final 1 4.28 I 4 I 4 . 6 7  I 4 I Heat Flar (-13.5) (-14.7) 
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after 4 hours. callbrated hot box test results show that 63% of the final 

heat flow I s  reached after 14 hours for Wall P1, 15 hours for Wall P2, and 

13 hours for Wall P3. The t imes required for Walls Pl, P2, and P3, respec- 

tively, to reach 63% of the final heat flow uere 3.5, 3.75, and 3.25 greater 

than steady-state predlctlons. Slmllarly, the times requlred for  Walls PI, 

P2, and P3 to reach 90% of the flnal heat flow were 2.3 to 2.4 times greater 

than steady-state ptedlctlons. 

As shown by the data, massive walls, such as Walls P1, P2, and P3, "damp 

outm e f f e c t s  o f  a sudden change In temperature. 

SUMMARY AND CONCLUSION5 

This report presents results o f  an experimental Investigation of  heat 

t ransml ss i on charac teri s t 1 c s  o f  three concrete-l nsulatl on sandwl c h panel 

walls. Wall P1 contalned no ties connectlng layers. Layers o f  Wall P2 were 

connected using stalnless steel t I e s  and torsion anchors. Layers of Wall P3 

were connected using high-tenslle flberglass-composlte tles. Walls were 

tested for steady-state and dynamic temperature conditions using a callbrated 

hot box. 

The follou'lng concluslons are based on results obtained In thls 

lnvestlgatlon. 

Steady-State TernDerature Condltlons 

1. Measured thermal conductivity o f  extruded polystyrene used In 

construction of Walls P1 and P2 was 0.22 Btu~ln/hr~ft2.0F 

(0.032 W/rn*K) for a speclmen mean temperature of 7 5 O F  (24OC). 

ured thermal conductivlty af extruded polystyrene used In construction 

o f  Wall P3 was 0.21 Btu*ln/hrmft2.OF (0,030 W/m=K) for a specfmen 

mean temperature of 7 5 O F  ( 2 4 ' C ) .  Values were interpolated from 

steady-state guarded hot plate test results. 

Heas- 
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2. T o t a l  thermal reslstances, RT, for Walls P1, P2, and P3 were 
9.7, 9.1, and 10.9 hr*ft2*'F/Btu (1.72, 1.60, and 1.91 m 2 =KM). 

Resistances are for a Wall mean temperature of f S ° F  (24'C) and were 

Interpolated from steady-state cal lbrated hot box test results. 

Values Include standard surface film resistances. 

3 .  A cornparlson of steady-state callbrated hot box test results from 

Halls P1 and P2 shows that stalnless steel connectors reduced total 

wall resistance by 7%. 

4. A comparison of  steady-state calibrated hot box test results from 

Walls P l  and P3 shows that use of hlgh-tenslle fiberglass-composlte 

ties dld not reduce total wall thermal reslstance. 

5. The isothermal planes method of calculating total wall thermal 

resistance predicted performance of Wall P2. A 5% decrease in 

total reslstance for Wall P2, compared to Wall P1, was predicted. 

A 7% decrease uas measured. 

6. Comparlng results from Walls P1 and P2 shows that the three- 

dlmenslonal analysis performed by Hr. K.  W.  Childs, ORNL, accurately 

predicted thermal performance of torsion anchors. A 6% decrease ln 

total thermal resistance for Wall P2, compared to Wall P1, was 

predicted. A 7% decrease was measured. 

7. Oeslgn total thermal resistances f o r  Walls P1, P2, and P3 uere 

within 6% of calibrated hot box test results. 

8. Mall surface temperatures adjacent to stalnless steel tles are not 

significantly dlfferent f rom surface temperatures between tles. 

I 
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Dynamic Temperature Condl t lons 

1. As Ind i ca ted  by thermal lag,  heat storage capac l t l es  o f  I nsu la ted  

concrete sandwich panel w a l l s  delayed heat f l o w  through specimens. 

Average thermal l a g  values ranged from 5 t o  6 hoursnfor Walls p i ,  

P2, and P3. 

As Ind i ca ted  by t h e  damplng e f fec t ,  heat storage capac l t l es  o f  the  

wa l l s  reduced peak heat  f lows through specimens f o r  dynamic tempera- 

t u r e  cond l t l ons  when compared t o  steady-state p red lc t l ons .  

t l o n  In ampl l tude values ranged from 34 t o  46% for Wall P1, 42 t o  

48% fo r  Wal l  P2, and 44 t o  69% for Wall  P3. 

2. 

Reduc- 

3 .  For the th ree  d l u r n a l  temperature cyc les app l l ed  t o  Wal ls  P 1 ,  P2 and 

P3, t o t a l  heat  f l o w  f o r  a 24-hr per iod  were l ess  than would be pre- 

d l c t e d  by steady-state ana lys ls .  To ta l  measured heat  f lows for the  

24-hour cyc les  ranged from 43 t o  81% o f  those pred tc ted  by steady- 

s t a t e  ana lys i s  f o r  t h e  th ree  wal ls .  These reduct lons i n  t o t a l  heat 

f l o w  are  a t t r l b u t e d  t o  w a l l  storage capac i ty  and reve rsa l s  i n  heat 

f low.  

Trans len t  Temperature Condl t lons 

1. Translent  t e s t  r e s u l t s  Ind i ca ted  t h a t  heat storage c a p a c i t i e s  of 

Walls P1, P2, and P3 delay heat f low through the  speclmens. The 

amount o f  t ime requ l red  f o r  Walls P l ,  P2, and P3 t o  reach 63% o f  a 

f l n a l  heat  f l o w  were approximately 3-1/2 tlmes grea ter  than 

pred lc ted  by steady-state ca l cu la t i ons  based on measured sur face 

temperatures. 
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Limi t a  t i  ons 

Cal lbrated h o t  box t e s t  resu l t s  presented I n  th is  repo r t  are l i m i t e d  t o  

the t e s t  specimens and temperature cycles used i n  t h l s  invest igat ion.  

ant ic ipated t h a t  r e s u l t s  would d i f f e r  f o r  walls wi th  d l f f e r e n t  i n s u l a t i o n  

thicknesses, f o r  t i e  systems w l t h  d i f f e r e n t  cross-sectional areas, or  when 

i n s u l a t i o n  i s  not  packed t i g h t l y  around t i e s  as I t  was i n  t h i s  t e s t  program. 

I t  I S  

Results descrlbed I n  th ls  repo r t  provide data on thermal response of 

concrete- insulat ion sandulch panel wal Is subjected t o  steady-state and 

d l u r n a l  so l -a i r  temperature cycles. A complete analysis o f  b u l l d i n g  energy 

requlrernents must Include conslderat lon o f  t h e  e n t i r e  b u l l d l n s  envelope, 

b u l l d i n g  or ientat ion,  b u l l d i n g  operation, and year ly  weather condit ions. 

Data developed I n  t h i s  experimental program provide a q u a n t i t a t i v e  b a s i s  f o r  

modellng the b u l l d l n g  envelope, whlch I s  part  o f  the overall energy analysls 

process. 
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APPENDIX A - CALIBRATED HOT BOX INSTRUMENTATION AND CALIBRATION 

Calibrated hot box tests were performed accordlng to ASTM Designation: 

C976, 'Thermal Performance o f  Building Assemblles by Means of a Calibrated 

Instrumentatlon 

Instrumentation was deslgned to monitor temperatures inside and outside 

the indoor chamber, air and surface temperatures on both s ldes o f  the t e s t  

wall, internal wall temperatures, and heating energy input to the Indoor 

chamber. Additional measurements monitor indoor chamber coollng system 

performance. 

the energy requlred to malntaln constant temperature In the Indoor chamber 

while temperatures in the outdoor chamber held constant or are varied. This 

energy, when corrected for thermal losses, provldes a measure o f  heat flow 

through the test wall. 

Baslcal Iy, the Instrurnentatlon provides a means of monitoring 

Thermocouples correspondlng to ASTM Deslgnatlon: €230, "Standard Tern- 

perature-Electromotive Force (EMF) Tables for Thermocouples, ' (11) 20 

gauge, Type T, were used to measure temperatures In the air space o f  each 

chamber. Thermocouples were uniformly distributed on a 20-3/5-1n. (525-m) 

square grid over the wall area. Thermocouples were located approximately 3 

In. (75 mn) f rom the face of the test wall. 

Thermocouples used to measure air and test specimen temperatures are 

described in the nInstrumentatlonn portlon o f  the *Test Specimens' section 

of thls report. 

Laboratory and Interior surface temperatures o f  the Indoor chamber sides 

were measured. 

between the chamber and the laboratory. Temperature data were supplemented 

with heat flux transducer measurements on chamber surfaces. 

These temperatures provided data for evaluating heat transfer 

-A1 - 
construction fechnology laboratorles, inc. 



A d i g i t a l  humid i ty  and temperature measurement system was used t o  measure 

r e l a t i v e  humld l ty  and temperature I n  a i r  streams on each s ide  o f  t he  t e s t  

w a l l .  Probes were loca ted  I n  the a l r  streams approxlmately a t  the specimen 

mld-point ,  

A watt-hour t ransducer was used t o  measure cumulat ive e l e c t r l c a l  energy 

i n p u t  t o  the  Indoor chamber. 

Measurements were monitored w l  t h  a programmable d l g i t a l  data a c q u i s i t i o n  

system capable o f  sampling and record ing  up t o  124 independent channels o f  

da ta  a t  preselected t ime I n t e r v a l s .  The data a c q u i s l t l o n  system I s  I n t e r -  

faced w i t h  a microcomputer t h a t  i s  programed t o  reduce and s t p r e  data. 

Channels were scanned every two minutes. 

t a r y  da ta  were obta lned from average readlngs for one hour. The cumulat ive 

watt-hour t ransducer output  was scanned every hour. 

Average temperature and supplemen- 

A l r  f l o w  ra tes  i n  each chamber were measured w i t h  a i r  f l o w  meters loca ted  

approxlmately a t  the  w a l l  geometric center.  Each f l o w  r a t e  meter was mounted 

perpendlcu lar  t o  the  a i r  f low. A i r  f l o w  i s  v e r t i c a l  on both s ldes of t h e  

specimen. A i r  v e l o c i t y  I s  un i fo rm and averages 20 f t /min.  (0.10 m / s ) .  Data 

fo r  a i r  f l o w  meters were monitored p e r l o d l c a l l y  and were n o t  part o f  the  

automated data a c q u i s i t i o n  apparatus. 

Ins t rumenta t ion  o f  CTL’s c a l l b r a t e d  h o t  box. 

Reference 13 g lves more i n fo rma t ion  on 

C a l l b r a t i o n  Procedure 

Heat f l o w  through a t e s t  w a l l  i s  determlned f rom measurements o f  t he  

amount of energy i n p u t  t o  the  Indoor  chamber t o  ma ln ta in  a constant  tempera- 

tu re .  The measured energy I n p u t  must be ad jus ted  f o r  heat losses. F igure  A1 

shows sources o f  heat losses and galns by the indoor  chamber where: 
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(Control Volume 

(Outdoor (Climatic) (Indoor (Metering) 
Chamber Chomber 

Fig.  A 1  Indoor (Metering) Chamber Energy Balance 
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9, heat transfer through test wall 

= heat removed by indoor chamber coollng 

= heat supplied by Indoor electrical reslstance heaters 

3 heat supplied by Indoor circulatlon fan 

= heat loss/galn from laboratory 

= heat loss/galn from flanking path around specimen 

Qc 

Oh 

Qfan 

Q, 

Qf 
The dlrectlons of  arrows ln Fig. A1 Indlcate positive heat flow. 

Slnce net energy Into the control volume o f  the Indoor chamber equals 

zero, heat transfer through the test wall can be expressed by the followlng 

energy balance equatlon: 

Q, - Qf 

The need f o r  coollng In the indoor chamber results from requlrements for 

dynarnlc tests. In cases where outdoor temperatures exceed Indoor tempera- 

tures, cooling capacqty I s  requlred to maintaln Indoor temperature control. 

Indoor chamber coollng equipment operates continuously and i s  deslgned 

to remove heat a t  a constant rate.  

obtalned by varylng the amount o f  Input heat required to balance the amount 

Control of indoor chamber temperature I s  

of heat removed by the refrigeration system, the amount o f  heat that flows 

through the test speclmcn, and the amount of heat los t  to laboratory space. 

Steady-state caltbrated hot box tests on two 'standard* calibratlon 

speclmens were used to refine calculations o f  heat removed by Indoor chamber 

coollng, Q,. and flanking losses, Q,. The flrst callbration specimen, S1, 

has a relatively low thermal reslstance of 6.8 hr*ft2=OF/Btu (1.2 m2aK/W). 

It conslsts of 1-3/8-1n. (35-mn) thick flbetglass and was speclally fabri- 

cated to Insure uniformlty. 

The second calibration wall, $2, has a relatlvely high thermal reslstance 

of 16.8 hr*ft2e0F/Btu (3.0 m2*KM). Haterial for specimen S2 was selected 
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as part of the ASTH Cornittee C16 Hot Box Round Robin program. 

of expanded polystyrene board that I s  speclally produced and cut  to insure 

unlformlty. 

ment of Instrumentation. 

It consists 

Board faces are coated t o  provide surfaces sultable f o r  attach- 

Heat removed by indoor chamber cooling, Q was calculated from refrig- 
C '  

erant enthalpy and mass flow rate, assuming an ideal basic vapor compression 

refrigeration cycle. 

the two Wstandatdu callbratlon speclmens were used to adjust for lnefflclen- 

cles in the actual refrigeration cycle. 

Results from steady-state calibrated hot box tests on 

Losses from the Indoor chamber to the laboratory, Q,, were,'calculated 

from thermal properties o f  component materials making up walls and ceillngs 

o f  the indoor chamber and temperature conditions on the Inner and outer sur- 

faces of  the Indoor chamber. Heat flux transducers mounted on the Inside 

surface of the Indoor chamber were used to check calculations. Indoor cham- 

ber air and laboratory alr temperatures were generally maInta1ned at the same 

nominal value, 72°F (22*C) ,  t o  mlnlmize laboratory losses. Thus, the value 

of Q I s  small relatlve t o  other terms o f  the energy balance equation. a 
A watt-hour transducer was used to measure heat supplied to the Indoor 

chamber by heaters and a fan, Q,,, + Ofan. 

Heat loss or gain from flanking around the test specimen, Q f ,  was deter- 

rnlned from steady-state tests o f  the "standard' callbratlon walls. Since 

thermal conductance o f  each standard callbratton wall is known, Q, for a 

given steady-state t e s t  can be calculated usIng the following equation: 

where 
= heat transfer through test 

A = area of wall surface n o r m  
QW wall, Btu/hr (W.hr/hr) 

2 2  to heat flow, ft (m ) 
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C = average thermal conductance, Btu/hr*ft2*"F (W/m2.K) 

t2 = average temperature of  outslde wall surface, 

t, = average temperature of Inside wall surface, O F  ( 0 ~ )  

( " c )  

Thus, Q, was determined from Eq. (At) uslng calculated values of Q,, Qc, and 

Q,, and measured values o f  Qh and Q fan' 
for both standard callbratlon walls, values of 9, were observed to follow 

the empirical relationship: 

where 

I 

Of = 0.802 (t2 - tl) 

0, = 0.131 ( t2  - tl) 
U.S. units 

($1 units) 

Qf 
= heat loss or ga ln  from flanking around test specimen, 

Btu/hr (Wmhr/hr) 

t2 = average temperature o f  outslde wall surface, O F  ( " C )  

= average temperature o f  inside wall surface, O F  ( ' C )  tl 
Since Qf is the residual from Eq. (Al), it may Include other undetermined 

losses from the lndoor chamber. 

A round robln to Include both callbrated (ASTH Deslgnatlon: C976) and 

guarded (ASTM Deslgnatlon: 

Subcomnlttee C16.30 which, when completed, wlll provlde lnformatlon on the 

preclslon o f  the calibrated hot box test method. 

C236) hot boxes has been organized under ASTM 

I 

I 

i 
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APPENDIX B - RESULTS OF A THREE-DIMENSIONAL ANALYSIS OF A TORSION ANCHOR 
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TORS I ON ANCHOR HEAT TRANSFER MODEL 

r f 1 1  I 1 1  I 1 1  1 I I I i i 

t 
1 I I I 1 1 

1 1 

X( IN.) 

F ig .  81 L o c a t i o n  of Isotherms on Warm Side o f  Wall 

STEAOY STATE 
Y = 0.00 

CONTOUR VALUES 

9.33134E-l-01 s3-2 
9.35872E+Of 4b.9 
9.38611€+01 40.7 
9.41350E+Of 34.4 
9.44088E-f-01 IS. 1 
9.46827E+01 21.8 
9.49566E-t-01 15.6 
9.52304€+01 9.55043E+01 4.3 3.0 



TORS I ON ANCHOR HEAT TRANSFER MODEL 
0 
0 

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

\ 

X( I N.) 

STEADY STAT€ 
Y = 8.00+10° 

CONTOUR VALUES 

i" 'I UtRGhs r? 
S k t C .  

TtW? . l.0 1u Uthl-nu 

4.4 6 8 3 9 E + 601 2. 
4.67631E+00 7. I 
4.88 423E+00 11.9 
5.09216€+00 rb.7 
5.30008E+00 2 t .  4 
5.50800E+00 26.2 
5.71592E+00 31.0 
5.92384E+00 35.7 
6.13177E+00 d0.5 
6.33969€+00 4s.2 

0 

F i g .  B2 Locat ion o f  Isotherms on Cold Side o f  Ma11 



APPENDIX C - DYNAMIC TEMPERATURE TEST RESULTS 
Measured temperatures, temperature differentlals, and heat f l o w  for 

dynamic temperature cycles for each wall are presented in F l g s .  Cl through 

C27 and listed in Tables Cl through C18. Data for Wall P1 is followed by 

data for Wall P2 and Wall P3. For each wall, data for the NBS Test Cycle is 

presented first, followed by results for the NBS+10 Test Cycle and the 

NBS-10 Test Cycle. 

Tables C1 through C18 denoted (a) and ( b ) ,  respectively, list hourly 

tes t  data In U.S. and SI units. 

Symbols used in these figures and tables are described In detall in the 

'Test Results' portion o f  the "Dynamlc Callbrated Hot Box Tests' section of 

thls report. 

Measured temperatures are listed In Tables C1, C3, and C5 for Wall P1; 

Tables C 7 ,  C 9 ,  and C11 for Wall P2; and Tables C13, C15, and C17 for Wall 

P3. Values are illustrated In F l g s .  C1, C4, and C7 f o r  Wall Pi; Figs. C10, 

C13, and Cl6 for Wall P2; and Figs. C19, C22, and C25 for Wall P3. 

AIr-to-alr (to-t,). surface-to-surface (t t ), and surface-to-alr 2- 1 
(to-t2, tl-ti) temperature differentials are illustrated in Figs. 

C2, C 5 ,  and C8 for Wall Pl; Figs. C11, C14, and C17 for Wall P2; and Figs. 

C20, C23, and C26 for Wall P3. 

Measured and calculated heat flows are listed in Tables C2, C4, and C6 

for Wall P1; Tables C8, C10, and C12 for Wall P 2 ;  and Tables C14, C16, and 

C18 for Wall P3. Values are illustrated in Figs. C3, C6, and C 9  for Wall 

Pl; Figs. C12, C15, and C18 for Wall P2; and Figs. C21, C24, and C27 for 

Wall P3. 
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Temp., 
"F 

120 

90 

60 

0 . . .  . I . . . . , , , ,  . . I . . . . .  

8 16 24 0 

Time, hr 

Fig; C1 Measured Temperatures f o r  NBS Test  Cycle Applied to 
Wall P1 
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60 

30 

-30 

-60 

Wall P1 
NBS 

to-ti , 
, oC=°F/1.8 

/ \ t2-tl 

I . . . I . . . . . I I  1 . 1  

0 8 16 24 
Tme, hr 

Fig.  C2 Temperature D i f f e r e n t i a l s  fo r  NBS Test  Cycle Applied t o  
Wall P1 
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TABLE Cl(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P1, US UNITS 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

to  
Outdoor 

Air 

44.6 
44.0 
44.3 
43.9 
45.0 
57.0 
68.2 
75.3 
81.9 
89.5 
95.1 
98.4 
101.7 
103.2 
100.3 
94.3 
85.7 
72.2 
56.9 
52.5 
48.7 
47.4 
45.8 
45.1 

68.4 

t2 
Outdoor 
Surface 

53.5 
51.9 
51 .O 
50.0 
49.7 
54.9 
61.1 
66.2 
71.3 
77.2 
82.5 
86.6 
90.6 
93.6 
94.0 
92.2 
88.2 
81.3 
72.2 
67.2 
62.9 
59.9 
57.2 
55.1 

69.6 

Measured Temperatures, 
"F 

t 4  
Internal 
Outdoor 

62.0 
60.4 
59.1 
58.0 
57.1 
57.8 
59.8 
62.5 
65.5 
68.9 
72.6 
76.0 
793 
82.1 

04.9 
84.4 
82.5 
78.9 
75.2 
71.7 
68.7 
66.0 
63.8 

84.1 

70.1 

Calibrated Hot Box Relathre Humidity: 
Indoor Chamber - 31% 

Outdoor Chamber - 24% 

Laboratory Air Temperature: 
Max. - 81°F (27%) 
Min. - 73°F (23°C) 
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t3 
Internal 
lndoor 

72.6 
72.4 
72.2 
72.0 

- 71.8 
71.7 
71.6 
71.6 
71.6 
71.7 
71.8 
72.0 
72.3 
72.5 
72.7 
73.0 
73.2 
73.4 
73.4 
73.4 
73.2 
73.1 
72.9 
72.7 

72.4 

t l  
Indoor 
Surface 

72.7 
72.5 
72.7 
72.3 
72.2 
72.1 , 
72.1, 
72.0 
72.0 
72.0 
72.1 
72.2 
72.3 
72.5 
72.6 
72.8 
72.9 
73.0 
73,O 
73,l 
73.0 
73.0 
72.9 
72.8 

72.5 

t i  
Indoor 

Air 

72.3 
72.3 
72.3 
72.2 
72.2 
72.2 
72.2 
72.2 
72.1 
72.1 
72.2 
72.2 
72.2 
72.3 
72.3 
72.3 
72.4 
72.4 
79.3 
72.4 
72.4 
72.4 
72.4 
72.3 

72.6 

I 
1 
1 
1 

1 

1 

! 

1 

! 
1 
1 

I 

t 
I 
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TABE Cl(b) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P1, SI UNITS 

Tim, 
hr  

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

to 
Outdoor 

Air 

7.0 
6.7 
6.8 
6.6 
7.2 
13.9 
20.1 
24.1 
27.7 
32.0 
35.1 
36.9 

39.6 
38.0 
34.6 
29.8 
22.3 
13.9 
11.4 
9.3 

7.7 
7.3 

38.7 

8.5 

20.2 

t2 
Outdoor 
Surface 

11.9 
11.1 
10.6 
10.0 
9.8 
12.7 
16.1 
19.0 
21.8 
25.1 

30.4 
32.6 
34.2 
34.5 
33.4 
31.2 
27.4 
22.3 
19.6 
17.2 
15.5 
14.0 
12.8 

28.1 

20.9 

Calibrated Hot Box Relative Humidtty: 
Indoor Chamber - 31% 

Outdoor Chamber - 24% 

Laboratory Air Temperature: 
Max. - 8 1 T  (27°C) 
Min. - 73OF (23°C) 

Measured Temperatures, 
"C 

t4 
Internal 
Outdoor 

16.7 
15.8 
15.0 
14.5 
14.0 
14.3 
15.4 
16.9 
18.6 
20.5 
22,6 
24.5 
26.3 
27.8 

29.4 
29.1 
28.1 
26.1 
24.0 
22.0 
20.4 
18.9 
17.7 

28.9 

21 -1  

t3 
Internal 
Indoor 

22.5 
22.4 
22.3 
22.2 
22.1 
22.0 
22.0 
22.0 
22.0 
22.1 
22.1 
22.2 
22.4 
22.5 
22.6 
22.8 
22.9 
23.0 
23.0 
23.0 
22.9 
22.8 
22.7 
22.6 

22.5 

t l  
Indoor 
Surface 

22.6 
22.5 
22.6 
22.4 
22.3 
22.3 
22.3 ,' 
22.2 
22.2 
22.2 
22.3 
22.3 
22.4 
22.5 
22.6 
22.7 
22.7 
22.8 
22.8 
22.8 
22.8 
22.8 
22.7 
22.7 

22.5 

ti 
Indoor 

Air 

22.4 
22.4 
22.4 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.4 
22.4 
22.4 
22.4 
22.4 
22.5 
26.3 
22.5 
22.5 
22.4 
22.4 
22.4 

22.5 
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I 

50 

25 

Heat Flow, 
Btulhr'ftA2 0 

-25 

-5 0 

Wlsq m=(Btulhr'sq ft)/3.15 r Wall PI 
NUS I 

Fig.  C3 Heat Flow for NBS T e s t  Cycle Applied t o  Wall P1 

-C6- 

construction technology labodorles, inc. 



TABLE C2(a) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P1, US UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

9w 
Calib. 

Hot Box 

0.17 
-0.23 
-0.06 
-0.84 
-1.03 
-1.50 
-1.71 
-1.73 
-1.72 
-1.45 
-2.01 
-1.85 
-1.58 
-1.28 
-0.64 
-0.26 
0.21 
0.90 
1.12 
1.28 
1.18 
1.05 
0.79 
0.46 

-0.45 

Measured Heat Flow, 
Btu/hr*sq ft 

qhft 
H f l  G? 
In. Surf. 

0.38 
0.19 
-0.03 
-0.26 
-0.48 
-0.69 
-0.86 
-0.97 
-1 .oo 
-1.05 
-1 .oo 
-0.87 
-0.70 
-0.40 
-0.22 
0.09 
0.31 
0.54 
0.76 
0.89 
0.90 
0.86 
0.75 
0.57 

-0.10 

Calibrated Hot Box Relathre Humidity: 
Indoor Chamber - 31% 

Outdoor Chamber - 24% 

Laboratory Air Temperature: 
Max. - 8 1 T  (27%) 
Min. - 73'F (23%) 

qhft' 
HFr @ 

out. surf. 

-24.1 6 
-21.29 
-17.13 
-1 5.68 
-12.15 
5.50 

20.53 
27.83 
33.39 
39.96 
42.20 
40.21 
38.99 
35.1 6 
25.22 
12.61 
-1.43 
-20.50 
-39.89 
-40.1 4 
-38.97 
-34.71 
-31.52 
-27.63 

-0.1 5 

Calculated 
Heat Flow, 
Btu/hr*sq n 

q= 
Steady- 

State 

-2.10 
-2.25 
-2.36 
-2.42 
-2.45 

,--1.89 
. -1.23 

-0.66 
-0.08 
0.59 
1.21 
1.69 
2.15 
2.51 
2.54 
2.30 
1.80 
0.97 
-0.09 
-0.66 
-1.13 
-1.45 
-1.73 
-1.94 

-0.28 
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TABLE C2(b) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL PI. 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 

Mean 

qw 
Calib, 

Hot Box 

0.53 
-0.73 
-0.20 
-2.66 
-3.25 
-4.74 
-5,40 
-5*45 
-5.42 
-4.56 
-6.35 
-5.84 
-4,w 
-4.03 
-2.02 
-0.81 
0.66 
2.83 
3.53 
4.04 
3.73 
3.33 
2.50 
1.44 

-1.41 

Measured Heat Flux, 
W/sq m 

1.20 
0.60 
-0.09 
-0.81 
-1 .50 
-2.1 7 
-2.72 
-3,06 
-3.17 
-3.33 
-3.1 6 
-2.76 
-2.2 1 
-1.52 
-0.69 
0.27 
0.99 
1.71 
2.41 
2.80 
2.85 
2.73 
2.35 
1 .a1 

-0.31 

Calibrated Hot Box Relattve Humidity: 
Indoor Chamber - 31% 

Outdoor Chamber - 24% 

qhft' 
HFr @ 

out. surf. 

-76.23 
-67.1 7 
-54.05 
-49.47 

17.37 
64.76 
87.79 
105.34 
126.08 
133.15 
126.85 
123.01 
1 10.93 
79.56 
39.80 
-4.52 
-64.68 
-1 25.86 
-126.63 
-1 22.96 
-1 09.52 
-99.44 
-87.1 6 

-38.32 

-0.47 

Calculated 
Heat Flow, 

Wlsq m 

q= 
Steady- 
State 

-6.64 
-7.10 
-7.45 
-7.63 
-7.72 
-5.97 
:3.87 
-2.07 
-0.24 
1 .a7 
3.82 
5.32 
6.80 
7.91 

7.24 
5.69 
3.05 

8.01 

-0.29 
-2.08 
-3.57 
-4.57 
-5.47 
-6.12 

~~ .- 

-0.88 

I 

Laboratory Air Temperature: 
Max - 81°F (27%) 
Mln. - 73°F (23%) 

I 
-C8- 
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TABLE C3(a) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, US UNITS 

Tm, 
hr 

1 
2 
3 
4 
5 
6 
7 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

a 

Mean 

to  
Outdoor 

Air 

55.3 
55.3 
54.4 
53.6 
59.3 
71.4 
80.8 
88.0 
94.8 
101.5 
104.9 
107.9 
1 10.6 
1 1  0.3 
105.8 
99.6 
89.9 
75.4 
64.1 
61.6 
60.0 
58.3 
57.1 
56.6 

78.2 

t2 
Outdoor 
Surface 

62.7 
61.6 
60.3 
59.1 
60.9 
66.8 
72.6 
77.9 
83.2 
89.0 
93.3 
97.2 
100.7 
102.6 
101.8 
99.4 
94.5 
86.4 
78.5 
74.5 
71.5 
68.6 
66.3 
64.6 

78.9 

Calibrated Hot Box Relathre Humidity: 
Indoor Chamber - 33% 

Outdoor Chamber - 18% 

Laboratory Air Temperature: 
Max. - 75°F (24%) 
Min. - 70°F (21°C) 

Measured Temperatures, 
"F 

t4 
Internal 
Outdoor 

67.7 
65,6 
63,9 
62.4 
61 -2 
61.4 
64.1 
67.6 
71.4 
76.1 
81 .o 
85.4 
89.5 
93.1 
95.8 
96.9 
96.5 
94.2 
89.6 
04.5 
80.0 
76.0 
72.9 
70.1 

77.8 

t3 
Internal 
Indoor 
-~ 

73.1 
73.0 
72.8 
72.6 
72.5 
72.3 
72.2 
72.3 
72.3 
72.4 
72.6 
72.8 
73.0 
73.3 
73.5 
73.7 
73.9 
74.0 
74.1 
74.0 
73.8 
73.6 
73.5 
73.3 

73.1 

~- 

t l  
Indoor 
Surface 

72.8 
72.7 
72.6 
72.5 
72.4 

72.3. 
72.3 
72.3 
72.3 
72.4 
72.5 
72.6 
72.8 
72,9 
73.0 
73.2 
73.3 
73.3 
73.3 
73.2 
73.1 
73.0 
72.9 

72.3 I 

72.8 

ti 
Indoor 

Air 

72.2 
72.1 
72.1 
72.1 
72.1 
72.0 
72.0 
72.0 
72.0 
72.0 
72.0 
72.1 
72,1 
72.1 
72.2 
72.2 
72.3 
72.4 
72.4 
72.3 
72.3 
72.3 
72.2 
72.2 

72.2 

-c11- 

construction technology laboratories, inc. 



TABLE C3(b) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, SI UNITS 

Tim, 
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 

--I 

to  
Outdoor 

Air 

12.9 
12.9 
12.5 
12.0 
15.1 
21.9 
27.1 
31.1 
34.9 
38.6 
40.5 
42.2 
43.7 
43.5 
41 .O 
37.6 
32.2 
24.1 

16.4 
15.6 
14.6 
14.0 
13.7 

I 7.8 

25.7 

t2 
Outdoor 
Surface 

17.0 
16.4 
15.7 
15.0 
16.1 
19.4 
22.5 
25.5 
28.4 
31.7 
34.0 
36.2 
38.2 
39.2 
38.8 
37.4 
34.7 
30.2 
25.8 
23.6 
21.9 
20.4 
19.0 
18.1 

26.1 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 33% 

Outdoor Chamber - 18% 
Laboratory Air Temperature: 

Max - 75°F (24°C) 
Min. - 70°F (21OC) 

Measured Temperatures. 
"C 

t4 
Internal 
Outdoor 

19.8 

17.7 
16.9 
16.2 
16.4 
17.8 
19.8 
21.9 
24.5 
27.2 
29.7 
31.9 
34.0 
35.4 
36.1 
35.8 
34.5 
32.0 
29.2 
26.7 
24.4 
22.7 
21.1 

1 8,6 

25.4 

t3 
Internal 
Indoor 

22.8 
22.8 
22.7 
22.6 
22.5 
22.4 
22.4 
22.4 
22.4 
22.5 
22.5 
22.7 

22.9 
23.1 
23.2 
23.3 
23.3 
23.4 
23.3 
23.2 
23.1 
23.0 
22.9 

22.8 

22.8 

11 
Indoor 
Surface 

~ 

22.7 
22.6 
22.6 
22.5 
22.5 
22.4, 
22.4 
22.4 
22.4 
22.4 
22.4 
22.5 
22.6 
22.6 
22.7 
22.8 
22.9 
22.9 
22.9 
22.9 
22.9 
22.9 
22.8 
22.7 

22.6 

t i  
Indoor 

Air 

22.3 
22.3 
22.3 
22.3 
22.3 
22.2 
22.2 
22,2 
22.2 
22.2 
22.2 
22.3 
22.3 
22.3 
22.3 
22.4 
22.4 
22.4 
22.4 
22.4 
22.4 
22.4 
22.4 
22.3 

22.3 
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TABLE C4(a) - HEAT FLOW FOR NBS+lO TEST CYCLE APPLIED TO WALL PI,  US UNITS 

Time. 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

Measured Heat Flow, 
Btu/hr*sq tt 

qw 
Calib, 

Hot Box 

1.69 
1.33 
1.11 
0.89 
0.71 
0.39 
0.25 
0.06 
-0.19 
-0.09 
-0.1 0 
0.19 
0.51 
0.81 
0.87 
1.60 
2.1 3 
2.42 
2.81 
2.82 
2.72 
2.45 
2.20 
1,89 

1.23 

qhft 
Hf l@ 
In. Surf. 

1.33 
1.10 
0.87 
0.64 
0.43 
0.26 
0.14 
0.00 
-0.03 
-0.01 
0.07 
0.19 
0.34 
0.58 
0.87 
1.12 
1.36 
1.61 
I .a0 
1.91 
1.91 
1.82 
1.69 
1.52 

0.90 

Calibrated Hot Box Relattve Humidity: 
Indoor Chamber - 33% 

Outdoor Chamber - 18% 

Laboratory Air Temperature: 
Max. - 75'F (24%) 
Mln. - 70*F (21OC) 

qhft' 
HIT @ 

Out. surf. 

-21.92 
-1 8.48 
-1 6.90 
-1 5.51 
-5.36 
12.52 
24.45 
31.77 
37.98 
42.37 
40.99 
39.28 
37.73 
31.56 
19.66 
7.71 
-7.13 
-27.23 
-39.51 
-36.92 
-33.06 
-30.20 
-27.29 
-23.70 

0.95 

Calculated 
Heat Flow, 
Btu/hr*sq ft 

q= 
Steady- 

State 
~ 

-1.13 
-1.24 
-1 3 7  
-1.49 
-1.28 
-0.62 
.'0.03 

0.65 
1.26 
1.96 
2.48 
2.95 
3.30 
3.60 
3.48 
3.16 
2.54 
1.54 
0.60 
0.1 4 
-0.20 
-0.51 
-0.76 
-0.94 

0.76 

1 
t 
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TABLE C4(b) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, SI UNITS 

Tim, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

Measured Heat Flow, 
Wlsq rn 

. ~~ 

qw 
Calib. 

Hot Box 

5.32 
4.20 
3.50 
2.80 
2.22 
1.23 
0.78 
0.19 
-0.60 
-0.29 
-0.33 
0.61 
1.61 
2.54 
2.75 
5.06 
6.71 
7.65 
8.86 
8.88 
8.58 
7.72 
6.94 
5.95 

3.87 

~ 

qhft 
Hl=r 43 

In. Surf. 

4.18 
3.48 
2.74 
2.03 
1.36 
0.81 
0.43 
0.01 
-0.09 
-0.03 
0.22 
0.60 
1.07 
1.84 
2.74 
3.53 
4.29 
5.08 
5.68 
6.02 
6.01 
5.74 
5.34 
4.80 

2.83 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 33% 

Outdoor Chamber - 18% 

Laboratory Air Temperature: 
Max. - 75°F (24%) 
Min. - 70°F (21%) 

qhft' 
Hf l@ 

out. surf. 

-69.1 5 
-58.32 
-53.32 
-48.92 
-1 6.91 
39-50 
77.1 4 
100.22 
11 9.84 
133.69 
129.33 
123.92 
1 19.03 
99.59 
62.02 
24.34 
-22.51 
-85.92 
-1 24.66 
-1 16.47 
-1 04.30 
-95.29 
-86.09 
-74.77 

3.00 

Calculated 
Heat Flow, 

W/sq m 

q= 
Steady- 
State 

-3.57 
-3.92 
-4.31 
-4.71 
-4.03 
71.95 
'0.10 
2.04 
3.99 
6.18 
7.81 
9.29 
10.66 
1 1.36 
10.98 
9.98 
8.01 
4.86 

0.45 
1 .8a 

-0.63 
-1.60 
-2.39 
-2.96 

2.40 
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TABLE Cs(a) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL PI. US 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 

Mean 

~ .. ~~ 

to 
Outdoor 

Air 

35.3 
34.9 
35.0 
34.7 
36.5 
46.7 
57.4 
66.1 
73.4 
80.3 
84.1 
86.6 
90*9 
91.7 
88.9 
83.2 
75.4 
61.6 
46.2 
41.7 
39.8 
38.6 
36.6 
35.7 

58.4 

~ 

t2 
Outdoor 
Surface 

43.9 
42.5 
41.6 
40.6 
40.7 
45.2 
51.2 
57.1 
62.6 
68.1 
72.5 
76.1 
80.3 
82.9 
83.3 
81.5 
78.1 
71.1 
61.9 
56.9 
53.3 
50.6 
47.7 
45.6 

59.8 

Measured Temperatures, 
"F 

t4 
Internal 
Outdoor 

50.2 
48.0 
46.1 
44.6 
43.4 
43.2 
44.9 

52.2 
56.3 
61.1 
65.6 
69.7 
73.6 
76.7 
78.6 
78.9 
77.5 
73,6 
68.3 
63.4 
59.4 
55.8 
52.8 

48.1 

59.7 

Calibrated Hot Box Relattve Humidity: 
Indoor Chamber - 32% 

Outdoor Chamber - 17% 
Laboratory Air Temperature: 

Max. - 81OF (27%) 
Min. - 7loF (22%) 

-Cl& 

t3 
Internal 
Indoor 

71.8 
71.6 
71.4 
71.2 
71 .O 
70.9 
70.8 
70.8 
70.8 
70.9 
71.0 
71.2 
71.4 
71.6 
71.9 
72.1 
72.3 
72.5 
72.5 
72.5 
72.4 
72.3 
72.1 
71.9 

71.6 

t l  
lndoor 
Surface 

72.1 
72.0 
71.9 
71.8 
71.7 
71 -9 
71 d 
71.5 
71.5 
71.5 
71.6 
71.6 
71.8 
71.9 
72.1 
72.2 
72.3 
72.4 
72.5 
72.5 
72.5 
72.4 
72.3 
72.2 

-~ 

72.0 

~ 

ti 
Indoor 

Air 

72.1 
72.1 
72.0 
72.0 
72.0 
72.0 
71.9 
71.9 
71.9 
71.8 
71.9 
71.9 
72.0 
72.0 
72.1 
72.1 
72.2 
72.2 
72.2 
72.2 
72.2 
72.2 
72,1 
72.1 

72.0 

i 
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TABLE C5(b) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL PI, SI UNITS 

Tim, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

to  
Outdoor 

Air 

1.8 
1.6 
1.7 
1.5 
2.5 
8.2 
14.1 
18.9 
23.0 
26.8 
28.9 
30.4 
32.7 
33.2 
31.6 
20.4 
24.1 
16.4 
7.9 
5.4 
4.3 
3.6 
2.6 
2.1 

14.7 

12 
Outdoor 
Surface 

.- ~ 

6.6 
5.8 
5.3 
4.0 
4.9 
7.3 
10.7 
13.9 
17.0 
20.1 
22.5 
24.5 
26.8 
28.3 
28.5 
27.5 
25.6 
21.7 
16.6 
13.8 
11.9 
10.3 
8.7 
7.5 

15.4 

Calibrated Hot Box Relathre Humidity: 
Indoor Chamber - 32% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 81°F (27%) 
Min. - 71°F (22°C) 

Measured Temperatures, 
"C 

t 4  
Internal 
Outdoor 

10.1 
8.9 
7.9 
7.0 
6.4 
6.2 
7.1 
8.9 
11.2 
13.5 
16.2 
18.7 
20.9 
23.1 
24.9 
25.9 
26.0 
25.3 
23.1 
20.2 
17.5 
15.2 
13.2 
11.5 

15.4 

~ 

t3 
Internal 
Indoor 

22.1 
22.0 
21.9 
21.8 
21.7 
21.6 
21.6 
21.6 
21,B 
21.6 
21.7 
21 -8 
21.9 
22,o 
22.2 
22.3 
22.4 
22.5 
22.5 
22.5 
22.4 
22.4 
22.3 
22.2 

22.0 

t l  
Indoor 
Surface 

22.3 
22.2 
22.2 
22.1 
22.0 
22.0 

21.9 
21.9 
21.9 
22.0 
22.0 
22.1 
22.2 
22.3 
22.3 
22.4 
22.5 
22.5 
22.5 
22.5 
22.4 
22.4 
22.3 

2 2.0," 

22.2 

ti 
Indoor 

Air 

22.3 
22.3 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.1 
22.1 
22.1 
22.2 
22.2 
22.2 
22.3 
22.3 
22.3 
22.3 
22.3 
22.4 
22.3 
22.3 
22.3 
22.3 

22.2 
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TABLE c6(a) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P1, US UNITS 

film, 
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 

~ 

qw 
Calib. 

Hot Box 

-0.94 
-1.19 
-1.35 
-1.53 
-1.80 
-1.90 
-2.08 
-2*21 
-2.30 
-2.57 
-2.50 
-2.42 
-2.21 
-1.96 
-1.63 
-1.26 
-0.98 
-0.68 
-0.42 
-0.10 
-0.1 7 
-0.16 
-0.35 
-0.67 

-1.39 

Measured Heat Flow, 
Btu/hr*sq ft 

~ 

qhft 
H f l @  

In. Surf. 

-0.60 
-0.82 
-1.02 
-1.23 
-1.43 
-1.63 
-1.81 
-1.92 
-1.98 
-1.99 
-1.92 

-1.65 
-1.46 
-1.22 
-0.96 
-0.71 
-0.47 
-0.27 
-0.16 
-0.1 1 
-0.15 
-0.25 
-0.42 

-1 .a2 

-1.08 

Calibrated Hot Box Relative Humidity: 
lndoor Chamber - 32% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 81°F (27°C) 
Min. - 71°F (22°C) 

qhft' 
HFT @, 

Out. surt. 

-24.03 
-21.08 
-1 7.96 
-15.96 
-1 1 .SO 
3.07 
17.09 
27.04 
33.84 
39.5s 
38.78 
36.20 
37.05 
32.37 
22.78 
10.87 
-1.53 
-21.09 
-40.08 
-40.32 
-36.65 
-32.85 
-30.60 
-27.34 

-0.93 

Calculated 
Heat Flow, 
Btu/hr*sq ff 

q= 
Steady- 

State 

-3.02 
-3.15 
-3.23 
-3.31 
-3.29 
-2,83 

" -2.21 
' -1.59 

-0.99 
-0.38 
0.1 1 
0.51 
0.99 
1.27 
1.30 
1.08 
0.67 
-0.15 
-1.19 
-1.72 
-2.09 
-2.37 
-2.66 
-2.86 

-1.30 
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TABLE C6(b) - HEAT FLOW FOR NBS-I0 E S T  CYCLE APPLIED TO WALL P1, SI UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 

19 
20 
21 
22 
23 
24 

i a  

Mean 

qw 
Calib. 

Hot Box 

-2.96 
-3.76 
-4.25 
-4.81 
-5.69 
-5.99 
-6.56 
-6.98 
-7.27 
-8.12 
-7.88 
-7.63 
-6.96 
-6.18 
-5.1 6 
-3.96 
-3.09 
-2.1 5 
-1 3 4  
-0.30 
-0.54 
-0,52 
-1.11 
-2.1 0 

-4.39 

Measured Heat Flow, 
Wlsq rn 

qhft 
H f T  @ 

In. Surf. 

-1.90 

-3.22 

-4.52 
-5.15 
-5.70 
-6.07 
-6.26 
-6.27 
-6.06 
-5.75 
-5.22 
-4.62 
-3.85 
-3.04 
-2.23 
-1.48 
-0.86 
-0.50 
-0.36 
-0.48 
-0.79 
-1.31 

-2.58 

-3.88 

-3.42 

Calibrated Hot Box Relattve Humidity: 
Indoor Chamber - 32% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 81'F (27°C) 
Min. - 71'F (22%) 

-c22- 

qhft' 
HFT @ 

out. surf. 

-75.80 
-66.51 
-56.65 
-50.34 
-36.28 
9.70 
53.91 
85.31 
106,75 
124.79 
122.35 
1 14.22 
11 6.88 
102.13 

34.30 
71 .a7 

-4.04 
-66.52 
-1 26.45 
-1 27.22 
-1 15.64 
-1 03.63 
-96.56 
-86.25 

-2.94 

Calculated 
Heat Flow, 

Wlsq m 

q=s 
Steady- 

State 

-9,53 
-9.95 

-1 0.1 9 
-1  0.44 
-1 0.37 

, -8.93 
~ -6.96 

-5.01 
-3.1 1 
-1.21 
0.35 
1.61 
3.1 1 
4.01 
4.1 1 
3.41 
2.10 
-0.48 
-3.74 
-5.42 
-6.60 
-7.49 
-8.39 
-9.04 

-4.09 

i 

i 
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TABLE C7(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P2, US UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

10 
Outdoor 

Air 

43.2 
42.5 
42.0 
42.5 
43.5 
56.1 
68.2 
75.3 
82.2 
90.2 
96.1 
99.1 

102.2 
103.3 
99.8 
93.5 
84.8 
71.5 
56.4 
51.3 
47.5 
45.9 
44.5 
43.7 

t2 
Outdoor 
Surface 

51 .a 
50.3 
49.3 
48.3 
47.9 
53.2 
59.9 
65.3 
70.8 
77.1 
82.8 
87.2 
91.2 
94.1 
94.3 
92.3 
88.3 
81.2 
72.1 
66.6 
62.0 
58.7 
55.8 
53.6 

67.7 I 68.9 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 40% 

Outdoor Chamber - 20% 

Laboratory Air Temperature: 
Max. - 71°F (22%) 
Min, - 70°F (21°C) 

Measured Temperatures, 
"F 

t 4  
Internal 
Outdoor 

56.3 
54.1 
52.2 
50.8 
49.6 
49.6 
52.3 
56.4 
60.8 
65.8 
71.3 
76.5 
81.1 
85.3 
88.3 
89.9 
89.7 
87.4 
82.8 
76.8 
71.2 
66.4 
62.3 
59.0 

68.2 

t3 
Internal 
Indoor 

72.6 
72.4 
72.1 
72.0 
71.8 
71.7 
71.6 
71.6 
71.6 
71.7 
71.9 
72.1 
72.4 
72.7 
73.0 
73.2 
73.4 
73.6 
73.6 
73.5 
73.4 
73.2 
73.0 
72.8 

~ 

72.5 

t l  
Indoor 
Surface 

72.3 
72.2 
72.1 
72.0 
71.9 
71.8 

71.6 
71.6 
71.7 
71.8 
71.9 
72.0 
72.1 
72.3 
72.4 
72.6 
72.7 

72.8 
72.7 
72.6 
72.5 
72.4 

71.7 ,. 

72.7 

72.2 

- 

ti 
Indoor 

Air 

72.1 
72.1 
72.0 
72.0 
72.0 
71.9 
71.9 
71.9 
71.9 
71.9 
71.9 
72.0 
72.0 
72.0 
72.1 
72.1 
72.2 
72.2 
72.2 
72.2 
72.2 
72.2 
72.2 
72.1 

72.0 
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TABLE C7(b) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P2, 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 

Mean 

to 
Outdoor 

Air 

6.2 
5.9 
6.0 
5.9 
6.4 

13.4 
20.1 
24.0 
27.9 
32.4 
35.6 
37.3 
39.0 
39.6 
37.7 
34.2 
29.3 
21.9 
13.5 
10.7 
8.6 
7.7 
6.9 
6.5 

19.9 

t2 
Outdoor 
Surface 

11.0 
10.1 
9.6 
9.1 
0.8 
11.8 
15.5 
18.5 
21.5 
25.1 
28.2 
30.6 
32.9 
34.5 
34.6 
33.5 
31.3 
27.3 
22.3 
19.2 
16.7 
14.8 
132 
12.0 

20.5 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 40% 

Outdoor Chamber - 20% 

Laboratory Air Temperature: 

Min. - 70°F (21%) 
MU. - 71'F (22%) 

Measured Temperatures, 
"C 

~ .- 

t4 
Internal 
Outdoor 

13.5 
12.3 
11.2 
10.5 
9.8 
9.8 
11.3 
13.5 
16.0 
18.8 
21.8 
24.7 
27.3 
29.6 
31.3 
32.2 
32.0 
30.8 
28.2 
24.9 
21.8 
19.1 
16.9 
15.0 

20.1 

-C26- 

t3 
Internal 
Indoor 

22.5 
22.4 
22.3 
22.2 
22.1 
22.0 
22.0 
22.0 
22.0 
22.1 
22.2 
22.3 
22.4 
22.6 
22.8 
22.9 
23.0 
23.1 
23.1 
23.1 
23.0 
22.9 
22.8 
22.7 

22.5 

t i  
Indoor 
Surface 

22.4 
22.3 
22.3 
22.2 
22.1 
22.1 
22.1 '- 
22.0 ' 

22.0 
22.0 
22.1 
22.1 
22.2 
22.3 
22.4 
22.5 
22.5 
22.6 
22.6 
22.6 
22.6 
22.6 
22.5 
22.5 

22.3 

ti 
Indoor 

Air 

22.3 
22.3 
22.2 
22.2 
22.2 
22.2 
22.2 
22.1 
22.2 
22.1 
22.2 
22.2 
22.2 
22.2 
22.3 
22.3 
22.3 
22.3 
22.3 
22.4 
22.3 
22.3 
22.3 
223 

22.2 

I 

i 
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TABLE C8(a) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P2. US UNITS 

Tme, 
hr 

1 
2 
3 
4 
5 
6 
? 

9 
10 
1 1  
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

a 

~~ 

Mean 

qw 
Calib. 

Hot Box 

-0.04 
-0.29 
-0.57 
-0.93 
-1.17 
-1 -42 
-1.57 
-1.71 
-1.75 
-1.72 
-1.74 
-1.57 
-1.21 
-0.85 
-0.41 
-0.05 
0.52 
0.71 
0.97 
1.17 
1.18 
0.87 
0.64 
0.27 

-0.45 

Measured Heat Flow, 
Etuhr-sq ft 

qhft 
HFi- @ 
In. Surf. 

0.33 
0.12 

-0.12 
-0.39 
-0.63 
-0.86 
-1.05 
-1.17 
-1.29 
-1.28 
-1.25 
-1.16 
-0.92 
-0.65 
-0.35 
-0.03 
0.27 
0.51 
0.76 
0.89 
0.95 
0.89 
0.75 
0.54 

-0.21 

Calibrated Hot Box Relathre Humidtty: 
Indoor Chamber - 40% 

Outdoor Chamber - 20% 
Laboratory Air Temperature: 

Max. - 71-F (22°C) 
Min. - 70-F (21%) 

-C28- 

qhft' 
HFr @ 

Out. surf. 

-23.77 
-20.85 
-1 7.20 
-14.97 
-1 1 A1 

7.58 
22.92 
28.83 
33.87 
40.18 
42.07 
39.08 
37.15 
32.77 
22.73 
10.69 
-3.54 
-23.57 
-43.17 
-43.35 
-41 3 7  
-36.21 
-32.02 
-27.71 

Calculated 
Heat Flow, 
Btu/hr*sq ft 

.- 

qss 
Steady- 
State 

-2.42 
-2.59 
-2.68 
-2.78 
-2.81 

1 -1.41 
-0.77 
-0.1 1 
0.68 
1.39 
1.94 
2.45 
2.82 
2.83 
2.54 
1.99 
1.07 
-0.09 
-0.75 
-1.29 
-1.68 
-2.00 
-2.24 

,.-2.20 

-0.34 

i 

1 
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TABLE C8(b) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P2, SI UNITS 

Tim, Measured Heat Flow, 

I 

Mean 

w 
Calib. 

Hot Box 

-1.40 

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 

-0.12 
-0.92 
-1.81 
-2.93 
-3.70 
-4.49 
-4.96 
-5.40 
-5.51 
-5.41 
-5.49 
-4.94 
-3.83 
-2.69 
-1.30 
-0.15 
1.64 
2.23 
3.07 
3.69 
3.72 
2.75 
2.01 
0.84 

Wlsq m 

qhft  
HFT @ 
In. Surf. 

qhft'  

out. surf. 
@ 

1.03 
0.39 
-0.37 
-1.24 
-2.00 
-2.72 
-3.31 
-3.69 
-4.06 
-4.05 
-3.95 
-3.66 
-2.89 
-2.03 
-1.10 
-0.08 
0.84 
1.60 
2.41 
2.80 
3.01 
2.80 
2.36 
1.71 

-74.99 
-65.79 
-54.26 
-47.23 
-36.01 
23.91 
72.32 
90.97 
106.85 
126.78 
132.73 
123.30 
117.22 
103.40 
71.71 
33.74 

-1 1.17 
-74.37 
-136.19 
-1 36.78 
-1 30.54 
-1 14.23 
-1 01.03 

-87.42 

Q -2.79 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 40% 

Outdoor Chamber - 20% 

Laboratory Air Temperature: 
Max. - 71°F (22°C) 
Min. - 70*F (21°C) 

Calculated 
Heat Flow, 

W l q  rn 

qss 
Steady- 
State 

-7.65 
-8.1 6 
-8.47 
-8.76 
-8.87 
-6.93 
-4.46 

' -2.43 
-0.34 
2.1 3 
4.39 
6.1 1 
7.74 
8.89 
8.91 
8.02 
6.29 
3.37 
-0.27 
-2.38 
-4.08 
-5.29 
-6.30 
-7.06 

-1.07 
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I 
TABLE C9(a) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPUED TO WALL P2. US UNITS I 

lime, 
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 

t o  
Outdoor 

Air 

56.6 
56.3 
55.9 
5p.7 
57.6 
69.5 
79.3 
87.0 
94.5 
102.0 
105.7 
108.5 
111.5 
111.8 
108.1 
102,o 
92.7 
78.7 
66.2 
63.1 
61.6 
59.9 
58.4 
57.9 

79.1 

t2 
Outdoor 
Surface 

63.9 
62.7 
61.6 
60.1 
60.6 
65.8 
71.5 
77.0 
82.7 
89.0 
93.7 
97.7 
101.5 
103.8 
103.5 
101.4 
96.9 
89.2 
80.8 
76.3 
73.1 
70.2 
67.6 
65.8 

79,8 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 39% 

Outdoor Chamber - 16% 
Laboratory Air Temperature: 

Max - 71'F (22°C) 
Mia - 69°F (21%) 

Measured Temperatures, 
"F 

t4 
Internal 
Outdoor 

67.7 
65.8 
64.1 
62.6 
61.3 
61.6 
64.0 
67.9 
72.4 
77.4 
82.5 
87.1 
91.4 
95.2 
98.0 
99.2 
98.7 
96.1 
91 .o 
85.3 
80.5 
76.5 
73.0 
70.1 

70.7 

~ .- 

t3 
Internal 
Indoor 

73.3 
73.1 
72.9 
72.8 
72S 
72.4 
72.3 
72.4 
72.5 
72.6 
72.8 
73.0 
73.2 
73.4 
73.6 
73.8 
74.0 
74.2 
74.2 
74.2 
74,l 
73.9 
73.7 
73.5 
~- 

73.3 

t l  
Indoor 
Surface 

72.7 
72.6 
72.5 
72.4 
72.2 
72.1 , 

72.1 . 
72.0 
72.1 
72.1 
72.2 
72.3 
72.4 
72.6 
72.7 
72.8 
72.9 
73.1 
'73.1 
73.1 
73.1 
73.0 
72.9 
72.8 

72.6 

t i  
Indoor 

Air 

72.1 
72.1 
72.1 
72.0 
72.0 
71.9 
71.9 
71.8 
71.9 
71.9 
71.9 
72.0 
72.0 
72.1 
72.1 
72.2 
72.2 
72.3 
72.3 
72.3 
72.3 
72.2 
72.2 
72.1 

72.1 

I 
i 
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TABLE C9(b) * MEASURED TEMPERATURES FOR NES+iO TEST CYCLE APPLIED TO WALL P2, SI UNITS 

~- 

Time, 
hr 

.- 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

t o  
Outdoor 

Air 

13.7 
13.5 
13.3 
12.6 
14.2 
20.9 
26.3 
30.6 
34.7 
38.9 
40.9 
42.5 
44.1 
4 4 4  
42.3 
38.9 
33.7 
25.9 
19.0 
17.3 
16.4 
15.5 
14.7 
14.4 

26.2 

t2 
Outdoor 
Surface 

17.7 
17.1 
16.4 
15.6 
15.9 
18.8 
21.9 
25.0 
28.2 
31.7 
34.3 
36.5 
38.6 
39.9 
39.7 
38.5 
36.1 
31.8 
27.1 
24.6 
22.8 
21.2 
19.8 
18.8 

26.6 

Measured Temperatures, 
"C 

~~ 

t4 
Internal 

Outdoor 
~~ 

19.8 
18.8 
17.8 
17.0 
16.3 
16.4 
17.8 
19.9 
22.4 
25.2 
28.1 
30.6 
33.0 
35.1 
36.7 
37.3 
37.0 
35.6 
32.8 
29.6 
27.0 
24.7 
22.8 
21.2 

26.0 

t3  
Internal 
Indoor 

22.9 
22.9 
22.7 
22.6 
22.5 
22.4 
22.4 
22.4 
22.5 
22.6 
22.6 
22.8 
22.9 
23.0 
23.1 
23.2 
23.3 
23.4 
23.4 
23.4 
23.4 
23.3 
23.2 
23.0 

22.9 

t l  
Indoor 
Surface 

22.6 
22.6 
22.5 
22.4 
22.3 
22.3 
22.3 
22.2 ~ 

22.3 
22.3 
22.3 
22.4 
22.5 
22.5 
22.6 
22.7 
22.7 
22.8 
22.9 
22.9 
22.8 
22.8 
22.7 
22.7 

22.5 

~ 

ti 
Indoor 

Air 

22.3 
22.3 
22.3 
22.2 
22.2 
22.2 
22.1 
22.1 
22.2 
22.2 
22.2 
22.2 
22.2 
22.3 
22.3 
22.3 
22.3 
22.4 
22.4 
22.4 
22.4 
22.4 
22.3 
22.3 

22.3 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 39% 

Outdoor Chamber - 16% 
Laboratory Air Temperature: 

Max. - 71°F (22°C) 
Min. - 69°F (21%) 
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TABLE ClO(a) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P2, US UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

I 

qw 
Calib. 

Hot Box 

1.64 
1.44 
1.18 
0.90 
0.58 
0.3 1 

-0.01 
-0.18 
-0.31 
-0.14 
-0.06 
0.1 9 
0.54 
0.87 
1.31 
1.76 
2.07 
2.48 
2.74 
2.90 
2.78 
2.67 
2.31 
2.00 

Mean 1.25 I 

~ .- 

Measured Heat Flow, 
Btu/hr*sq ft 

qhft 
HFT @ 
In. Surf. 

1.58 
1.34 
1.10 
0.85 
0.63 
0.43 
0.26 
0.15 
0.05 
0.04 
0.10 
0.21 
0.38 
0.61 
0.89 
1.22 
1.50 
1.76 
1.96 
2.09 
2.12 
2.06 
1.96 
1.78 

1.04 

Calibrated Hot Box Relathre Humidity: 
Indoor Chamber - 39% 

Outdoor Chamber - 16% 

Laboratory Air Temperature: 
Max. - 71°F (22°C) 
Min. - 69°F (21°C) 

qhft' 
Hl=r @ 

out. surf. 

-20.99 
-1 8.05 
-1 5.62 
-14.88 

-8.08 

22.30 
29.82 
35.57 
40.56 
39.37 
37.15 
35.87 
30.62 
20.77 

9.26 
-5.59 

-26.34 
-41.18 
-38.54 
-33.79 
-30.40 
-27.12 
-23.03 

10.18 

0.33 

Calculated 
Heat Flow, 

Btu/hr*sq ft 

q= 
Steady- 
State 

-1.06 
-1.20 
-1.31 
-1.47 
-1.40 
-0.77 
r0.07 
' 0.61 

1.34 
2.1 5 
2.76 
3.28 
3.78 

4.03 
3.72 
3.09 
2.06 
0.96 
0.40 
0.00 

-0.35 
-0.64 
-0.85 

4.08 

0.96 
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TABLE ClO(b) * HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P2, SI UNITS 

qhft' 
HFT @ 

out. surf. 

Calculated 
Tm. I Measured Heat Flow, I Heat Flow, 

q= 
Steady- 
State 

hr I 
qw 

Callb. 
Hot Box 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

5.18 
4.54 
3.71 
2.83 
1 .a3 
0.97 

-0.04 
-0.56 
-0.99 
-0.45 
-0.20 
0.61 
1.72 
2.75 
4.13 
5.56 
6.54 
7.83 
8.65 
9.15 
8.78 
8.41 
7.30 
6.30 

Wtsq m 

qhft 
Hi=r @ 
In. Surf. 

4.98 
4.24 
3.46 
2.69 
1.98 
1.35 
0.83 
0.48 
0.1 5 
0.14 
0.33 
0.65 
1.19 
1.92 
2.80 
3.85 
4.72 
5.55 
6.20 
6.59 
6.68 
6.51 
6.20 
5.60 

3.30 

Callbrated Hot Box Relathre Humidity: 
Indoor Chamber - 39% 

Outdoor Chamber - 16% 

Laboratory Air Temperature: 
Max. - 7 1 T  (22%) 
Min. - 69'F (21%) 

I Wisqm 

I 

-66.23 
-56.94 
-49.28 
-46.96 
-25.49 
32.1 0 
70.36 
94,07 

1 12.24 
127.96 
124.20 
117.22 
113.18 
96.62 
65.54 
29.21 

-1 7.63 
-83.09 

-129.92 
-121.61 
-1 06.61 

-95.91 
-85.57 
-72.66 

I 
-3.36 
-3.78 
-4.15 
-4.64 
4 4 2  
-2.43 

_' -0.23 
1.93 
4.22 
6.78 
8.70 

10.33 
11.91 
12.86 
12.70 
1 1.72 
9.75 
6.49 
3.03 
1.25 
-0.01 
-1.10 
-2.02 
-2.69 

1.03 I 3.04 ~ 

I 

I 
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TABLE C1 l (a)  - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P2. US UNITS 

lime, 
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 

to 
Outdoor 

Air 

37.4 
37.3 
37.1 
36.9 
40.4 
51.4 
61.6 
69.6 
77.2 

87.2 
90.4 
94.2 
94.1 
90.2 
84.2 
75.7 
60.7 
47.3 
43.8 
41.9 
40.2 
38.8 
37.9 

84.2 

60.8 

12 
Outdoor 
Surface 

45.8 
44.5 
43.5 
42.6 
43.4 

54.3 
59.8 
65.7 
71.7 
75.9 
79.8 
83.9 
86.1 
86.0 
83.9 
79.9 
72.3 
63.6 
59.0 
55.4 
52.3 
49.6 
47.5 

48.4 

62.3 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 42% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 73*F (23°C) 
Min. - 73°F (23°C) 

Measured Temperatures, 
"F 

t4  
Internal 

Outdoor 

50.1 
48.0 
46.4 
45.1 
44.1 
44.6 
47.2 
51 .O 
55.6 
60.7 
65.9 
70.4 
74.7 
78.6 
81.3 
82.4 
82.0 
79.6 
74.5 
68.6 
63.5 
59.3 
55.6 
52.6 

61.7 

13 
Internal 
Indoor 

72.0 
71.8 
71.6 
71.5 
71.4 
71.2 
71.1 
71.1 
71.2 
71.4 
71.5 
71.7 
72.0 
72.2 
72.3 
72.7 
72.9 
72.8 
73.0 
72.9 
72.8 
72.6 
72.4 
72.2 

72.0 

t i  
Indoor 
Surface 

72.0 
72.0 
71.8 
71.7 
71.7 
71.6 
71.5 , 
71.5 . 
71.5 
71.5 
71.6 
71.7 
71.8 
71.9 
72.1 
72.2 
72.3 
72.4 
72.4 
72.4 
72.4 
72.4 
72.3 
72.2 

71.9 

t i  
Indoor 

Air 

72.1 
72.1 
72.0 
72.0 
72.0 
72.0 
71.9 
71.9 
71.9 
71.9 
71.9 
72.0 
72.0 
72.0 
72.1 
72.1 
72.1 
72.2 
72.2 
72.2 
72.2 
72.2 
72.1 
72.1 

72.0 
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TABLE G I  1 (b) - 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLlED TO WALL P2. SI UNITS 1 

t o  
Outdoor 

Air 

3.0 
3.0 
2.9 
2.7 
4.7 

10.8 
16.4 
20,9 
25.1 
29.0 
30.7 
32.4 
34.6 
34.5 
32.3 
29.0 
24.3 
15.9 
8.5 
6.6 
5.5 
4.6 
3.8 
3.3 

16.0 

t2 
Outdoor 
Surface 

7.7 
7.0 
6.4 
5.9 
6.3 
9.1 

12.4 
15.4 
18.7 
22.0 
24.4 
26.6 
28.8 
30.1 
30.0 
28.8 
26.6 
22.4 
17.6 
15.0 
13.0 
11.3 
9.8 
8.6 

16.8 

Measured Temperatures. 
"C 

t4 
Internal 
Outdoor 

10.1 
8.9 
8.0 
7.3 
6.7 
7.0 
8.4 

10.5 
13.1 
16,O 
18.8 
21.3 
23.7 
25.9 
27.4 
28.0 
27.8 
26.5 
23.6 
20.3 
17.5 
15.1 
13.1 
11.5 

16.5 

Calibrated Hot Box Relattve Humidity: 
Indoor Chamber - 42% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 73-F (23°C) 
Min. - 73OF (23°C) 

-C40- 

t3 
Internal 
Indoor 

22.2 
22.1 
22.0 
21 -9 
21.9 
21 -8 
21.7 
21.7 
21 .a 
21.9 
21.9 
22.1 
22.2 
22.4 
22.4 
22.6 
22.7 
22.7 
22.8 
22.7 
22.7 
22.6 
22.5 
22.3 

22.2 

t l  
Indoor 
Surface 

22.2 
22.2 
22.1 
22.1 
22.0 
22.0 
21 :9 
21.9 
21.9 
21.9 
22.0 
22.0 
22.1 
22.2 
22.3 
22.3 
22.4 
22.5 
22.5 
22.5 
22.5 
22.4 
22.4 
22 -3 

222 

t i  
Indoor 

Air 

22.3 
22.3 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.2 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 

22.2 

1 

1 
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TABLE C12(a) * HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P2, US UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

Measured Heat Flow, 
Btu/hr*sq tt 

qw 
Calib. 

Hot Box 

-0.69 
-0.96 
-1*12 
-1 .SO 
-1.70 
-1 -94 
-2.1 9 
-2.31 
-2.30 
-2.37 
-2.28 
-1.93 
-1.70 
-1.23 
-1.06 
-0.57 
-0.1 8 
0.1 4 
0.50 
0.57 
0.39 
0.22 

-0.06 
-0.31 

-1.02 

qhft 
HFT @ 
In. Surf. 

~ 

-0.50 
-0.75 
-0.96 
-1.19 
-1.44 
-1.63 
-1 .a1 
-1 3 4  
-1 *97 
-1,97 
-1.92 
-1.75 
-1.58 
-1.28 
-1.06 
-0.76 
-0.47 
-0.22 
-0.01 
0.12 
0.15 
0.06 

-0.06 
-0.26 

-0.97 

qhft' 
HFr @ 

Out. surf. 

-22.65 
-1 9.22 
-1 6.55 
-14.51 
-7.42 
8.05 

20.05 
27.99 
33.86 
38.09 
36.08 
34.62 
34.19 
28.41 
18.75 
7.62 

-5.93 
-28.1 8 
-44.03 
-41.55 
-37.43 
-33.42 
-29.71 
-26.26 

-1.63 

Calculated 
Heat Flow, 
Btu/hr*sq ft 

Steady- 
State 

-3.07 
-3.19 
-3.29 
-3.38 
-3.28 
-2.72 
-2.04 
-1.41 
-0.70 
0.02 
0.54 
1.01 
1.53 
1.79 
1.75 
1.47 
0.95 

-0.02 
-1.07 
-1 -61 
-2.03 
-2.37 
-2.67 
-2.90 

~ 

-1.1 1 

! 

1 

Calibrated Hot Box Relathre Humidity: 
Indoor Chamber - 42% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 73'F (23%) 
Min. - 73*F (23%) 

t 
1 -C42- 
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TABLE C12(b) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P2. 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 

Mean 

Measured Heat Flow. 

qw 
Calib. 

Hot Box 

-2.17 
-3.02 
-3.54 
4.72 
-5.37 
-6.12 
-6.89 
-7.28 
-7.27 
-7.49 
-7.1 9 
-6.09 
-5.37 
-3.89 
-3.36 
*1.79 
-0.57 
0.44 
1.59 
1.78 
1.23 
0.69 
-0.20 
-0.99 

- ~ 

-3.23 

W/q rn 

qhft 
HFT @ 

In. Surf. 

-1 -56 
-2.36 
-3.04 
-3.77 
-4.53 
-5.1 5 
-5.70 
-6.1 1 
-6.22 
-6.22 
-6.05 
-5.51 
-4.97 
-4.05 
-3.36 
-2.40 
-1.47 
-0.70 
-0.03 
0.38 
0.46 
0.20 

-0.19 
-0.83 

~ 

-3.05 

qhft' 
HfT @ 

Out. surf. 

-71.46 
-60.64 
-52.22 
-45.79 
-23.42 
25.40 
63.25 
88.31 
106.84 
120.1 9 
113.84 
109.21 
107.87 
89.62 
59.17 
24.05 
-18.71 
-88.91 
-138.92 
-131.1 0 
-118.10 
-1 05.45 
-93.74 
-82.84 

-5.15 

Calculated 
Heat Flow, 

W/sq m 
.- 

q= 
Steady- 
State 

-9.67 
-1 0.08 
-1 0.39 
-1 0.65 
+10.35 
-8.59 

,. -6.44 
. -4.43 

-2.22 
0.06 
1.69 
3.20 

5.66 
5.53 
4.64 
3.00 

4.81 

-0.05 
-3.36 
-5.08 
-6.41 
-7.4-8 

-9.14 
-8.41 

-3.51 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - 42% 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 73°F (23°C) 
Min. - 73*F (23%) 
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TABLE C13(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P3. US UNITS i 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

to 
Outdoor 

Al r 

43.6 
42.9 
43.1 
42.8 
43.6 
56.1 
67.8 
75.1 
82.0 
90.0 
95.7 
98.7 

101.9 
103.1 
99.6 
93.5 
85.0 
72.1 
56.9 
51.7 
47.9 
46.5 

44.0 
44.8 

67.8 

t2 
Outdoor 
Surface 

52.6 
50.9 
49.9 
48.9 

53.3 
59.5 
64.8 
70.2 
76.4 
81.8 
86.1 
90.2 
93.2 
93.6 
92.0 

81.7 
72.9 
67.5 
62.9 
59.6 
56.7 
54.4 

48.4 

88.3 

~ .~ 

69.0 

Calibrated Hot Box Relattve Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 17% 

L a b  ratory Air Temperature: 

Min. - 70°F (21%) 
M a .  - 74'F (23°C) 

Measured Temperatures, 
OF 

t4 
Internal 
Outdoor 

56.6 
54.4 
52.6 
51.1 
49.8 
49.7 
52.1 
56.1 
60.5 
65.5 
70.8 
76.0 
80,6 
84.8 
87.9 
89.5 
89.4 
87.4 
83.1 
77.2 
71.6 
66.8 
62.8 
59.4 

68.2 

t3 
Internal 
Indoor 

72.3 
72.1 
71.9 
71 -7 
71 .S 
71.4 
71 -3 
71.2 
71.3 
71.4 
71 -6 
71.8 
72.0 
72.3 
72.6 
72.8 
73.0 
73.2 
73.2 
73.2 
73.1 
72.9 
72.7 
72.5 

72.2 

t l  
Indoor 
S u dace 

72.0 
71.9 
71.8 
71.7 
71.5 
71 -4 
71.3 ,' 
71.3 
71.3 
71.3 
71.4 
71.5 
71.7 
71.8 
72.0 
72.1 
72,3 
72.4 
72.4 
72.5 
72.4 
72.4 
72.3 
72.1 

71.9 

- 

ti 
Indoor 

Air 

71 -6 
71.6 
71.5 
71.5 
71.4 
71.4 
71.4 
71.4 
71.3 
71.4 
71.4 
71.4 
71.5 
71.5 
71.6 
71.6 
71 -7 
71.7 
71.7 
71.7 
71 -7 
71.7 
71.7 
71.6 

71.5 

-C46- 

construction technology laboratories, inc. I 



TABLE C13(b) * MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P3. SI UNITS 

to  
Outdoor 

Air 

19.9 

Time, 
hr 

t2 
Outdoor 
S u dace 

20.5 

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 

22.1 Mean 22.0 

6.4 
6.1 
6.2 
6.0 
6.4 
13.4 
19.9 
24.0 
27.8 
32.2 
35.4 
37.1 
38.9 
39.5 
37.5 
34.1 
29.5 
22.3 
13.8 
10.9 
8.8 
8.0 
7.1 
6.7 

11.4 
10.5 
10.0 
9.4 
9.1 
11.8 
15.3 
18.2 
21.2 
24.6 
27.7 
30.1 
32.3 
34.0 
34.2 
33.3 
31.3 
27.6 
22.7 
19.7 
17.2 
15.4 
13.7 
12.4 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 74°F (23%) 
Min. - 70°F (21%) 

Measured Temperatures, 
"C 

I 
t4 

Internal 
Outdoor 

t3 
Internal 
Indoor 

13.7 
12.4 
11.4 
10.6 
9.9 
9.8 
11.2 
13.4 
15.9 
18.6 
21.6 
24.4 
27.0 
29.3 
31.1 
31.9 
31.9 
30.8 
28.4 
25.1 
22.0 
19.3 
17.1 
15.2 

22.4 
22.3 
22.1 
22.1 
22.0 
21.9 
21.8 
21.8 
21.8 
21.9 
22.0 
22.1 
22.2 
22.4 
22.5 
22.7 
22.8 
22.9 
22.9 
22.9 
22.8 
22.7 
22.6 
22.5 

t l  
Indoor 

Surface 

ti 
Indoor 

Air 

22.2 
22.2 
22.1 
22.0 
22.0 
21.9 

21 ,a 

21.9 
21.9 
22.0 
22.0 
22.1 
22.2 
22.3 
22.4 
22.4 
22.5 
22.5 
22.5 
22.4 
22.4 
22.3 

21.9 

21 .a 

22.0 
22.0 
22.0 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
22.0 
22.0 
22.0 
22.1 
22.1 
22.1 
22.1 
22.1 
22.0 
22.0 
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TABLE C14(a) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P3, US UNITS 

Time, 
hr 

I 
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 

Measured Heat Flow, 
Btulhresq ft 

qw 
Calib. 

Hot Box 

-0.03 
-0.19 
-0.41 
-0.62 
-0.70 
-0.88 
-1.17 
-1.24 
-1.54 
-1.30 
-1.36 
-1.28 
-1.09 
-0.91 
-0.67 
-0.30 
-0.08 
0.38 
0.68 
0.71 
0.65 
0.54 
0.39 
0.22 

-0.42 

qhft 
HFT @ 
In. Surf. 

-0.1 5 
-0.32 
-0.53 
-0.74 
-0.93 
-1.12 
-1.29 
-1.42 
-1.50 
-1.48 
-1.43 
-1.33 
-1.15 
-0.94 
-0.69 
-0.43 
-0.23 
0.01 
0.21 
0.31 
0.34 
0.28 
0.18 
0.03 

-0.60 

qhft' 
HFT @ 

out. surf. 

-22.01 
-1 9.37 
-16.16 
-1 4.09 
-1 1.07 
6.18 
20.82 
26.90 
32.05 
38.09 
39.26 
37.01 
35.62 
31.07 
21.20 
9.57 
-3.75 
-20.88 
-38.50 
-38.83 
-36.85 
-32.47 

-25.33 
-29.28 

-0.45 

Calculated 
Heat Flow, 

Btulhrosq ft 
~ 

q= 
Steady- 
State 

-1.94 
-2.10 
-2.1 9 
-2.28 
-2.32 
-1.81 
P1.19 
' -0.65 
-0.1 1 
0.51 
1.05 
1.48 
1.88 
2.18 
2.20 
2.02 
1.63 
0.95 
0.05 
-0.51 
-0.96 
-1.28 
-1.56 
-1.78 

~ .- 

-0.28 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 17% 

bboratory Air Temperature: 
Max. - 74°F (23°C) 
Min. - 70°F (21%) 
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TABLE C14(b) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P3, SI UNITS 

Tim, 
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 

Measured Heat Flow, 
Wtsq m 

qw 
Calib. 

Hot Box 

-0.09 
4.59 
-1.30 
-1.94 
-222 
-2.79 
-3.71 
-3.92 
4.85 
4.10 
4.28 
404 
-3.44 
-2.86 
-2.12 
0.94 
-0.24 
1.21 
2.1 5 
2.25 
2.06 
1.69 
1.22 
0,70 

- 1 . 3 4  

qhft 
HFf @ 
In. Surf, 

-0.48 
-1 .oo 
-1.66 
-2.34 
-2.94 
-3.53 
-4.07 
-4.48 
-4.72 
4.68 
-4.52 
-4,2 1 
-3.64 
-2.98 
-2.1 8 
-1 -36 
-0.71 
0.04 
0.67 
0.99 
1.07 
0.87 
0.56 
0.09 

-1.88 

Calibrated Hot Box Relative Humidity: 
indoor Chamber - not available 

Outdoor Chamber - 17% 

Laboratory Alr Temperature: 
Mar - 74°F (23°C) 
Min. - 70*F (21%) 

-C50- 

qhft' 
HFT @ 

out. surf. 

-69.44 
-61.1 0 
-50.98 
-44.47 
-34.91 
19.49 
65.69 
84.86 

101.11 
120.16 
123.87 
1 16.76 
112.38 
98.01 
66.87 
30.19 

-1 1.64 
-65,89 

-1 21,46 
-1 22.50 
-1 16.28 
-1 02.44 

-92.37 
-79.92 

-1.43 

Calculated 
Heat Flow, 

Wlsq m 

qss 
Steady- 
State 

-6.13 
-6.62 
-6.90 
-7.18 
-7.31 
-5.73 

,'. -3.74 
-2.05 
-0.35 
1.60 
3.32 
4.68 
5 3 4  
6.88 
6.95 
6.37 
5.14 
3.00 
0.14 

-1.59 
-3.03 
-4.04 
-4.93 
-5.61 

-0.68 

t 

I 
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TABLE C15(a) - MEASURED TEMPERATURES FOR NBS+lO TEST CYCLE APPLIED TO WALL P3. US UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
15 
16 
17 

19 
20 
21 
22 
23 
24 

i a  

to  
Outdoor 

Air 

56.5 
56.3 
55.6 
54.7 
59.1 
71.3 
81 .O 
88.1 
94.8 
101.9 
105.4 
108.5 
111.1 
110.9 
106.6 
100.0 
91.2 
73.6 
63.1 
62.5 
61.1 
59.4 
58.1 
57.7 

Mean I 78.7 

t2 
Outdoor 
Surface 

63.8 
62.6 
61.4 
60.1 
61.2 
66.5 
72.2 
77.4 
82.7 

93.1 
97.1 
100.7 
102.7 
102.3 
99.9 
95.9 
86.7 
79.0 
75.7 
72.6 

67.4 
65.6 

88.6 

69.8 

79.4 

Calibrated Hot Box Relative Humidity: 
indoor Chamber - not available 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 

Min. - 70°F (21°C) 
M a .  - 77°F (25'C) 

Measured Temperatures, 
"F 

t4  
Internal 

Outdoor 

67.0 
65.1 
63.5 
62.1 
61 .O 
61.5 
64.3 
68.2 
72.7 
77.6 
82.7 
87.2 
91.4 
95.0 
97.6 
98.5 
97.9 
95.0 
89.0 

79.1 
75.3 
72.0 
69.3 

83.7 

____ .- 

78.2 

t3 
Internal 
Indoor 

73.1 
72.9 
72.7 
72.5 
72.3 
72.2 
72. I 
72.1 
72.1 
72.2 
72.4 
72.6 
72.9 
73.2 
73.5 
73.7 
73.9 
74.0 
74.1 
74.0 
73.0 
73.7 
73.4 
73.3 

73.0 

t l  
Indoor 
Surface 

72.5 
72.4 
72.2 
72.1 
72.0 
71.9 
71.8, 
71 .& 
71.7 

71.9 
72.0 
72.1 
72.4 
72.6 
72.7 
72.9 
72.9 
73.0 
73.0 
72.9 
72.8 
72.7 
72.6 

71 .a 

72.4 

t i  
Indoor 

Air 

71.7 
71.7 
71.7 
71.7 
71.6 
71.6 
71.5 
71.5 
71.4 
71.4 
71.4 
71.5 
71.5 
71.7 

71.8 
71.9 
71.9 
71.9 
71.9 
71.9 
71.9 
71.8 
71.8 

71 .a 

71.7 
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TABLE C15(b) - MEASURED TEMPERATURES FOR NBS+lO TEST CYCLE APPLIED TO WALL P3, SI UNITS 2 

Tim, 
hr 

1 
2 
3 
4 
5 
6 
7 

9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

a 

Mean 

to 
Outdoor 

Air 

13.6 
13,s 
13.1 
12.6 
15.0 
21 .a 
27.2 
31.2 
34.9 
38.8 
40.8 
42.5 
43.9 
43.0 
41.4 
37.8 
32.9 
23.1 
17.3 
16.9 
16.2 
15.2 
14.5 
14.3 

25.9 

t2 
Outdoor 
Surface 

17.7 
17.0 
16.3 
15.6 
16.2 
19.2 
22.3 
25.2 
28.2 
31.4 
33.9 
36.2 
38.2 
39.3 
39.0 
37.7 
35.5 
30.4 
26.1 
24.3 
22.6 
21 .o 
19.7 
18.7 

26.3 

Measured Temperatures, 
"C 

t4 
Internal 
Outdoor 

19.5 
18.4 
17.5 
16.7 
16.1 
16.4 
17.9 
20.1 
22.6 
25.3 
28.2 
30.7 
33.0 
35.0 
36.4 
36.9 
36.6 
35.0 
31 -7 
28.7 
26.2 
24.0 
22.2 
20.7 

25.7 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not avallable 

Outdoor Chamber - 17% 

Laboratory Alr Temperature: 
Max. - 77°F (25%) 
Mln. - 70°F (21%) 

t3 
Internal 
Indoor 

22.8 
22.7 
22.6 
22.5 
22.4 
22.3 
22.3 
22.3 
22.3 
22.3 
22.4 
22.8 
22.7 
22.9 
23.0 
23.2 
23.3 
23.4 
23.4 
23.3 
23.2 
23.2 
23.0 
22.9 

~ 

22.8 

t l  
indoor 
Surface 

22.5 
22.4 
22.4 
22.3 
22.2 
22.2 
22.1 ' 
22.1 . 
22.1 
22.1 
22.1 
22.2 
22.3 
22.4 
2 2 s  
22.6 
22.7 
22.7 
22.8 
22.8 
22.7 
22.7 
22.6 
22,6 

22.4 

t i  
Indoor 

Air 

22.1 
22.1 
22.0 
22.0 
22.0 
22.0 
21.9 
21.9 
21.9 
21.9 
21.9 
22.0 
22.0 
22.0 
22.1 
22.1 
22*2 
22.2 
22.2 
22.2 
22.2 
22.1 
22.1 
22.1 

22.0 
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TABLE C16(a) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P3, US UNITS 

Tim, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

qw 
Calib. 

Hot Box 

0.89 
0.71 
0,57 
0.49 
0.33 
0.21 
0.02 
0.13 
0.06 
0.1 1 
0.01 
0.20 
0.29 
0.14 
0.19 
0.30 
0.55 
1.02 
1.31 
1.37 
1.31 
1.29 
1.17 
1.10 

0.57 

Measured Heat Flow, 
Btu/hr*sq lt 

qhft 
Hi=r @ 
In, Surf. 

0.77 

0.35 
0.16 

-0.04 
-0.20 
-0.32 
-0.39 
-0.43 
-0.40 
-0.33 
-0.24 
-0.07 
0.10 
0.33 
0.58 
0.83 
1,06 
1.22 
1.29 
1.28 
1.22 
1-10 
0.95 

0.57 

~ 

0.39 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 77'F (25OC) 
Mln. - 70*F (21OC) 

qhft' 
Hl=r @ 

out. surf. 

-1 8.56 
-1 5.77 
-1 4.25 
-1 3.24 

-5.37 
1 1.74 
22.96 
29.52 
34.1 5 
38.20 
36.53 
35.51 
33.26 
28.05 
17.37 
5.26 

-7.64 
-30.84 
-39.89 
-33.52 
-29.44 
-26.61 
-23.77 
-20.40 

0.55 

Calculated 
Heat Flow, 
Btu/hr-sq fi 
- 

q= 
Steady- 
State 

~~ ~ .- 

-0.87 
-0.98 
-1.09 
-1.21 
-1.09 
-0.55 
6-03 
0.56 
1.12 
1.71 
2.1 6 
2.57 
2.92 
3.1 1 
3.04 
2.78 
2.35 
1.40 
0.61 
0.27 

-0.03 
-0.30 
-0.53 
-0.70 

0.72 
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TABLE C16(b) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P3. S1 UNITS 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

Measured Heat Flow, 
Wlsq m 

qw 
Calib. 

Hot Box 

2.82 
2.25 
1.78 
1.54 
1.04 
0.67 
0.07 
0.40 
0.18 
0.36 
0.04 
0.62 
0.91 
0.45 
0.61 
0.95 
1.73 
3.22 
4.15 
4.33 
4.13 
4.06 
3.70 
3.47 

1.81 

qhft 
0 

In. Surf. 

2.41 
1.79 
1.10 
0.49 

-0.12 
-0.64 
-1.02 
-1.24 
-1.35 
-1.25 
-1.04 
-0.75 
-0.23 
0.32 
1.04 
1.84 
2.61 
3.33 

4.06 
4.02 
3.83 
3.48 
3.01 

3.86 

1.23 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 17% 

Laboratory Air Temperature: 
Max. - 77°F (25°C) 
Min. - 70°F (21°C) 

qhft' 
HFr  @ 

Out. surf. 

-58.57 
-49.75 
-44.94 
-41.76 
-1 6.93 
37.04 
72.45 
93.14 

107.73 
120.51 
1 15.24 
11 2.03 
104.93 
aa .49 
54.80 
16.58 

-24.1 1 
-97.3 1 

-1 25.86 
-1 05.77 
-92.88 
-83.95 
-75.00 
-64.35 

1.74 

~ 

Calculated 
Heat Flow, 

Wlsq m 

q= 
Steady- 
Slate 

-2.74 
-3.09 
-3.44 
-3.81 
-3.44 
-1.72 

'. 0.10 
. 1.78 

3.52 
5.40 

8.10 
9.22 
9.80 
9.60 

7.41 
4.43 
1.92 
0.86 

-0.10 
-0.96 
-1.68 
-2.22 

6.83 

8.78 

2.27 
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TABLE C17(a) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P3, US UNITS 

Time. 
hr 

1 
2 
3 
4 
5 
6 
7 
0 
9 
10 
11 
12 
13 
14 
15 
16 
17 

19 
20 
21 
22 
23 
24 

i a  

Mean 

to 
Outdoor 

Air 

35.5 
35.5 
35.5 
35.4 
39.4 
50.9 
60.6 
68.3 
75.4 
82.5 
85.2 
88.4 
91.7 
90.8 
86.7 
81.2 
72.5 
56+3 
44.3 
41.2 
40.0 
38.8 
37.3 
36.2 

58.7 

t2 
Outdoor 
Surface 

44.2 
42.9 
42.1 
41.2 
42.2 
47.3 
53.1 
58.5 
64.0 
69.9 
74.0 
77.7 
81.6 
83.4 
83.1 
81.1 
77.3 
69.2 
61.2 
56.7 
53.5 
50.8 
48.1 
45.9 

60.4 

Measured Temperatures, 
"F 

t4 
Internal 
Outdoor 

48.1 
46.0 
44.5 
43.1 
42.3 
42.9 
45.7 
49.7 
54.3 
59.3 
64.4 
68.8 
73.0 
76.7 
79.1 
80.2 
79.6 
77.1 
71.8 
65.9 
60.9 
56.9 
53.5 
50.6 

59.8 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 16% 

Laboratory Air Temperature: 

Mln. - 74*F (23%) 
MU. - 75°F (24%) 

-C60- 

13 
Internal 
Indoor 

71.5 
71.3 
71 -2 
71 .O 
70.9 
70.8 
70.7 
70.7 
70.8 
70.9 
71 .1 
71.3 
71.5 
71.8 
72.0 
72.2 
72.3 
72.4 
72.5 
72.4 
72.2 
72.1 
71.9 
71.7 

71.5 

t l  
Indoor 
Surface 

71.6 
71.5 
71.4 
71.3 
71.2 
71.1, 
71 .t 
71 .O 
71 .O 
71.1 
71.2 
71.2 
71.4 
71.5 
71.6 
71.8 
71.8 
71.9 
72.0 
72.0 
71.9 
71.9 
71.8 
71.7 

71.5 

tl 
Indoor 

Air 

71.4 
71.4 
71.4 
71.3 
71.3 
71.3 
71.3 
71.3 
71.2 
71.2 
71.3 
71.3 
71.3 
71.4 
71.4 
71.5 
71.5 
71.5 
71.6 
71.5 
71.5 
71.5 
71.4 
71.4 

71 -4  

I 
I 
I 
1 

1 
I 

i 

I 

1 
i 

I 

I 
I 
I 

I 

! 
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TABLE C17(b) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P3, SI UNITS 

lime, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

t o  
Outdoor 

Air 

1.9 
2.0 
2.0 
1.9 
4.1 

10.5 
15.9 
20.1 
24.1 
28.0 
29.6 
31.3 
33.2 
32.7 
30.4 
27.3 
22.5 
13.5 
6.8 
5.1 
4.5 
3.8 
2.9 
2.3 

14.9 

t2 
Outdoor 
Surface 

6.8 
6.1 
5.6 
5.1 
5.7 
8.5 

11.7 
14.7 
17.8 
21 .o 
23.3 
25.4 
27.6 
28.6 

27.3 
25.2 
20.7 
16.2 
13.7 
11.9 
10.4 
9.0 
7.7 

28.4 

.~ .. 

15.8 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 16% 

Laboratory Air Temperature: 
Max. - 75°F (24%) 
Min. - 74°F (23%) 

Measured Temperatures, 
"C 

t4 
Internal 

Outdoor 

9.0 
7.8 
6.9 
6.2 
5.7 
6.0 
7.6 
9.8 

12.4 
15.2 
18.0 
20.4 
22.8 
24.8 
26.2 
26.8 
26.5 
25.0 
22.1 
18.8 
16.1 
13.8 
11.9 
10.3 

15.4 

t3 
Internal 
Indoor 

22.0 
21.8 
21.8 
21.7 
21.6 
21.5 
21.5 
21.5 
21.6 
21.6 
21.7 
21.8 
21.9 
22.1 
22.2 
22.3 
22.4 
22.5 
22.5 
22.4 
22.3 
22.3 
22.2 
22.0 

22.0 

t l  
Indoor 
Surface 

22.0 
21.9 
21.9 
21.8 
21.8 
21.7 
21.7, 
21.7 
21.7 
21.7 
21.8 
21.8 
21.9 
22.0 
22.0 
22.1 
22.1 
22.2 
22.2 
22.2 
22.2 
22.1 
22.1 
22.0 

21.9 

t i  
Indoor 

Air 

21.9 
21.9 
21.9 
21.9 
21.8 
21-8 
21.8 
21.8 
21.8 
21.8 
21.8 

21.8 
21.9 
21.9 
21.9 
21.9 
21.9 
22.0 
22.0 
22.0 
21.9 
21.9 
21.9 

21 .a 

21.9 
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TABLE Cl8(a) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P3. US UNITS 
~ 

Time, 
hr 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

w 
Calib. 

Hot Box 

-0.79 
-1.21 
-1 -41 
-1.56 
-1.83 
-2.1 7 
-2.23 
-2.23 
-2.22 
-2.1 1 
-1.96 
-1.92 
-1.71 
-1 .so 
-1.16 
-0.70 
-0.26 
-0.12 
0.04 
0.08 
0.05 

-0.04 
-0.20 
-0.55 

~- 

Measured Heat Flow, 
Btu/hrmsq ft 

qhft  
HFT @ 
In. surf. 

-1.03 
-1.25 
-1.45 
-1.65 
-1.84 
-2.03 
-2.1 7 
-2.23 
-2.26 
-2.24 
-2.16 
-2.04 
-1.86 
-1.64 
-1.41 
-1.15 
-0.89 
-0.70 
-0.56 
-0.40 
-0.49 
-0.55 
-0.67 
-0.82 

-1.15 -1.40 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 16% 

Laboratory Air Temperature: 
Max. - 75°F (24°C) 
Min. - 74°F (23°C) 

~. 

qhft' 
HFT @ 

out. surf. 

-20.46 
-17.21 
-1 4.89 
-12.89 

-6.25 
8.51 

19.63 
26.44 
31.90 
35.99 
33.58 
32.62 
31.46 
24.88 
15.03 
4.72 

-7.99 
-28.87 
-39.59 
-36.99 
-32.1 1 
-28.39 
-25.82 
-23.07 

-1.24 

Calculated 
Heat Flow, 

Btuihrnsq ft 

q= 
Steady- 
State 

-2.69 
-2.80 
-2.87 
-2.95 
-2.84 
-2.34 

,, -1.77 
. -1.24 

-0.70 
-0.12 
0.28 
0.65 
1.03 
1.19 
1.15 
0.94 
0.54 

-0.27 
-1.06 
-1.51 
-1.82 
-2.08 
-2.33 
-2.53 

-1.09 
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TABLE C18(b) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P3. SI UNITS 

lime, 
hr 

1 
2 
3 
8 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 

Mean 

Measured Heat Flow, 
W l q  m 

qw 
Calib. 

Hot Box 

-2.50 
-3.80 
-4.44 
-4.93 
-5.76 
-6.85 
-7.05 
-7.02 
-7.00 
-6.66 
-6.20 
-6.06 
-5.38 
-4.72 
-3.66 
-2.22 
-0.81 
-0.37 
0.1 3 
0.26 
0.1 5 

-0.14 
-0.63 
-1.72 

-3.64 

qhft 
HFr @ 
In. Surf. 

-3.25 
-3.95 
-4.57 
-5.20 
-5.80 
-6.39 
-6.84 
-7.05 
-7.12 
-7.06 
-6.80 
-6.43 
-5.86 
-5.17 
- 4 M  
-3.64 
-2.81 
-2.20 
-1.76 
-1 -51 
-1 -55 
-1.75 
-2.10 
-2.60 

-4.41 

q hft' 
H R  @ 

Out. surf. 

-64.56 
-54.31 
-46,97 
-40.66 

26.84 
61.92 
83.41 

100.64 
113.54 
105.95 
102.91 
99.25 
78.49 
47.43 
14.89 

-25.22 
-91.08 

-1 24.90 
-1 16.70 
-101.32 

-89.58 
-81.47 
-72.78 

-1 9.72 

-3.92 

Calculated 
Heat Flow, 

Wlsq m 

q= 
Steady- 

State 

-8.47 , 

-8.82 
-9.05 
-9.29 
-8.96 
--7.39 

, -5.60 
-3.91 
-2.22 
-0.38 
0.89 
2.05 
3.24 
3.76 
3.62 
2.95 
1.72 

-0.84 
-3.35 
-4.75 
-5.74 
-6.56 
-7.34 
-7.98 

-3.43 

1 

Calibrated Hot Box Relative Humidity: 
Indoor Chamber - not available 

Outdoor Chamber - 16% 

Laboratory Air Temperature: 
Max. - 75*F (24°C) 
Min. - 74OF (23°C) 
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A P P E N D I X  D - TRANSIENT TEMPERATURE TEST RESULTS 

Results from translent t e s t s  are illustrated in Figs. Dl through D9 and 

a r e  llsted In Tables D1 through D6. Heasured temperatures, temperature 

differentlals, and heat f l o w  through Wall P 1  a r e  Illustrated In F i g s .  D1 

through 03, respectlvely. Flgures  04 through 06 show results for Wall P2. 

F i g u r e s  07 through D9 show results for Wall P3. 

functlon of time. Table 13 In the "Test Results" portlon of  the "Dynamic 

Calibrated H o t  Box T e s t s "  section l i s t s  brlef descrlptlons of symbols used 

In test data figures and tables. 

Values are shown as a 

Hourly values o f  measured temperatures and heat f l o w  t h r o u g h  Wall P1 are 

listed I n  Tables Dl and 02, respectively. Tables D3 and 04 l i s t  hourly 

values for Wall P2. Tables D5 and D6 llst hourly values f o r  Wall P3. 

Tables Dl through 06 denoted (a) and (b), respectlvely, lIst hourly test 

data in U.S. and $1 u n l t s .  

- D 1 -  
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Fig.  D1 Measured Temperatures f o r  Transient T e s t  on Wall P1 
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TABLE 131 (a) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P1, US UNITS 

Measured Temperatures. 
"F 

I 

! 

-04- I conslrucflon technology laboratories, inc. 



TABLE Dl(b) * MEASURED TE!v!PERATURES FOR TRANSIENT TEST ON WALL P1, 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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

to 
Outdoor 

Air 

22.2 
4.4 
-9.2 

-1 4.0 
-1 6.3 
-1 7.4 
-18.1 
-18.7 
-19.1 
-19.4 
-19.7 
-19.9 
-20.0 
-20.2 
-20.3 
-20.4 
-20.5 
-20.5 
-20.6 
-20.6 
-20.7 
-20.7 
-20.7 
-20.7 
-20.7 
-20.8 
-20.7 
-20.8 
-20.8 
-20.8 
-20.8 
-20.9 
-20.9 
-20.8 
-20.0 
43.9 
-20.9 
-20.8 
-20.9 
+20.8 
-20.8 
-20.8 
*20.8 
-20.8 
-20.8 
-20.8 
-20.8 
-20.8 
-20.9 

t2 
Outdoor 
Surface 

22.6 
14.7 
6.2 
1.1 
-2.6 
-5.4 
-7.6 
-9.4 
-10.9 
-12.2 
-13.2 
-1 4.0 
-1 4.7 
-1 5.4 
-1 5.8 
-1 6.2 
-1 6.6 
-1 6.9 
-1 7.2 
-1 7.4 
-1 7.6 
-1 7.7 
-1  7.9 
-1  8.0 
-18.1 
-1 8.2 
-1 8.3 
-1 8.4 
-1 8.5 
-10.6 
-1 8.6 
-1 8.6 
-1 8.6 
-1 8.7 
-18.7 
-1 8.7 
-18.7 
-18.7 
-18.6 
-1 8.6 
-1 8.6 
-18.6 
-18.6 
-1 8.6 
-1 8.6 
-1 8.6 
-1 8.6 
-18.6 
-1 0.7 

Measured Temperatures, 
"C 

t4 
Internal 
Outdoor 

22.2 
21.6 

12.7 
7.8 
3.6 
0.0 
-2.9 
-5.3 
-7.2 

-10.2 
-1 1.3 
-1 2.2 
-1 3.0 
-13.7 
-1 4.3 
-1 4.7 
-15.1 
- 1  5.4 
-1 5.7 
-1 6.0 
-1 6.2 
-1 6.3 
-1  6.5 

17.8 

-8.8 

- 1  6.8 
-1 6.9 
-1 7.0 
-1 7.1 
-1 7.2 
-1 7.3 
-1 7.3 
-1  7.4 
-1 7.3 
-1 7.4 
-1 7.4 
-1 7.4 
-17.4 
-1 7.4 
-1 7.4 
-1 7.4 
-1 7.4 
-1 7.4 
-17.4 
-1 7.4 
-1 7.4 
-1 7.4 
-1 7.4 
- 1  7.4 

t3 
lnternal 
Indoor 

22.6 
22.5 
22.5 
22.4 
22.3 
22.1 
21.9 
21.6 
21.4 
21.2 
21.1 
20.9 
20.7 
20.6 
20.5 
20.4 
20.3 
20.2 
20.1 
20.0 
20.0 
19.9 
19.9 
19.8 
19.8 
19.7 
19.7 
19.7 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.5 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.5 

t l  
Indoor 
Surface 

22.5 
22.5 
22.5 
22.5 
22.4 
22.3 
22.2 
22.0 
21.9 
21.8 

21.6 
21.5 
21.4 
21.3 
21.3 
21.2 
21.1 
21 .l 
21 .o 
21 .o 
21 .o 
20.9 
20.9 
20.9 
20.8 
20.8 
20.8 
20.8 
20.8 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.8 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 

21 .7 _'. 

t i  
Indoor 

Air 

22.4 
22.4 
22.4 
22.4 
22.4 
22.3 
22.3 
22.2 
22.2 
22.2 
22.2 
22.1 
22.1 
22.1 
22.0 
22.0 
22.0 
22.0 
21.9 
22.0 
21.9 
21.9 
21.9 
22.0 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21 .a 
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TABLE DZ(a) - HEAT FLOW FOR TRANSIEKT TEST 3 N  WALL P i .  Us UNI-S 

Tm, 
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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

qw 
Calib. 

Hot Box 

0.37 
0.71 
0.79 
0.68 
0.38 

-0.01 
-0.48 
-1.11 
-1.73 
-2.25 
-2.68 
-3.23 
-3.67 
-3.97 
-4.40 
-4.02 
-5.1 1 
-5.31 
-5.67 
-5.63 
-5.90 
-6.07 
-6.07 
-6.22 
-6.38 
-6.61 
-6.74 
-6.74 
-6.80 
-6.89 
-6.98 
-6.94 
-6.89 
-6.84 
-6.82 
-6.54 
-6.63 
-7.05 
-6.65 
-7.45 
-7.27 
-7.25 
-7.05 
-7.06 
-7.18 
-6.94 
-7.05 
*6.98 
-7.00 

Measured Heat Flow, 
Btulhr-sq tt 

Calalated 
Heat Flow, 
Btulhr-sq ft 

qhft 
HFT @ 
In. Surf. 

0.21 
0.21 
0.20 
0.08 

-0.1 6 
-0.44 
-0.85 
-1.23 
-1.72 
-2.1 5 
*2.62 
-3.04 
-3.45 
-3.84 
-4.20 
-4.55 
-4.83 
-5.09 
-5.31 
-5.49 
-5.74 
-5.93 
-6.08 
-6.1 6 
-6.30 
-6.49 
-6.61 
-6.73 
-6.83 
-6.92 
-6.91 
-6.99 
-7.01 
-6.98 
-7.02 
-7.02 
-7.02 
-7.06 
-7.1 1 
*7.10 
-7.04 
-7.1 1 
-7.07 
-7.1 2 
-7.08 
-7.08 
-7.08 
-7.04 
-7.06 

qhft' 
HFr  @ 

out. surf. 

~- 

qss 
Steady- 

State 

0.09 
-45.82 
-74.02 
-75.00 
-69.1 7 
-61.06 
-53.33 
-46.34 
-40.79 
-35.82 
-31.61 
-27.76 
-24.65 
-21 .a0 
-1 9.54 
-1 7.73 
-1 6.06 
-1 4.57 
-1 3.40 
-1 2.43 
-1 1.73 
-1 0.98 
-1 0.35 

-9.80 
-9.40 
-8.69 
-8.1 6 

-7.53 
-7.35 
-7.21 
-7.19 
-7.13 
-6.98 
-7.05 
-6.95 
-7.02 
-6.91 
-6.81 
-6.88 
-6.83 
-6.87 
-6.90 
-6.82 
-6.90 
-6.90 
-6.07 
-6.81 
-6.95 

-7.84 

0.02 
-1.56 
-3.1 5 
-4.04 
-4.65 
-5.09 
-5.43 
-5.69 
-5.90 
-6.07 
-6.20 
-6.30 
-6.39 
-6.46 
-6.52 
-6.57 
-6.61 
-6.64 
-6.66 
-6.69 
-6.71 
-6.72 
-6.74 
-6.75 
-6.76 
-6.77 
-6.78 
-6.78 
-6.79 
-6.80 
-6.80 
-6.61 
-6.81 
-6.81 
-6.81 
-6.80 
a6.81 
-6.81 
-6.81 
-6.82 
-6.81 
-6.81 
-6.80 
-6.80 
-6.80 
-6.81 
-6.80 
-6.80 
-6.80 
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TABLE D2(b) - HEAT FLOW FOR TRANSIENT TEST ON WALL PI,  SI UNITS 

I I 7 .. .- 

Tim, 
hr 

Measured Heat Flow, 
Wlsq rn 

qw 
Calib. 

Hot Box 

qhft 
HFT @ 
In. Surf, 

qhft' 
HTT @ 

Out, surf. 

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 
30 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

1.15 
2.23 
2.49 
2.1 3 
1.21 

-0.03 
-1.53 
-3.52 
-5.47 
-7.1 0 
-8.46 

-1 0.1 8 
-1 1.57 
-1 2.52 
-1 3.88 
-1 5.21 
-1 6.1 2 
-1 6,77 
-1 7.89 
-1 7.75 
-1 8.61 
-1 9.1 6 
-1 9.1 6 
-1 9.63 
-20.1 4 
-20.86 
-21.26 
-21.27 
-21.44 
-21.73 
-22.03 
-21.89 
-21.75 
-21.58 
-21.50 
-20.64 
-20.93 
-22.26 
-20.97 
-23.51 
-22.93 
-22.89 
-22.24 
-22.28 
-22.64 
-21.91 
-22.26 
-22.03 
-22.07 

0.67 
0.66 
0.62 
0.25 

-0.52 
-1.38 
-2.67 
-3.88 
-5.41 
-6.78 
-8.28 
-9.60 

-1 0.88 
-12.12 
-1 3.25 
-1 4.35 
-1 5.23 
-1 6.06 
-1 6.76 
-1 7.31 
-1 8.1 1 
-1 8.71 
-19.17 
-1 9.44 
-1 9.88 
-20.48 
-20.86 
-21.24 
-21.56 
-21.83 
-21.81 
-22.06 
-22.1 2 
-22.02 
-22.14 
-22.14 
-22.1 5 
-22.27 
-22.44 
-22.38 
-22.23 
-22.44 
-22.29 
-22.45 
-22.35 
-22.33 
-22.33 
-22.21 
-22.28 

0.30 
-1 44.55 
-233.52 
-236.62 
-21 8.23 
-192.64 
-1 68.27 
-1 46.22 
-1 28.71 
-1 13.00 

-99.74 
-87.57 
-77.77 
-68.79 
-61.66 
-55.93 
-50.66 
-45.96 
-42.27 
-39.21 
-37.01 
-34.64 
-32.64 
-30.92 
-29.M 
-27.42 
-25.76 
-24.75 
-23.76 
-23.18 
-22.73 
-22.68 
-22.48 
-22.02 
-22.24 
-21.93 
-22.14 
-21.79 
-21.50 
-21.70 
-21.53 
-21.67 
-21.77 
-21 -52 
-21.78 
-21.76 
-21.69 
-21 -48 
-21.94 

Calculated 
Heat Flow, 

Wlsq m 

w s  
Steady. 

State 

0.06 
-4.91 
-9.93 

-1 2.74 
-14.M 
-1 6.07 
-17.13 
-1 7.90 
-18.62 
-19.14 
r19.56 
-19.89 
-20.1 6 
-20.39 
-20.56 
-20.72 
-20.84 
-20.95 
-21.03 
-21.1 1 
-21.1 6 
-21.22 
-21 2 6  
-21.29 
-21.32 
-21 36 
-21.40 
-21.41 
-21 .a 
-21.46 
-21.44 
-21 -48 
-21.47 
-21.49 
-21.40 
-21.46 
-21.48 
-21.48 
-21.47 
-21.50 
-21 .a 
-21.47 
-21.45 
-21.48 
-21.46 
-21.47 
-21.46 
-21.46 
-21.46 
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TABLE 03(4 - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P2, US 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 

50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

48 

to 
Outdoor 

Air 

72.8 
41.7 
17.0 
8.2 
4.7 
2.6 
1 .o 

-0.2 
-1 .l 
-1.8 
-2.5 
-3.0 
-3.4 
-3.0 
-4.0 
-4.2 
4 . 4  
-4.5 
-4.7 
-4.8 
-4.9 
-5.0 
-5.0 
-5.1 
-5.1 
-5.1 
-5.2 
-5.3 
-5.3 
-5.3 
-5.3 
-5.3 
-5.3 
-5.3 
4.3 
-5.4 
-5.4 
-5.4 
-5.4 
-5.4 
-5.3 
-5.4 
-5.3 
-5.4 
-5.4 
-5.3 
-5.3 
-5.3 
-5.3 

t2  
Outdoor 
Surface 

73.6 
60.3 
45.0 
35.4 
28.7 
23.4 
19.1 
15.7 
12.8 
10.5 

8.6 
7.1 
5.7 
4.6 
3.7 
2.9 
2.3 
1.7 
1.3 
0.9 
0.6 
0.3 
0.0 
*0.2 
-0.3 
-0.5 
-0.7 
-0.9 
-1 .o 
-1 .o 
-1.1 
-1 *1 
-1.1 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.3 
-1.3 
-1.2 
-1.2 
-1.2 
-1.2 
-1.2 
-1.3 
-1.3 
-1.3 

Measured Temperatures, 
"F 

t4  
Internal 
Outdoor 

72.7 
71.2 
63.4 
53.4 
44.1 
36.3 
29.9 
24.5 
20.5 
17.1 
14.3 
11.9 
10.0 

7.0 
6.0 
5.1 
4.3 
3.6 
3.0 
2.6 
2.2 
1.8 
1.6 
1.4 
1 .o 
0.7 
0.5 
0.3 
0.3 
0.2 
0.1 
0.1 
0.1 
0.1 
0.0 
0.0 
0.1 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

8.4 
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t3 
Internal 
Indoor 

73.0 
73.0 
72.9 
72.7 
72.3 
71.9 
71.5 
71.1 
70.7 
70.4 
70.1 
69.8 
69.5 
69.2 
69.0 
68.8 
68.6 
68.4 
68.3 
68.1 
68.0 
67.9 
67.8 
67.8 
67.7 
67.6 
67.5 
67.5 
67.4 
67.4 
67.4 
67.4 
67.4 
67.4 
67.4 
67.3 
67,4 
67.3 
67.3 
67.3 
67.2 
67.3 
67.3 
67.3 
67.3 
67.3 
67.3 
67.3 
67.3 

t l  
Indoor 
Surface 

72.5 
72.5 
72.5 
72.4 
72.3 
72.1 
71.8 
71.6 
71.4 
71.2 
71.0 " 

70.8 . 
70.7 
70.5 
70.3 
70.2 
70.1 
69.9 
69.9 
69.8 
69.7 
69.6 
69.4 
69.5 
69.5 
69.4 
69.3 
69.4 
69.3 
69.3 
69.3 
69.3 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.2 
69.1 
69.2 
69.2 

ti 
Indoor 

Air 

72.2 
72.2 
72.2 
72.2 
72.1 
72.1 
72.0 
72.0 
72.0 
71.8 
71.8 
71.7 
71.7 
71.6 
71.6 
71.6 
71.4 
71.5 
71.5 
71.5 
71.4 
71.4 
71.4 
71.3 
71.4 
71.4 
71.3 
71.4 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.3 
71.4 
71.4 
71.3 
71.3 
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TABLE D3(b) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P2, SI UNITS 

to 
Outdoor 

Air 

Time, 
hr 

12 t3 t4 t l  
Outdoor Internal Internal Indoor 
Surface Outdoor Indoor Surface 

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 
40 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

~ 23.1 
15.7 

1 7.2 
1.9 

-1 -9 
-4.8 
-7.2 
-9.1 I -10.7 

1 -11.9 
-1 3.0 1 -13.9 
-14.6 
-1 5.2 1 -15.7 
-1 6.2 
-1 6.5 
-1 6.8 
-1 7.1 
-1 7.3 
-1 7.5 
-1 7.6 

I -17.8 
-1 7.9 
-1 8.0 
-18.1 

-18.3 
-1 8.3 
-1 8.4 

-18.4 
-18.4 
-1 8.4 
-18.4 
-18.5 
-18.5 
-1 8.5 
-1 8.5 
-1 8.5 

-18.5 
-1 8.5 
-1 8.5 
-1 8.4 
-1 8.5 
-1 8.5 
-1 8.5 
-1 8.5 

i -18.2 
I 

-1 8.4 

-18.5 

Measured Temperatures, 
"C 

22*7 
5.4 

-8.3 
-1 3.2 
-1 5.2 
-1 6.3 
-1 7.2 
-1 7.9 

-18.8 
-1 9.2 
-19.5 
-1 9.7 
-19.9 
-20.0 
-20.1 
-20.2 
-20.3 
-20.4 
-20.4 
-20.5 
-20.5 
*20.6 
-20.6 
-20.6 
-20.6 
-20.7 
*20.7 
d20.7 
-20.7 
-20.7 
-20.7 
-20.7 
-20.7 
-20.7 

-1 8.4 

-20.8 
-20.8 
-20.8 
-20.8 
-20.8 
-20.7 
-20.8 
-20.7 
-20.8 
-20.8 
-20.7 
-20.7 
-20.7 
-20.7 

22.6 
21 -8 
17.4 
11.9 
6.7 
2.4 

-1 2 
-4.2 
-6.4 
8 . 3  
-9.9 

-1 1.2 
-1 2.2 
-13.1 
-1 3.9 
-1 4.5 
-1 5.0 
-1 5.4 
-1 5.8 
-1 6.1 
-1 6.3 
-1 6.6 
-1 6.8 
-1 6.9 
-1 7.0 
-1 7.2 
-1 7.4 
-17.5 
-1 7.6 
-1 7.6 
-1 7.7 
-1 7.7 
-1 7.7 
-1 7.7 
-1 7.7 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 

-1 7.8 
-1 7.8 
-1 7.8 
-1 7.0 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 

-1 7.8 

22.8 
22.8 
22.7 
22.6 
22.4 
22.2 
21.9 
21.7 
21.5 
21 -3 
21.1 
21 .o 
20.8 
20.7 
20.6 
20.4 
20.3 
20.2 
20,l 
20.1 
20.0 
20.0 
19.9 
19.9 
19.8 
19.8 
19.7 
19.7 
19.7 
19.7 
19.7 
19.7 
19.7 
19.6 
19.7 
19.6 
19.7 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 

22.5 
22.5 
22.5 
22.5 
22.4 
22.3 
22.1 
22.0 
21.9 
21.8 ' 
21.7 . 
21.6 
21.5 
21.4 
21.3 
21.2 
21.1 
21.1 
21 .o 
21 .o 
20.9 
20.9 
20.8 
20.8 
20.8 
20.8 
20.7 
20.8 
20.7 
20.7 
20.7 
20.7 
20,7 
20,7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.7 
20.6 
20.7 
20.7 

ti 
Indoor 

Air 

22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.2 
22.2 
22.2 
22.1 
22.1 
22.1 
22.1 
22.0 
22.0 
22.0 
21.9 
22.0 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.8 
21.9 
21.8 
21.8 
21.8 
21.8 
21 .a 
21.8 
21.8 
21.8 
21.8 
21.8 
21.8 
21.8 
21.8 
21.8 
21.8 
21.9 
21.8 
21.9 
21.9 
21.9 
21.9 

r 

1 
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TABLE D4(a) - HEAT FLOW FOR TRANSIENT TEST ON WALL P2, US UNrrS 

qw 
Calib. 

Hot Box 

0.1 0 
0.22 
0.38 
0.28 

-0.07 
-0.51 
-1.1 4 
-1.78 
-2.37 
-3.06 
-3.72 
-4.1 3 
-4.52 
-4.04 
-4.99 
-5.19 
-5.65 
-5.62 
-5.89 
-5.86 
-6.08 
-6.08 
-6.15 
-6.52 
-6.66 
-6.92 
-7.04 
-7.43 
-7.53 
-7.26 
-7.09 
-7.05 
-7.36 
-7.45 
-7.29 
-7.1 4 
-7.1 1 
-6.67 
-7.25 
-7.31 
-7.36 
-7.19 
-7.32 
-7.15 
-7.45 
-7.36 
-7.47 
-7.28 
-7.08 

Tm, 
hr Btu/hr*sq tt 

qhft qhft' 
IiFr @ Wr @ 
In. Surf. out. surf. 

0.34 0.25 
0.23 -46.62 
0.30 -75.76 
0.20 -76.1 3 
0.02 -67.50 

-0.34 -59.00 
-0.77 -51.19 
-1.28 -44.06 
-1.77 -38.36 
-2.27 -33.55 
-2.80 -29.46 
-3.27 -26.1 2 
-3.70 -22.88 
-4.13 -20.52 
-4.49 -18.32 
-4.04 -16.58 
-5.1 7 -15.21 
-5.42 -13.94 
-5.72 -12.85 
-5.96 -12.17 
-6.1 3 -1 1.28 
-6.30 -10.73 
-6.43 -1 0.22 
-6.59 -9.82 
-6.74 -9.30 
-6.98 -8.78 
-7.09 -8.47 
-7.29 -8.08 
-7.36 -8.01 
-7.39 -7.85 
-7.46 -7.76 
-7.43 -7.67 
-7.55 -7.54 
-7.63 -7.59 
-7.61 -7.59 
-7.58 -7.55 
-7.59 -7.51 
-7.50 -7.53 
-7.57 -7.50 
-7.59 -7.50 
-7.64 -7.45 
-7.62 -7.39 
-7.63 -7.41 
-7.62 -7.44 
-7.66 -7.43 
-7.68 -7.42 
-7.69 -7.42 
-7.67 -7.44 
-7.60 -7.38 

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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

Calwlated 
Heat Flow, 

Btu/hr*sq ft 

q35 
Stexdy- 
State 

0.13 
-1 .# 
-3.21 
4.24 
-4.92 
-5.43 
-5.83 
-6.14 
-6.38 
-6.58 
-6.73 
-6.86 
-6.96 
-7.04 
-7.1 0 
-7,i 5 
-7.20 
-7.23 
-7.26 
-7.28 
-7.31 
-7.33 
-7.32 
-7.34 
-7.36 
-7.37 
-7.38 
-7.40 
-7.40 
-7.40 
-7.40 
-7.40 
-7.40 
-7.40 
-7.40 
-7.41 
-7.41 
-7.41 
-7.40 
-7.41 
-7.41 
-7.41 
-7.41 
-7.41 
-7.41 
-7.41 
-7.40 
-7.41 
-7.41 
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TABLE D4(b) - HEAT FLOW FOR TRANSIEKT TEST ON WALL P2, SI UNITS 

nm, 
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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

qw 
Calib. 

Hot Box 

0.31 
0.70 
1.19 
0.88 

-0.21 
-1.61 
-3.61 
-5.62 
-7.48 
-9.66 

-1 1.74 
-1 3.03 
-1 4.26 
-1 5.26 
-15.74 
-1 6.39 
-1 7.81 
-1 7.74 
-1 8.59 
-1 8.47 
-19.18 
-19.19 
-19.40 
-20.56 
-21 .Q1 
-21.04 
-22.20 
-23.44 
-23.76 
-22.90 
-22.37 
-22.25 
-23.23 
-23.49 
-22.99 
-22.54 
-22.44 
-21.03 
-22.88 
-23.06 
-23.21 
-22.68 
-23.09 
-22.57 
-23.51 
-23.24 
-23.56 
-22.98 
-22.34 

~ - 

Measured Heat Flow, 
Wlsq m 

qhft 
Hfl@ 
In. Surf. 

1.07 
1.04 
0.95 
0.64 
0.05 

-1.07 
-2.43 
-4.03 
-5.59 
-7.15 
-8.84 

-1 0.31 
-1 1 .a 
-1 3.04 
-14.18 
-1 5.28 
-1 6.31 
-17.10 
-1 8.05 
-1 8.79 
-1 9.35 
-1 9.88 
-20.29 
-20.78 
-21.25 
-22.02 
-22.38 
-23.01 
-23.22 
-23.32 
-23.52 
-23.61 
-23.82 
-24.08 
-24.00 
-23.91 
-23.96 
-23.66 
-23.90 
-23.95 
-24.12 
-24.03 
-24.08 
-24.04 
-24.1 8 
-24.24 
-24.26 
-24.1 9 
-23.97 

qhft' 
HFr @ 

out. surf. 

0.78 
-147.08 
-239.01 
-240.20 
-21 2.95 
-186.16 
-1 61.50 
-1 38.99 
-1 21.02 
-1 05.86 
-92.93 
82.42 
-72.1 8 
-64.74 
-57.80 
-52.32 
-47.98 
-43.97 
-40.55 
-38.38 
-35.57 
-33.86 
-32.23 
-30.98 
-29.60 
-27.69 
-26.74 
-25-48 
-25.26 
-24.77 
-24.48 
-24.1 Q 
-23.78 
-23.95 
-23.96 
-23.83 
-23.66 
-23.76 
-23.65 
-23.65 
-23.50 
-23.31 
-23.37 
-23.46 
-23.45 
-23.42 
-23.39 
-23.47 
-23.29 

Calculated 
Heat Flow, 

W/sq m 

qss 
Steady- 

State 

0.40 
-4.66 

-10.12 
-1 3.37 
-1 5.53 
-17.14 
-1 8.39 
-1 9.36 
-20.1 4 
-20.75 
-21 :23 
-21.63 
-21.94 
-22.20 
-22.40 
-22.57 
-22.71 
-22.82 
-22.91 
-22.98 
-23,05 
-23.1 1 
-23,lO 
-23.1 7 
-23.21 
-23.25 
-23.28 
-23.34 
-23.34 
-23.35 
-23.36 
-23.36 
-23.36 
-23.36 
-23.36 
-23.37 
-23.38 
-23.37 
-23.36 
-23.38 
-23.37 
-23.37 
-23.35 
-23.37 
-23.37 
-23.37 
-23.34 
-23.37 
-23.37 
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TABLE D5(a) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P3, US 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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

to 
Outdoor 

Air 

73.0 
44.9 
19.0 
10.9 
7.7 
5.5 
3.8 
2.7 
1.8 
1.2 
0.7 
0.3 
-0.1 
-0.3 
-0.5 
-0.6 
-0.8 
-0.9 
-1 .o 
-1.1 
-1.2 
-1.2 
-1.3 
-1.3 
-1.3 
-1.3 
-1.3 
-1.4 
-1.4 
-1.4 
-1.4 
-1.4 
-1.4 
-1.4 
-1 ;4 
-1.5 
-1.6 
-1.5 
-1.4 
-1.4 
-1.5 
-1.5 
-1.4 
-1.4 
-1.4 
-1.4 
-1.4 
-1.3 
-1.4 

t2 
Outdoor 
Surface 

69.3 
58.1 
43.9 
35.1 
29.0 
24.2 
20.2 
17.0 
14.4 
12.2 
10.5 
9.0 
8.0 
7.6 
6.7 
5.9 
5.3 
4.8 
4.4 
4.0 
3.6 
3.2 
2.9 
2.8 
2.7 
2.5 
2.3 
2.2 
2.3 
2.3 
2.2 
2.2 
2.1 
2.2 
2.0 
1.9 
1.8 
1.8 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
1.9 
2.0 
2.0 

Measured Temperatures, 
"F 

14 
Internal 
Outdoor 

72.8 
71.6 
64.4 
54.7 
45.6 
38.0 
31.8 
26.7 
22.6 
19.2 
16.5 
14.2 
12.4 
1O.Q 
9.6 
8.5 
7.6 
6.9 
6.3 
5.8 
5.4 
5.0 
4.7 
4.4 
4.2 
3.9 
3.7 
3.5 
3.4 
3.3 
3.2 
3.2 
3.2 
3.1 
3.1 
3.0 
2.9 
3.0 
3.1 
3.0 
3.0 
3.0 
3.1 
3.1 
3.0 
3.1 
3.1 
3.1 
3.1 

t3 
Internal 
Indoor 

72.5 
72.5 
72.4 
72.1 
71 -9 
71.5 
71.1 
70.7 
70.3 
70.0 
60.7 
69.4 
69.1 
68.9 
68.6 
68.4 
68.2 

68.0 
67.9 
67.8 
67.7 
67.7 
67.6 
67.6 
67.5 
67.4 
67.4 
67.3 
67.2 
67,3 
67.2 
67.3 
67.2 
67.2 
67.2 
67.1 
67.1 
67.1 
67.1 
67.1 
67.1 
67.1 
67.2 
67.2 
67.2 
67.2 
67.2 
67.2 

68.1 

~ 

tl 
Indoor 
Surface 

72,O 
72.0 
72.0 
71.9 
71.8 
71.6 
71.4 
71 -2 
71 .O 
70.7 
70.5 
70.3 
70.2 
70.0 
69.9 
69.8 
69.6 
69.6 
69.5 
69.4 
69.3 
69.3 
69.2 
69.2 
69.2 
69.1 
69.1 
69.0 
69.0 
69.0 
69.0 
68.9 
69.0 
69.0 
69.0 
68.9 
68.8 
68.8 
68.9 
68.9 
68.9 
68.9 
68.9 
68.9 
69.0 
68.9 
69.0 
68.9 
68.9 

~ .- 

ti 
Indoor 

Air 

71.5 
71.5 
71.6 
71.6 
71.5 
71.4 
71.3 
71.3 
71.3 
71.2 
71.1 
71.1 
71 .O 
71 .O 
70.9 
70.9 
70A 
70.8 
70.8 
70.8 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.7 
70.5 
70.5 
70.5 
70.6 
70.6 
70.6 
70.6 
70.6 
70.7 
70.7 
70.7 
70.6 
70.6 
70.6 

I 

t 
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TABLE D5(b) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P3, SI UNITS 

Tme. 
Measured Temperatures, 

"C 
hr . I 

0 
1 
2 
3 
4 
5 
6 
7 

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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

a 

22.8 
7.2 

-7.2 
-1 1.7 
-13.5 
-14.7 
-1 5.7 
-1 6.3 
-1 6,8 
-17.1 
-1 7.4 
-1 7.6 
-1 7.8 
-17.9 
-18.1 
-1 8.1 
-1 8.2 
-1 8.3 
-1 8.3 
-1 8.4 
-18.4 
-1 8.4 
-18.5 
-18.5 
-1 8.5 
-18.5 
-18.5 
-18.5 
-1 8.6 
-18.6 
-18.6 
-1 8.6 
-1 8.6 
-1 8.6 
-18.6 
-1 8,6 
-18.6 
-18.6 
-18.6 
-18.6 
-18.6 
-1 8.6 
-1 8.6 
-18.6 
-1 8.6 
-1 8.5 
-18.5 
-1 8.5 
-18.6 

t2 
Outdoor 
Surface 
- 

20.7 
14.5 
6.6 
1.7 

-1.7 
-4.3 
-6.5 
-8.3 
-9.8 

-1 1.0 
-1 2.0 
-1 2.8 
-13.4 
-1 3.6 
-14.1 
-1 4.5 
-1 4.0 
-15.1 
-1 5.3 
-1 5.6 
-1 5.8 
-1 6.0 
-1 6.1 
-1 6.2 
-16.3 
-1 6.4 
-1 6.5 
-1 6.6 
-1 6.5 
-1 6.5 
-1 6.6 
-16.6 
-1 6.6 
-16.6 
-1 6.7 
-1 6.7 
-1 6.8 
-1 6.8 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 
-1 6.7 

t3 
Internal 
Outdoor 

22.6 
22.0 
18.0 
12.6 
7.6 
3.4 

-0.1 
-2.9 
-5.2 
-7.1 
-8.6 
-9.9 

-1 0.9 
-1 1.8 
-1 2.5 
-1 3.1 
-13.5 
-1 3.9 
-1 4.3 
-1 4.6 
-1 4.8 
-1 5.0 
-1 5.2 
-1 5.3 
-1 5.4 
-1 5.6 
-1 5.7 
-1 5.8 
-1 5.9 
-1 6.0 
-1 6.0 
-1 6.0 
-1 6.0 
-1 6.1 
-1 6.0 
-16.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 
-1 6.1 

t4 
Internal 
Indoor 

22.5 
22.5 
22.4 
22.3 
22.2 
21.9 
21.7 
21.5 
21.3. 
21.1 
20.9 
20.8 
20.6 
20.5 
20.4 
20.2 
20.1 
20.1 
20.0 
20.0 
19.9 
19.8 
19.8 
19.8 
19.8 
19.7 
19.7 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.6 
19.5 
19.5 
19.5 
19.5 
19.5 
19.5 
19.5 
19.5 
19.6 
19.6 
19.6 
19.5 
19.5 
19.5 

Indoor Indoor 
Surface 

21.3 
21.2 
21 .l 
21 .o 
21 .o 
20,9 
20.9 
20.8 
20,8 
20.7 
20.7 
20.7 

20.7 
20.6 
20.6 
20.6 
20.6 
20.6 
20.6 
20.5 
20.6 
20.6 
20.5 
20.5 
20.5 
20.4 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20.5 
20,s 

'20.7 

22.2 
22.2 
22.2 
22.2 
22.1 
22.0 
21.9 
21.8 
21.6 
21.5 
21.4 '- 

-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-17.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.0 
-1 7.8 

-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 

-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-17.8 
-1 7.8 
-17.8 
-1 7.0 
-1 7.0 
-1 7.8 
-17.8 
-1 7.8 
-1 7.8 
-1 7.8 
-17.8 
-1 7.8 
-17.8 
-1 7.8 
-17.0 
-1 7.8 
-1 7.8 
-1 7.8 
-1 7.8 
-17.8 

-1 7.8 

-1 7.8 
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H e a t  now, 
Btu/hr*sq ft 

20 

0 

-20 

-40  

-60 

-80  

M J 'qhft' 

Fig.  09 Heat Flow for Trans ien t  Test on Wall P3 
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TABLE 06(a) - HEAT FLOW FOR TRANSIENT TEST ON WALL P3, US UNITS 

fim, 
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 
30 
40 
42 
44 
46 
48 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

qw 
Calib. 

Hot Box 

-0.74 
-0.70 
-0.64 
-0.65 
-0.83 
-0.95 
-1.49 
-2.02 
-2.49 
-2.87 
-3.03 
-3.41 
-3.76 
-4.25 
-4.44 
-4.50 

-5.12 
-5.33 
-5.42 
-5.58 
-5.53 
-5.70 
-5.83 
-5.94 
-6.04 
-5.94 
-6.00 
-6.32 
-6.27 
-6.37 
-6.52 
-6.53 
-6.49 
-5.99 
-6.01 
-6.1 8 
-5.83 
-6.22 
-6.41 
-6.50 
-6.36 
-6.32 
-6,74 
-6.40 
-6.20 
-6.10 
-6.30 
-6.08 

-4.87 

Measured Heat Flow, 
Btulhrmsq ft 

qhft 
Hfl@ 
In. Surf. 

-0.18 
-0.19 
-0.22 
-0.30 
-0.48 
-0.71 
-1.07 
-1.47 
-1 .89 
-2.30 
-2.70 
-3.06 
-3.48 
-3.80 
4.1 2 
-4.41 
-4.64 
-4.89 
-5.14 
-5.30 
-5.47 
-5.58 
-5.70 
-5.84 
-5.91 
-6.1 1 
-6.1 1 
-6.26 
-6.36 
-6.36 
-6.46 
-6.48 
-6.54 
-6.49 
-6.45 
-6.38 
-6.46 
-6.37 
-6.46 
-6.57 
-6.58 
-6.55 
-6.52 
-6.59 
-6.57 
-6.54 
-6.46 
-6.49 
-6.53 

qhft' 
H R  Q 

ovt. surf. 

-0.35 
-37.91 
-w.o3 
-64.26 
-57.29 
-50.31 
-43.83 
-38.18 
-33.56 
-29.29 
-25.64 
-22.42 
-20.04 
-17.77 
-15.95 
-14.37 
-1 2.90 
-11.90 
-1 1 .M 
-1 0.36 
-9.71 
-9.1 7 
4.77 
8.34 
-8.02 . 
-7.47 
-7.17 
-6.99 
-6,n 
-6.71 
-6.63 
-6.46 
-6.46 
-6.39 
-6.42 

-6.41 
-6.41 
-6.33 
-6.32 
-6.42 
6.39 
-6.31 
-6.34 
6.36 
-6.32 
-6.30 

-6.36 

-6.43 

-6.38 

Calarlated 
Heat Flow, 

Btuhr-sq f l  

qss 
Steady- 
State 

-0.27 
-1.37 
-2.76 
-3.60 
-4.17 
-4.60 
-4.96 
-5.24 
-5.46 
-5.65 
-5!78 
-5.90 
-5.98 
-6.00 
-6.07 
-6.13 
-6.1 7 
-6.21 
-6.24 
-6.27 
-6.30 
-6.33 
-6.35 
-6.36 
-6.37 
-6.39 
-6.39 
-6.40 
-6.38 
-6.39 
-6.39 
-6.38 
-6.40 
-6.40 
-6.41 
-6.42 
-6.41 
-6.41 
-6.41 
-6.41 
-6.41 
-6.42 
-6.41 

-6.42 
-6.41 
-6.41 
-6.41 
-6.41 

-6.41 

-D21- 
consinrction technology laboratories, inc. 



TABLE D6(b) - HEAT FLOW FOR TRANSIENT TEST ON WALL P3, SI UNmS 

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 
50 
52 
54 
56 
58 
60 
62 
64 
66 
68 
70 
72 

qw 
Calib, 

Hot Box 

-2.35 
-2.20 
-2.01 
-2.06 
-2.62 
-3.00 
-4.70 
-6.36 
-7.84 
-9.06 
-9.57 

-1 0.76 
-1 1.88 
-1 3.42 
-1 4.01 
-1 4.48 
-1 5.38 
-16.14 
-1 6.81 
-1 7.1 1 
-1 7.60 
-1 7.46 
-1 7.98 
-1 8.38 
-1 8.74 
-1 9.06 
-1 8.75 
-1 8.92 
-1 9.93 
-1 9.77 
-20.09 
-20.56 
-20.61 
-20.47 
-1 8.90 
-1 8.95 
-1 9.51 
-1 8.39 
-1 9.62 
-20.22 
-20.50 
-20,07 
-1 9.94 
-21.25 
-20.1 9 
-1 9.57 
-1 9.26 
-19.88 
-1 9.1 9 

Measured Heat Flow, 
Wlsq m 

qhft 
w- @ 
In. Surf. 

-0.58 
-0.60 
-0.69 
-0.95 
-1.50 
-2.26 
-3.36 
-4.64 
-5.96 
-7.25 
-8.50 
-9.67 

-1 0.97 
-1 1.98 
-1 2.99 
-13.90 
- 1 4 . a  
-1 5.43 
-1 6.23 
-1 6.71 
-1 7.27 
-1 7.60 
-18.00 
-1 8.44 
-1 8.65 
-19.28 
-1 9.29 
-19.76 
-20.07 
-20.07 
-20.39 
-20.44 
-20.64 
-20.46 
-20.34 
-20.1 2 
-20.38 
-20.09 
-20.38 
-20.73 
-20.76 
-20.65 
-20.57 
-20.79 
-20.73 
-20.62 
-20.38 
-20.46 
-20.60 

qhft' 
H r T  @ 

out. surf. 

-1.1 1 
-1 19.61 
-202.02 
-202.73 
-1 80.74 
-1 58.74 
-1 38.30 
-1 20,47 
-1 05.87 

-92.41 

-70.73 
-63.23 
-56.06 
-50.32 
-45.33 
40.69 
-37.82 
-34.77 
-32.68 
-30.63 
-28.92 
-27.67 
-26.32 
-25.32 
-23.56 
-2263 
-22.06 
-21 36 
-21.16 
-20.92 
-20.39 
-20.39 
-20.1 6 
-20.25 
-20.30 
-20.21 
-20.24 
-19.97 
-1 9.93 
-20.25 
-20.1 6 
-19.91 
-20.01 
-20.07 
-19.94 
-19.88 
-20.1 4 
-20.08 

-80.89 

Calculated 
Heat Flow, 

Wtsq m 

q= 
Steady- 

State 

-0.04 
-4.33 
-8.70 

-1 1.36 
-13.15 
-14.51 
-1 5.63 
-1 6.52 
-1 7.23 
-1 7.81 

-18.61 
-18.87 
-1 8.94 
-19.15 
-19.33 
-1 9.48 
-19.60 
-1 9.70 
-19.78 
-1 9.88 
-1 9.98 
-20.04 
-20.07 
-20.10 
-20.1 5 
-20.1 6 
-20.1 9 
-20.14 
-20.1 6 
-20.1 7 
-20.14 
-20.20 
-20.20 
-20.22 
-20.24 
-20.24 
-20.23 
-20.22 
-20.22 
-20.23 
-20.25 
-20.24 
-20.24 
-20.25 
-20.24 
-20.24 
-20.21 
-20.22 

- 1 8.24 

1 
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