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HEAT TRANSFER CHARACTERISTICS OF WALLS 
WITH SIMILAR THERMAL RESISTANCE VALUES 

by 

S. C. Larson and M. G. Van Geem* 

ABSTRACT 

Heat t r a n s f e r  c h a r a c t e r i s t i c s  o f  b u i l d l n g  elements must  be known t o  evalu- 

a t e  energy losses through a b u i l d i n g  envelope. 

dynamic outdoor temperature cond i t i ons  p rov ide  data t h a t  can be used t o  de ter -  

Laboratory t e s t s  o f  w a l l s  f o r  

mine thermal p roper t ies .  Dynamic t e s t i n g  I s  p a r t i c u l a r l y  Impor tant  f o r  massive 

envelope components t ha t  s t o r e  as w e l l  as t ransmi t  heat. 

A normal weight concrete w a l l  w i t h  board i n s u l a t i o n  on t h e  outdoor surface 

was t e s t e d  I n  the calibrated h o t  box f a c l l i t y  a t  t h e  Construct ion Technology 

Laborator ies,  a d i v i s i o n  o f  t h e  Por t l and  Cement Associat ion.  The w a l l  con- 

s i s t e d  o f  8 In .  (200 mn) o f  normal weight  concrete w i t h  5/8-in. (16-mn) 

poly lsocyanurate board i n s u l a t l o n  bonded t o  the  outdoor surface. 

Thermal performance o f  t h e  normal weight  concrete w a l l  w i t h  i n s u l a t i o n  on 

t h e  outdoor surface i s  compared t o  t h a t  OF an 8- in.  (200-mn) t h i c k  low dens l t y  

concrete w a l l  and a 1-3/B-in. (35-m)  t h i c k  f i b e r g l a s s  board specimen. These 

two speclmens were p rev ious l y  t e s t e d  I n  t h e  c a l l b r a t e d  ho t  box. The t h r e e  

specimens have s teady-state thermal res ls tances  approxlmately equal t o  7.0 

h r * f t 2 * "F /B tu  (1.2 m2=K/U). 

Test specimens were subjected t o  steady-state,  t rans ien t ,  and p e r i o d i c a l l y  

va ry ing  temperature cond i t i ons .  Steady-state r e s u l t s  a re  used t o  d e f i n e  heat 

*Respect ively,  S t r u c t u r a l  Engineer, A n a l y t i c a l  Design Sect ion,  S t r u c t u r a l  
Development Department, and Senior Research Engineer, F i r e  Research Sect ion,  
Const ruc t ion  Technology Laborator ies,  a D i v i s l o n  o f  the Por t land Cement 
Associat ion,  5420 Old Orchard Road, Skokie, I 1  60077. 
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TABLE 1 - CALIBRATED HOT BOX TESTS PERFORMED ON 8 - IN .  (200-m) 
NORMAL WEIGHT CONCRETE WALL 

Wall 
Oeslgnation 

c1 

C6 

c4 

Wall Descriptlon 
/ 

Normal welght concrete wall 

Normal welght concrete wall with 
taped and embedded thermocouples 
for’ measuring surface 
temperatures 

Normal weight concrete wall wlth 
pol yl socyanurate Insulation 
applled t o  outdoor surface 

Calibrated Hot Box 
Test Dates 

October through 
December 1981 

January through 
February 1984 

February through 
May 1984 
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transmission coefficients, such as U and R-values. Data obtained during 

translent and perlodlc temperature variations are used to define dynamic 

thermal response of the wall. Dynamic response depends on heat storage 

capacity as well as heat transmission characteristics o f  the wall assembly. 

The response o f  the three specimens to the same dynamlc temperature cycle 

is compared. Dynamic thermal performance o f  the spectmens differs because 

they have dlfferent'heat storage capacitles and relative placements of mass 

and insulation. 

laboratory test results provide a data base for evaluation of building 

Results also provide information on the benefits o f  envelope perforlfiance. 

thermal mass In the exterior envelopes o f  buildings. 
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HEAT TRANSFER CHARACTERISTICS OF WALLS 
WITH SIMILAR THERMAL RESISTANCE VALUES 

by 

Steven C. Larson and Martha 6. Van Geem* 

/ 

INTRODUCTION AND OBJECTIVES 

Tests were conducted to evaluate thermal performance of a normal welght 

concrete wall wlth exterior insulation. The wall was tested under steady- 

state, dynamic, and transient temperature conditions in the calibrated hot box 

facllity o f  Portland Cement Association's Conrtructlon Technology Laboratorles 

(CTL). 

ficients including total thermal reslstance ( A T )  and thermal transrnlttance 

(U). 

used to define dynamic thermal response under selected temperature ranges I 

A simulated sol-alr dynamlc cycle was selected to permit comparison o f  results 

w i t h  those obtained in previous investigations. 

Steady-state tests were used to obtain average heat transmission coef- 

Data obtained during transient and periodic temperature variations were 

(1 -7)  ** 

Objectives of the experimental investigation were to evaluate thermal per- 

formance of the insulated normal welght concrete wall and compare it to thermal 

performance o f  previously tested speicmens with similar R-values. Specimens 

used for comparison are an 8-in. (200-mn) low density concrete wall and 

1-3/8-in. (35-mn) fiberglass insulation board. Each specimen has a steady- 

state R-value approximately equal to 7.0 hr*ft2="F/Btu (1.2 m2mK/W). 

*Res pec ti ve 1 y , Structural Eng l neer , Ana 1 y t 1 ca 1 Des 1 gn Sect i on, St r uc t ur a1 
Development Department, and Senior Research Engineer, Fire Research Section, 
Construction Technology Laboratories. a Divislon o f  the Portland Cement 
Association, 5420 Old Orchard Road, Skokie, Illinois 60077 

this report. 
**Superscript numbers in parentheses refer to references listed at the end of 
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The three specimens compared in thls investigation have different amounts 

o f  mass and insulatlon. 

insulating material with a relatively low mass.  The insulated normal welght 

concrete wall has a large thermal mass isolated from the outdoor environment 

by board insulation. The low density concrete wall consists of one material 

that combines mass and insulating characteristlcs. 

The fiberglass board specimen consists of an 

The report emphasizes comparison of the dynamic thermal performance of the 

three walls. Dynamlc performance is dependent on heat transmission characteris- 

tics as well as heat storage capacity of the wall assembly. 

Heat storige capacity o f  a homogeneous wall is given by the product o f  unit 

weight, specific heat, and thickness o f  the wall. Differences in heat storage 

capacitles o f  wall assemblies are predominantly due to differences I n  mass,  

which is equal to the product o f  unit welght and thlckness. 

This report summarizes test results for the Insulated concrete wall and 

compares thermal performance o f  the three walls. Calibrated hot box test 

results for the insulated normal weight concrete wall, designated Wall C4, are 

presented in the sectlon o f  this report entitled 'Concrete Wall with Board 

Insulation." Test results for the low density concrete wall, designated Wall 

C3, and the fiberglass board, designated Wall S1,  are given In Appendix A.  

Calibrated hot box test results for the l o w  density concrete wall have been 

previously published in References 6 and 8. 

for the fiberglass Insulation specimen have been previously pub ished in 

Reference 9. 

Calibrated hot box test results 
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CALIBRATED HOT BOX TEST FACILITY 

Tests were conducted in the calibrated hot box facility shown in Figs. 1 

and 2. Tests were performed in accordance with ASTH Designation: C976, "Ther- 
ma1 Performance of Building Assemblies by Means o f  a Callbrated Hot  Box. U ( W  

The following is a brief description o f  the calibrated hot box.  Instrumen- 

tation and calibration details are described in Appendix B and Reference 11. 

The facility conslsts o f  two highly insulated chambers as shown in Fig, 2. 

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

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

chambers are clamped tightly against an insulating frame that surrounds the 

test wall. 

to obtain desired temperatures on each s lde  of the test wall. 

Air in each chamber is conditioned by heating and cooling equipment 

The outdoor (cl3matSc) chamber can be held at a constant temperature or 

cycled within the range -15 to 130OF (-26 to 5 4 O C ) .  

g r a m e d  for a 24-hour cycle to obtain the desired temperature-time relation- 

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 

2 7 O C ) .  

Temperatures can be pro- 

The specimen Is in a vertical position in C T L ' s  calibrated hot box. There- 

fore, heat flows horizontally through the wall. 

accommodate walls wlth thermal resistance values ranging f rom 1 .5  to 20 hr * f t2aof /6 tu  

(0.26 to 3.52  m2*K/W). 

The facility was designed to 

CTL's calibrated hot box is not capable of maintaining a pressure differen- 

tial across a specimen. The pressure in both the Indoor and outdoor chambers 

I s  atmospheric. 
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F i g .  1 Callbrated Hot Box Test Faciljty 

lnsu la t ton 

Outdoor f Test 

F l g .  2 Schematic of Calibrated Hot Box 
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CONCRETE WALL WITH BOARD INSULATION 

An 8-in. (200-mn) normal weight concrete wall with 5/8-in. (16-mm) 

polyisocyanurate board insulation on the outdoor surface, designated Wall C4, 

was tested in CTL's  calibrated hot box. 

nlques representative o f  field constructlon practices. Overall nominal wall 

dimenslons were 103x103 In. (2.62x2.62 m). 

The wall was built at CTL using tech- 

Wall Construction 

Wall C4 was constructed by applying polylsocyanurate Insulation to an 8 - I n .  

(200-m) thick concrete,wall previously tested in the calibrated hot box. 

calibrated hot box tests performed on the 8-111. (200-nwn) Table 1 lists dates o f  

normal weight concrete 

Construction detai 

(200-m) normal weight 

sented In Reference 4. 

wall. 

s and calibrated hot box test results for the 8-In .  

concrete wall, previously designated Wall C1, are pre- 

Wall C1 was reinforced with a single layer o f  No. 5 

bars spaced 12-311. (300-m) center-to-center fn each direction. Bars were 

located at the approximate midthickness of the wall. 

Wall C1 was cast horizontally in Hay 1981 and cured i n  formwork for seven 

days. 

tory at an ajr temperature o f  7 3 + 5 O F  (23+3OC) and 45215% RH for flve months. 

Faces o f  Wall C1 were coated wlth a cementitious waterproofing material that 

seals minor surface Imperfections. A textured, noncementitlous off-white palnt 

was used as a finish coat. Wall C1 was tested In the calibrated hot box from 

October to December 1981. 

After removing formwork, the wall was allowed to air cure in the labora- 

Physical propertles o f  Wall C1 and companion control speclmens are given In 

Table 2. Thermal propertles of  concrete used for Wall C1 are glven In Table 3. 

Control speclmens were cast from the same concrete used to construct the wall. 
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TABLE 2 - PHYSICAL PROPERTIES OF WALL C 1 ( 4 )  

Property 

/ 

Unit Weight o f  Wall, pc f  (kg/m3) 

Estlmated ,Moisture Content o f  Wall , 
% ovendry weight 

Average Thickness, I n .  (mn) 

Area, ,ft* (m2) ' 

Concrete Compressive Strength, 
p s l  (MPa) 

moist cured* 

a i r  cured** 

Concrete S p l i t t i n g  Tensi le Strength, 
p s i  (MPa) 

moist cured* 

a1 r cured*** 

Measured Value 

144 
(231 0) 

2.1 

8.31 
( 2 1  1 )  

73.64 
(6.84) 

5040 
(34 .7 )  

(39.4)  
571 1 

5 2 2  
(3.60) 

51 4 
(3.54) 

*Measured on 6x12-in. (150x300-m) cyilnders cured I n  molds 
for  f i r s t  24 hours, m o l s t  cured f o r  27 days. 

**Measured on 6x1 2-in. ( 1  50x300-m) cyl inders cured i n  molds 
for  f i r s t  7 days, a i r  cured for  184 days. 

***Measured on 6x1 2-in. ( 1  50x300-m) cyl inders cured i n  molds 
f o r  F i r s t  7 days, a i r  cured f o r  1 8 8  days. 
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Specific mt, Btu/lb**F (J/kg'K) Similar to  
cRD-Cl24-73 

Calcu?ated 

)lot Wire 

ASTM C177 

ASTM (376 

CRD436-73 

Specific Heat, f ) t ~ / l b - ~ f  (J/kg*K) 

saturated 73 
(231 

air  dry 13 
(23) 

a i r  dry - 

ovendry 70 
(211 

air  dry 70 
(211 

saturated -- 

Thermal Conductivity, Btu.in./hr*ft2-*F (Wm*K) 

2 Thermal Conductivity, Btu. in./hr.ft * O F  (W/m-K) 

Thermal Conducti v i  t y  , Btu - i n . /hr f t2* OF (W/m* K) 

2 2 Them? Oiffusivity, ft /hr (mn /s) 

Fkasured 
Value 

0.214 
(8961 

0.193 
(&I 

20.3 
(2.93) 

16.1 
(2.32) 

11.7 
(1.69) 

0.037 
(0.955) 



Table 3 presents thermal c o n d u c t i v i t y  values of Wall C l  concrete specimens 

ranging f rom 11.7 t o  20.3 Btu.in./hr.ft'."F (1 .69  t o  2.93 W/m.K), depending on 

the  t e s t  method. Thermal CQndUCtIVity o f  normal weight concrete depends on the  

specimen mois ture content  and whether the  t e s t  method uses embedded o r  taped 

thermocouples f o r  measuring specimen temperatures. 

men cond i t i on ing  and tes ' t  methods i s  g iven  i n  Ref .  4. 

More i n fo rma t lon  on speci-  

A f t e r  c a l i b r a t e d  hot box t e s t i n g  was completed, Wall C 1  was s tored a t  an 

a i r  temperature of 7325°F (23+3*C) and 45215% RH u n t i l  January 1984. A t  t h i s  

t lme, thermocouples were embedded i n  each sur face o f  Wal l  C 1  and the w a l l  was 

redesignated Wall C6. Th is  w a l l  was tes ted  i n  the  c a l i b r a t e d  ho t  box i n  Janu- 

a r y  and February 1984. (12) 

A f t e r  c a l i b r a t e d  ho t  box t e s t i n g  o f  Wall C6 was completed, board I n s u l a t i o n  

was app l ied  t o  the  outdoor sur face  and the  w a l l  was redesignated Wal l  C4. This 

w a l l ' w a s  tes ted  i n  the  c a l l b r a t e d  h o t  box from February t o  May 1984. 

Celotex Tuff-R I n s u l a t i n g  Sheathing was app l ied  t o  Wall C6 t o  cons t ruc t  

Wall C4. This I n s u l a t i o n  is a r i g i d ,  f o i l - f a c e d  poly isocyanurate foam board 

w i t h  a nomlnal th ickness o f  5/8-in, (16-m). The mater ia l  had a ra ted  R-value 

o f  5.4 hr.ft2.'F/I3tu (0.95 m2.K/W) a t  t ime o f  manufacture. ( 1 3 )  The insu la -  

t l o n  had a measured thickness o f  0.69 i n .  (17  m) and a measured dens i t y  o f  

2.2 pc f  ( 3 6  kg/m ) when received a t  CTL. 3 

The i n s u l a t i o n  was bonded t o  t h e  ou ts ide  surface o f  t he  w a l l  w i t h  an a l l -  

purpose cons t ruc t ion  adhesive app l i ed  i n  v e r t i c a l  'r ibbons. F igure 3 shows Wall 

C4 du r ing  a p p l i c a t i o n  o f  the  board i n s u l a t i o n .  

p laced between the  concrete and i n s u l a t i o n  can be seen I n  F lg.  3 .  

Four rows o f  thermocouples 

Since the  standard i n s u l a t i o n  board s i z e  i s  48x96 i n .  (1.22x2.44 m), t w o  

f u l l  boards p lus  smal ler  c u t  p leces were used t o  cover the 103x103 i n .  

-9- 
construction technology laboratories 



F l g .  3 APP 

Top of Wall 

Bottom of Walt 

ication o f  Board Insulation to Wall C4 

4L 96 ' I  

.'I 

,-Insulation Seam 
(Typ.) 

- 
7" 

f6" 

- 

33" 

Fig. 4 Location o f  Wall C4 Insulation Seams 
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(2.62x2.62 m) wall. All insulation seams were covered with duct tape, Loca- 

tions of insulation seams are shown in Fig. 4. 

Figure 5 shows the outstde surface of Wall C4 after application o f  insula- 

tion. Two coats of off-whjte latex flat wall paint were applied to the insula- 

tion surface. I 

The measured overall thickness of Wall C4 was 8.90 in. (225 mn). The meas- 
2 2 ured area perpendicular to heat flow was 73.75 ft (6.85 m ) .  Unit weight of 

Wall C4 was 98.5 psf (480 kg/m2). The estimated moisture content of the con- 

crete after completion of calibrated hot box testing was 0.8% o f  ovendry weight. 

\ 

Instrumentation 

A total of  104 thermocouples corresponding to the Amerlcan National Stan- 

dard for Temperature Measurement Thermocouples (ANSI MC96.1), Type T, 20 gauge, 

were.used to measure temperatures. Sixteen thermocouples were located in the 

air space of each chamber, 16 on each face o f  the test wall, 16 a t  the inter- 

face o f  concrete and insulation, 8 embedded in the concrete of the indoor face 

of the test wall, and 16 at the approximate midthickness o f  concrete. 

couples were uniformly distributed on a 20-3/5-Sn. ( 5 2 5 - m )  square grid over 

the wall area, 

Thermo- 

Thermocouples measuring temperatures In the air space of each chamber were 

located approximately 3 in. (75 nun) from the face of the test wall. 

Surface thermocouples were securely taped to t,he wall for a length o f  

approximately 3 In. (75 mn). 

same color as the test wall surface. Thermocouples attached to indoor and out- 

door surfaces are shown in Figs. 6 and 7, respectively. 

Duct tape covering the sensors was painted the 

Internal thermocouples were placed at the approxfmate midthickness o f  the 

concrete. Prior to concrete placement, thermocouples were secured to rein- 

forcement or suspended by wire between reinforcement. Thermocouple junctions 

-11- construction technology laboratories 



F i g .  5 Board Insulat  on on Outside Surface  o f  Wall C 4  
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F i g .  6 I ndoor  Surface of Wall C 4  Before Ca 
Hot Box T e s t i n g  

ibrated 

F i g .  7 Outdoor  Surface o f  Wall C 4  Before Calibrated 
Hot Box T e s t i n g  
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were not placed in contact wlth the reinforcement. This was done for all 

internal thermocouples to avoid any influence on internal heat flow through 

reinforcement. Thermocouples were wired such that electrical averages of four 

thermocouple junctions , located along horizontal lines across the grid, were 

obtained. 

Thermocouples were taped to the surface o f  the concrete before insulation 

was attached. These ttiermocouples monitored temperatures at the interface o f  

concrete and Insulation on.Wa11 C4. Thermocouples were distributed on the same 

20-3/5-1n. (525-m) square grid as the a l r  and surface thermocouples. Inter- 

face thermocouples ‘were wired such that electrical averages of four thermo- 

couple junctions, located along horizontal lines across the grid, were obtalned. 

The 8 embedded thermocouples on the indoor side o f  Wall C4 were located in 

the second and third rows of the 20-3/5-In. ( 5 2 5 - m )  square grid. Eight grooves 

measuring 1/8-in. (3 m) deep by 6 in. (150 m) long were cut In the wall in 

line with the second and third rows o f  surface thermocouples. The embedded 

thermocouple sensors were located 2 in. (50 mn) from the surface thermocouples. 

A t  least 4 in. (100 m) o f  the thermocouple wires were embedded. The grooves 

were filled flush with the wall surface using cement paste. 

was painted off-white to match the surface of the test wall. 

The hardened paste 

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

center o f  the indoor and outdoor wall surfaces. The transducers were mechani- 

cally fastened to the wall surfaces to ensure contact throughout the calibrated 

hot box test program. To mount the heat flux transducer on the indoor concrete 

surface, 3/8-in. (10-m) holes were drilled at selected mounting locations. 

Wood dowels 3/8-ln. (10-mn) in diameter were epoxied in place and sanded flush 

with the wall surface. The heat flux transducer surface In contact with the 

wall surface was coated with a thin layer o f  high conductivity sllfcon grease. 

. . .  
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The heat flux transducer was then mounted on the wall uslng screws into the 

wood dowels. The silicon grease provided uniform contact between the heat flux 

transducer and wall surface. 

The heat flux transducer mounted on the outdoor insulation surface was also 

coated with a thin layer of high conductivity sillcon grease. Duct tape was 

used to secure this heat flux transducer to the wall. The duct tape was 

painted the same color as the test wall surface. 

Steady-State Tests 

Two steady-state calibrated hot box tests were performed on Wall C4. 

flow and temperature measurements were used to calculate average thermal 

Heat 

. 

properties including total thermal resistance (RT) and transmittance ( U ) .  

Design heat transmission coefficients are calculated for the wall and com- 

pared to measured values. 

in the section of this report  entitled "Comparison o f  Test Results for Walls 

w 9 t h  Similar R-Values." 

Results are compared to values for Walls C3 and S1 

Desisn Heat Transmission Coefficients 

Design values of total reslstance and transmittance for Wall C4 are shown 

in Table 4. Design values were calculated in accordance wlth procedures estab- 

lished by the American Society of Heating, Refrigerating, and Air-Conditioning 
Engineers. ( 1 4 )  

Total resistance values, RT, include standard surface resistances equal 

to 0.68 hr*ft2*oF/Btu (0.12 rn2*K/W) for Indoor and 0.17 hr*ft2a0F/Btu (0.03 

m'*K/W) for outdoor. 

sidered to represent still air on the indoor wall surface and an air flow of 

15 mph (24 km/hr) on the outdoor wall surface. Thermal transmittance, U,  i s  

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

These values are comnonly used in design and are con- 

construction technology laboratories -1 5- 



TABLE 4 - DESIGN HEAT TRANSMISSIOt4 COEFFICIENTS FOR WALL C4 

0.17* 
(0.03) 

5 .4**  
(0 .95 )  

0.69* 
(0.12) 

(0.12) 
0.68" 

I 

6.94 
(1 .22 )  

Component / 

2. 5/8-in. (16-'m) Board 

3. &In. (ZOO-m)  Normal Welght 

3. Inslde Alr Fl lrn 

Insulation 

Weight Concrete 

Total R 

~~ ~~ 

R, Thermal Resistance 

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

t I 

Total Ut 0.14 
(0.82) 

*Source: ASHRAE Handbook - 1981 Fundamentals, American Society 
of Heating, Refrigerating, and Air-conditioning 
Engineers,Inc., Atlanta, 1981, Chapter 23. 

**Source: R-value at time o f  manufacture per manufacturer's 
specifications. 

+ 2 Units for thermal transmittance are Btu/hr.ft'."F (W/m ' K ) .  
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Resistances for construction materials were taken from the ASHRAE Hand- 

book - 1981 Fundamentals (14) or other similar listings of thermal properties. 

Resistances used in Table 4 were not measured. 

Test Procedures 

Steady-state calibrated hot box tests are conducted by maintaining constant 

Results are calculated from data co l -  indoor and outdoor chamber temperatures. 

lected when specimen temperatures reach equilibrium and the rate of heat flow 

through the test wall is constant. 

Steady-state tests f.or Wall C4 were run at two temperature differentials. 

For the first case, indoor air temperature was maintained at approximately 73PF 

(2 3 O C )  while outdoor air temperature was maintained at approximately 1 2 9 O F  

( 5 4 O C ) .  This provided a nominal temperature differential of 56*F (31°C) and a 

mean temperature of 10l°F ( 3 8 O C ) .  In t h e  second case, indoor air temperature 

was maintained at approximately 71°F ( 2 1 O C )  while outdoor air temperature was 

maintained at approximately -10°F (-23°C). 

differential of 81°F ( 4 4 V )  and a mean temperature of 3 2 O F  ( O O C ) .  

This provided a nominal temperature 

Steady-State Temperature Profiles 

Temperature profiles for the steady-state tests are illustrated Sn Fig. 8. 

Data are averages for 16 consecutive hours of testing. Temperatures are 

averages from thermocouples uniformly distributed across the wall as described 

in the tlInstrumentationll Section. The following notation is used to deslgnate 

average measured temperatures: 

to = outdoor air temperature 

t p  = wall surface temperature, outdoor side 

t4 = internal wall temperature at interface of concrete and 

insulation 
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( a )  Wall Mean Temperature = 32OF (OOC) 

Fig .  8 Steady-State Temperature Profiles Across Wall C4 
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( b )  Wall Mean Temperature = 10l°F (38OC) 

Fig.  8 Steady-State Temperature Profiles Across Wall C4 
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t3 = internal wall temperature at approxlmate midthickness of 

concrete 

t5 = wall surface temperature, indoor side (embedded thermocouples) 

tl = wall surface temperature, indoor side (taped thermocouples) 

ti = Indoor air temperature 

Measurements o f  thermocouples taped to a concrete surface do not indicate 

the true surface temperature. A contact resistance Is Introduced because o f  

thin air gaps and imperfect thermal contact between the thermocouple and the 

wall surface., As a result, the taped thermocouple measurements are between the 

true wall surface temperature and the adjacent alr temperature. 

with high thermal conductlvlty, such as normal weight concrete, surface tem- 

peratures are more accurately measured by thermocouples embedded in the wall 

surface. Contact resistance is reduced using thfs temperature measurement 

technique. 

For materials 

Previous calibrated hot box tests were performed on Wall C6 t o  investigate 

contact resistance. Wall C6 is the normal weight concrete wall used for con- 

struction of Wall C4. Thermocouples for measuring surface temperatures were 

embedded in and taped to the wall surfaces. Comparison of Calibrated hot box 

test results using the two surface measurement techniques are given in 

Reference 12. 

A s  can be seen In Fig. 8, temperatures measured on the indoor surface of 

Wall C4 by taped and embedded thermocouples differ by 1°F ( 0 . 6 O C ) .  

thermocouple temperature measurements (t,) are between air temperatures (t,) 

and embedded thermocouple temperature measurements (t5). 

sured by taped and embedded thermocouples on the indoor surface of Wall C6 

differed by 5 to 6°F  (2 to 3 O C )  for similar steady-state tests. The 

Taped 

Temperatures mea- 
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smaller d i f f e r e n c e  between taped and embedded thermocouple readings f o r  Wall c4 

I s  due t o  t h e  added i n s u l a t i o n  on the sur face  o f  t h l s  specimen. The tempera- 

t u r e  g rad ien t  through the  concre te  and sur face f i l m  p o r t i o n  of an i n s u l a t e d  

w a l l  i s  s i g n i f i c a n t l y  smal ler  than t h a t  through an un lnsu la ted  concrete w a l l .  

Thermal Resistance and Transmi t t h n c e  

Steady-state c a l i b r a t e d  h o t  box t e s t  r e s u l t s  a r e  summarized i n  Table 5. 

Data are averages for 16 consecut lve hours o f  t e s t l n g .  

heat  f l u x  measured by t h e  c a l i b r a t e d  h o t  box, t o t a l  thermal res is tance,  and 

thermal t ransmi t tance are l i s t e d  f o r  s teady-state t e s t s .  

Mean w a l l  temperature, 

To ta l  t h e r k l  res i s tance  and t ransmi t tance c o e f f i c i e n t s  were ca lcu la ted  

us lng  heat f l u x  measured by t h e  c a l l b r a t e d  h o t  box, measured sur face- to-sur face 

temperature d i f f e r e n t i a l s ,  and standard sur face res is tance c o e f f i c l e n t s .  Heat 

t ransrnisslon c o e f f i c i e n t s  were determined from temperature d i f f e r e n t i a l s  f o r  

bo th  embedded and taped indoor  sur face  thermocouples. 

Measured sur face- to-sur face temperature d i f f e r e n t l a l s  f rom taped thermo- 

couple measurements a r e  g rea ter  than the  t r u e  temperature d i f f e r e n t i a l  a c r o s s  

the  w a l l .  As  a r e s u l t ,  the  measured t o t a l  thermal resistance o f  the wall c a l -  

cu la ted  from taped thermocouple measurements inc ludes a sur face contac t  r e s i s t -  

ance and 1s g rea ter  than the  a c t u a l  thermal res is tance.  Embedded thermocouple 

measurements reduce contac t  res ls tance,  

Thermal res ls tances c a l c u l a t e d  f rom embedded thermocouple measurements a r e  

2% less  than res is tances c a l c u l a t e d  f rom taped thermocouple measurements. The 

average d i f f e r e n c e  i n  thermal res i s tance  i s  0.15 hr.ft2.0F/Btu (0.03 m2.K/W). 

Th is  i s  c l ose  t o  the  contac t  res i s tance  f o r  normal weight concrete o f  

0.13 hr*ft2.OF/Btu (0 -02  m2.K/W) determined i n  Reference 12. 
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TABLE 5 - WALL C4 STWY-STATE TEST RESULTS 

1 

Design Values 

I 

%l* 

Heat F?ux, 

2 Btu/hr. ft 

rwm2, 
~ 

T W  

Thermocouples+ 

7.85 
(1.331 

1.49 
(1.32) 

-10.0 
( -31.5)  

7.6 
(23.8) 

~ ~ 

Einbed&?d 

T k m w u p l e s f l  

7.74 
(1.361 

7.31 
(1.29) 

~ 

Relative Hunidity 

~~ r- 

Taped GllletBded 

Thermocouples+ Themcaupl es f+ 

0.13 0.13 
(0.72) (0.73) 

0.13 0.14 
(0.76) (0.78) 

% 

I8 

16 

6.94 
(1.22) 

0.14 
(0.821 1 -  

Outdoor 

C b h e r ,  

i 

19 

13 

Wasured by the ql ibrated hot box. 
*Total. thermal resistance, R and transmittance, U, for steady-state tests were calculated using the design surface resistance 

ccefficients and measured d h e s  of heat flux. 
m a n  of wall surface tenperatures. 

+Determined fmn tenperatwe di f ferent ia l  measured usjng ta&d thermocouples on the indoor surface. 
%termined fm tenperatwe di f ferent ia l  measured using dded thermocouples on the indoor surface. 



Design heat transmission c o e f f i c i e n t s  a re  shown i n  the l a s t  row of Table 5 

f o r  comparl son. 

Thermal resistance of Wall C4 a t  a mean temperature o f  72°F (22°C) may be 

in te rpo la ted  from measured data. Thermal reslstances determined from thermo- 

couples taped t o  and embedded i n  the concrete surface are 7.64 and 

7.49 h r= f t2 * "F /8 tu  (1.25 and 1.32 m2*K/W), respect ive ly .  

w l t h l n  10% o f  the design values. 

These values are 

Re la t i ve  humidity w i t h i n  the indoor and outdoor chambers i s  not  con t ro l l ed  

by CTLIs ca l i b ra ted  ho t  box. 

l i s t e d  i n  Table 5. 

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

Maximum and mlnimum laboratory  a i r  temperatures obtained dur ing each 

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

f o r  t he  indoor chamber f o r  t e s t s  conducted i n  CTL's ca l i b ra ted  ho t  box. 

The laboratory acts as a guard 

Dynamic Tests 

E x t e r i o r  b u l l d l n g  wa l l s  a re  seldom i n  a steady-state condi t ion.  Outdoor 

a i r  temperatures and so la r  e f f e c t s  cause c y c l i c  changes i n  outdoor surface tern- 

peratures. Generally, indoor surface temperatures are r e l a t i v e l y  constant corn- 

pared t o  outdoor surface temperatures. 

Dynamic t e s t s  are a means of evaluat ing thermal response under con t ro l l ed  

condi t ions t h a t  simulate temperature changes a c t u a l l y  encountered i n  b u l l d l n g  

envelopes. 

thermal resistance and heat storage capaci ty.  

Response of wal ls  t o  temperature changes i s  a func t i on  o f  both 

Test Procedures 

Dynamic t e s t s  were conducted by malntalning ca l i b ra ted  hot  box indoor a i r  

temperature constant wh i l e  outdoor a i r  temperatures were cycled over a prede- 

termined temperature versus t ime r e l a t i o n s h i p .  The r a t e  o f  heat f l o w  through 

a t e s t  specimen was determined from hour ly  averages of data. 



Three 24-hour ( d i u r n a l )  temperature cyc les  were app l i ed  t o  Wall C4. One 

dynamic temperature cyc le ,  denoted t h e  NBS Test Cycle, has been app l i ed  t o  every 

w a l l  t es ted  i n  the  c a l i b r a t e d  h o t  box. 

a i r *  c y c l e  used by the  Nat iona l  Bureau of Standards i n  t h e i r  eva lua t i on  o f  

This c y c l e  i s  based on a s imulated so l -  

dynamic thermal performance o f  an exper imenta l  masonry b u l l d i n g ,  ( 1 5 )  I t  

represents a l a r g e  v a r i a t i o n  i n  outdoor  temperature over a 24-hour per iod.  The 

mean outdoor temperature of t he  c y c l e  i s  approximately equal t o  t he  mean indoor  

temperature. 

The two a d d i t i o n a l  s o l - a i r  d i u r n a l  temperature cyc les  app l i ed  t o  Wall C4 

were bo th  based'on t h e  NBS c y c l e  p r e v l o u s l y  described. 

der ived  by increas- ing hour l y  outdoor a i r  temperatures by 10°F (6°C). 

The NBS+10 c y c l e  was 

The NBS-10 

c y c l e  was der ived  by decreasing h o u r l y  outdoor a i r  temperatures by 10°F ( 6 ° C ) .  

Outdoor chamber a i r  temperatures f o r  the th ree  dynamic temperature cyc les  

a r e  i l l u s t r a t e d  i n  Fig. 9. 

f o r  each c y c l e  was approx imate ly  72*F ( 2 2 O C ) .  This  i s  shown as a re fe rence 

l i n e  i n  F ig.  9. 

Average indoor  temperature over t h e  24-hour pe r iod  

For a l l  t es ts ,  dynamic cyc les  were repeated u n t i l  cond i t ions  of e q u i l i b r i u m  

E q u i l i b r i u m  cond i t i ons  were evaluated by consistency of app l i ed  were obtained. 

temperatures and measured heat  f l u x .  A f t e r  e q u i l i b r i u m  cond i t ions  were reached, 

t e s t s  were genera l l y  cont inued f o r  a p e r i o d  of t h ree  days. 

on average readings f o r  t h ree  consecut ive 24-hour cyc les,  unless otherwise 

Resul ts  a r e  based 

noted. Each t e s t  regu l red  approx imate ly  e i g h t  days for  completjon. 

*So l -a i r  temperature i s  t h a t  temperature of outdoor a i r  t ha t ,  i n  t h e  absence 
o f  a l l  r a d i a t i o n  exchanges, would g i v e  t h e  same r a t e  o f  heat e n t r y  i n t o  the 
sur face  as would e x i s t  w i t h  t h e  a c t u a l  combinat ion o f  i n c i d e n t  s o l a r  rad ia -  
t i o n  r d i a n t  energy exchange, and convec t ive  heat exchange w i t h  outdoor 
a i r .  b4 !  
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F ig .  9 Outdoor Chamber Air Temperatures f o r  Dynamic Test  
Cycles Appl ied  to Wall C4 

-25- 
construction technology laboratories 



Test Results 

The following sections present results for Wall C4. Dynamic test results 

for Walls C3 and Sl are presented in Appendix A .  

pared in the section of this report entitled "Comparison of Test Results for 

Walls with Similar R-Values." 

Dynamic test results are com- 

Brief descriptions o f  symbols used In figures and tables are listed in 

Table 6. Symbols are described in detail In the following section. 

Hourly Test Data 

Measured temperatures, temperature dlfferentlals, and heat flux for dynamic 

temperature cycles applied to Wall C4 are illustrated In Flgs. 10 through 12 - 

and listed i n  Tables 7 through 9, 

Tables 7 through 9 denoted (a) and (b), respectively, list hourly dynamic 

test data in U.S. and SI units. 

Measured temperatures are llsted in Tables 7 through 9. Values are illus- 

trated in the portion o f  Figs. 10 through 12 denoted (a). Outdoor alr (to), 

indoor alr (ti), outdoor surface (t,), indoor surface (tl, t5), and internal 

wall (t,, ts) temperatures are average readings o f  thermocouples placed as des- 

cribed in the "Instrumentation" section o f  this report. 

Air-to-air (to-ti), surface-to-surface ( t2-t,), and surface-to-ai r ( t  -t 
0 2 '  

t,-ti) temperature dlfferentlals for Wall C4 are Illustrated in the portion o f  

Figs. 10 through 12 denoted (b). 

Measured and calculated heat flux values are listed in Tables 7 through 9 

and illustrated in the portion of Figs. 10 through 12 denoted (c). Heat flux 

is positive when heat flows from the calibrated hot box outdoor chamber to the 

indoor chamber. 

Heat f l u x  determined from calibrated hot box tests i s  denoted 9,. 

constnrcflon technology laboratories -26- 



TABLE 6 - ABBREVIATIONS FOR HEAT FLUX AND TEMPERATURE 

I heat f l u x  measured by heat f l u x  transducer mounted on indoor w a l l  surface 

jL heat f l u x  measured by heat f l u x  transducer mounted on outdoor w a l l  surface 
qhfm 

%fm 

qs s 

qW 

t2 

t4 

t3 

t5 

tl 

ti 

= heat f l u x  predicted from steady-state analysis 

= heat f l u x  measured by c a l i b r a t e d  hot  box 

= outdoor a i r  temperature 

= w a l l  surface temperature, outdoor s i d e  

= i n t e r n a l  w a l l  temperature a t  i n t e r f a c e  o f  concrete and insulatjon 

Interna1,wall temperature a t  mldthickness o f  concrete 

= w a l l  surface temperature, indoor s ide (embedded thermocouples) 

= w a l l  surface temperature, indoor s ide (taped thermocouples) 

= indoor a i r  temperature 

-27- 
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TABLE 7(a) - OYNAPlIC TEST RESULTS (PERIODIC) FOR NBS TEST CYCLE APPLIED TO WALL C4 

Calculated 
Heat Flux, 

2 Btu/hr- ft 

hasured Tenperatures. 

O F  

Masured Heat Flux, 
Btu/hr*ft2 

I 

qhfm 
wn e 

Outdoor 
Surf. 

- 
-4.30 
-4.64 
4 . 3 2  
4 . 3 2  
-3.87 
-0.72 

1.66 
2.20 
3.09 
4.07 
4.00 
4.73 
6.50 
5.89 
3.81 
2.48 
0.29 

-2.49 
-2.95 
-2.95 
-2.34 
-2.49 
-4.99 
4 . 2 4  

t4  
Conc./ 
Insul . 

t5* 
Indoor 
Surf. * 
Enbed. 

qhfm 

Indoor 
Surf. 

wn e to 

Outdoor 
A i  I* 

t2 
Outdaor 
Surf. 

4w 
Cal ib.  

Hot Box 

qss 
5 tead y- 
State 

t i  
Indmr 

A i r  

- 
71.7 
71.7  
71.6 
71.6 
71.5 
71.5 
71.5 
71.5 
71.5 
71.6 
71.6 
71.6 
71.7 
71 .7  
71.8 
71.8 
71.9 
71.8 
71.9 
71.8 
71.8 
71.8 
71.8 
71.7  

7 1 . 7  

42.8 
40.7 
40.3 
40.1 
41.2 
50.4 
66.3 
75.9 
83.4 
90.4 
94.6 
98.3 

105.3 
109.0 
104.7 
97.7 
07.9 
73.5 
62.8 
57.4 
56.4 
56.2 
48.5 
44.0 

45.7 
43.7 
43.2 
43.1 
44.0 
51.9 
66.4 
75.3 
82.5 
89.0 
93.1 
96.5 

102.8 
106.6 
103.0 
%.5 
87.7 
74.5 
64.4 
59.2 
58.1 
58.0 
51.3 
46.8 

70.2 
69.8 
69.6 
69.3 
69.2 
69.4 
70.3 
7 1 . 1  
7 1 . 7  
72.4 
72.9 
73.4 
74.1 
74.7 

74.6 
74.2 
73.4 
72.6 
72.1 
71.8 
71.6 
71.1  
70.5 

74.8 

71.4 
71.2 
71 .O 
70.8 
70.6 
70.5 
70.5 
70.6 
70.7 
70.9 
71.1  
71.4 
71.7 
72.0 
72.3 
72.5 
72.6 
72.6 
72.5 
72.4 
72.2 
72.0 
71.9 
71.6 

72.1 
72.0 
71.8 
71.7 
71.6 
71.4 

0.14 
-0.02 
-0.23 
-0.44 
-0.64 
-0.84 
-1 -02 
-1.11 
-1.09 
-1.01 
-0.85 
-0.62 
-0.41 
-0.16 
0.09 
0.33 
0.59 
0.76 
0.85 
0.83 
0.74 
0.60 
0.46 
0.31 

-3.82 
-4.09 
4 . 1 5  
-4.15 
-4.01 
-2 83 
-0 .71  
0.59 
1.64 
2.58 
3.16 
3.64 
4.54 
5.09 
4.53 
3.57 
2.26 
0.32 

-1.15 
-1.91 
-2.06 
-2.01 
-3.02 
-3.68 

71.9 
71.8 
71.6 
71.5 
71.4 
71.3 
71.3 
71.2 
71.3 
71.3 
71.4 
71.6 
71.7 
71.8 
72.0 
72.1 
72.2 
72.3 
72.3 
72.3 
72.2 
72.2 
72.1 
72.0 

71.8 

- 

0.14 
-0.25 
4 . 4 5  
4-84 
-1.10 
-1 .a 
-1.49 
-1 -45 
-1.42 
-1.44 
-1.33 
4 . 9 1  
-0.84 
4 . 4 6  
-0.33 
-0.08 
0.64 
0.89 
1.15 
1.18 
1-06 
0.88 
0.54 
0.40 

-0.28 

71.3 
71.3 
71.3 
71.4 
7l.S 
71.6 
71.8 
72.0 
72.1 
72.3 
72.5 
72.6 
72.6 
72.6 
72.6 
72.5 
72.4 
72.3 

69.5 10.1 71.9 71.5 72.0 4 . 1 1  -0.25 -0.24 

%ta are averages of  8 themouples,  not 16. 

Calibrated Hot Box Relative t imidity: 
Indoor Chamber - 1% 
Outdoor C h a r  - 152 

Laborator A i r  Temgerature: 
Bax. - 7 Y O F  - (22 Cl 
nin. - 7OoF - iZiocj 
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TABLE 7(b) - D Y W I C  TEST RESULTS (PERIODIC) FOR NBS TEST CYCLE APPLIED TO MALL C4, 
S I  UNITS 

21.9 
21.8 
21.7 
21.6 
21.5 
21.4 
21.4 
21.4 
21.5 
21.6 
21.7 
21.9 
22.0 
22.2 
22.4 
22.5 
22.6 
22.5 
22.5 

22.3 
22.2 
22.1 
22.0 
22.0 
21.9 
21.8 
21.8 
21.8 
21.9 
21.9 
22.0 
22.1 
22.2 
22.3 
22.4 
22.5 
22.6 
22.6 

4.6 
4.5 
5.1 
10.2 
19.1 
24.4 
28..6 
32.5 
34.8 
36.8 
40.7 
42.8 

6.2 
6.2 
6.6 

11.1 
19.1 
24.1 
20.0 
31.7 
33.9 
35.8 
39.3 
41.5 

40.4 
36.5 
31.0 
23.1 
17.1 
14.1 

39.4 
35.8 
30.9 
23.6 
18.0 
15.1 22.4 

22.3 
22.2 
22.1 

22.6 
22.5 
22.5 
22.4 

13.6 
13.5 
9.2 
6.6 

14.5 
14.4 
10.7 
0.2 

.- 

Heasured Heat Flux, 
Calculated 
Heat Flux, 

W/m 2 
Measured Tenperatures, 

*C 2 W/m 

qhfm 

Indoar 
Surf. 

wn g 

0.45 
-0.07 
-0.73 
-1.40 
-2.01 
-2.67 
-3.21 
-3 * 49 
-3.43 
-3.19 
-2.69 
-1.94 
-1 -29 
4. so 
0.29 
1.04 
1.86 
2.40 
2.68 
2.61 
2.33 
1-90 
1.47 
0.97 

I 

qhfm 
HFH @ 

Outdoor 
Surf. 

t2  
Outdoor 

Surf. 

to  
Outdoor 

A i r  

t4 
Conc . / 
Insul . 

t 1 

Indoor 
Surf., 
Taped 

ti 

I n b r  
A i r  

4n 
Cal ib.  

Hot Box 

qss 

Steady- 
State 

Embed, 

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 

6.0 I 7.6 
4.8 6.5 

21.2 
21.0 
20.9 
20.7 
20.7 
20.8 
21.3 
21.7 
22.1 
22.4 
22.1 
23.0 
23.4 
23.1 
23.8 
23.1 
23.5 
23.0 
22.6 
22.3 
22.1 
22.0 
21.7 
21.4 

22.2 
22.1 
22.0 
22.0 
21.9 
21.9 
21.8 
21.8 
21.8 
21.9 
21.9 
22.0 
22.0 
22.1 
22.2 
22.3 
22.3 
22.4 
22.4 
22.4 
22.4 
22.3 
22.3 
22.2 

22.1 
22.0 
22.0 
22.0 
22.0 
22.0 
21.9 
22.0 
22.0 
22.0 
22.0 
22.0 
22.0 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 

~ 

0.45 
4 . 7 7  
-1.41 
-2.65 
-3.46 
4.04 
4.71 
4.57 
4.47 
-4.56 
-4.18 
-2.86 
-2.65 
-1.46 
-1.05 
-0.26 
2.02 
2.81 
3.63 
3.71 
3.34 
2.17 
1.72 
1.26 

-13.57 
-14.63 
-13-62 
-13.61 
-12.21 
-2.26 
5.22 
6.96 
9.14 
12.84 
12.62 
14.93 
20.50 
18.58 
12.02 
7.82 
0.92 
-7.86 
-9.31 
-9 - 30 
-7.39 
-1.05 
-15.75 
-13.38 

-12.05 
-12.91 
-13.08 
-13.09 
-12.64 
43.93 
-2.23 
1.87 
5.11 
8.15 
9.97 
11.47 
14.34 
16.05 
14.30 
11.26 
7.13 
1.01 
-3.63 
-6.03 
-6.51 
-6.53 
-9.54 

-1 1.61 22.0 I 22.4 
22.2 22.0 I 22.2 22.1 22.0 -0.89 -0.36 -0. la -0.75 

a t a  are averages of 8 thermocouples, not 16. 
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TABLE 8(a) - O Y N M I C  TEST RESULTS (PERIODIC) FOR NBS+10 TEST CYCLE APPLIED TO WALL C4 
.- - 

cal cu 1 ated 
Heat Flux, 

Btu/hr* ft2 

Measured Tenperatures, 

O F  

kasured Heat Flux, 
2 Btu/hr. ft T'm, hr 

ti 

:ndoor 
A i r  

72.1 
72.1 
72.0 
71.9 
71.9 
71.8 
71.8 
71.8 
71.8 
71.8 
71.8 
71.9 
71.9 
71.9 
72.0 
72.0 
72.2 
72.2 
72.2 
72.2 
72.2 
72.2 
72.1 
72.1 

t 2  
Dutdwr 
Surf. 

qhfm 
HFH @ 

Indoor 
Surf. 

I 

qhfm 
HFH @ 

Outdoor 
Surf. 

- 
-3.41 
-3.47 
-3.43 
-3.00 
-2.94 
0.79 
2.80 
3.45 
4.07 
5.50 
5.34 
5.80 
7.42 
7.11 
5.69 
4.21 
1.91 

-1.26 
-1 -94 
-1.62 
-1 -26 
-1.31 
-3.71 
-3.03 

t 4  ' 
Conc . / 
Insul. 

to 
Outdoor 

A i r  

t 3  
Internal 
' conc. 

t5" 
Indoor 
Surf., 
Enbed. 

t 1 
[ndoor 
Surf. , 
raped 

9w 
Cal ib. 
kt Bax 

qss 
5 teady- 
State 

c 

-2.60 
-2.84 
-2.95 
-2.89 
-2.74 
-1.54 
0.50 
1.80 
2.70 
3.68 
4.34 
4.67 
5.41 
5.92 
5.69 
4.87 
3.68 
1.71 
0.04 
-0.68 
-0.84 
-0.89 
-1.76 
-2.34 

0.96 

1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16* 
17 
18 
19 
20 
21 
22 
23 
24 

Hean 

- 
- 

52.7 
50.8 
49.9 
50.3 
51.3 
60.9 
76.1 
85.4 
91.9 
99.3 

104.0 
106.5 
112.2 
115.9 
114.0 
108.0 
99.2 
84.5 
72.5 
67.4 
66.3 
65.8 
58.9 
54.8 

55.0 
53.2 
52.4 
52.6 
53.5 
61.6 
75.5 
84.3 
90.5 
97.2 

101.9 
104.2 
109.3 
113.0 
111.6 
106,2 
90.3 
84.9 
73.5 
68.6 
67.4 
67.0 
61.0 
56.9 

I 72.2 
71.9 
71.6 
71.4 
71.2 
71.5 
72.3 
72.9 
73.5 
74.1 
74.8 
75.2 
75.8 
76.4 
76.7 
76.6 
76.3 
75.4 
74.5 
74.1 
73.8 
73.6 
73.1 
72.6 

72.7 
72.5 
12.3 
72.1 
71.9 
71.7 
71.7 
71.8 
71.9 
72.0 
72.3 
72.6 

73.1 
73.4 
73.6 
73.8 
73.9 
73.8 
73.6 
73.5 
73.3 
73.2 
72.9 

72.8 

73.2 
73.1 
72.9 
72.7 
72.6 
72.4 
72.3 
72.2 
72.2 
72.2 
72.4 

72.8 
72.7 
72.6 
12.4 
72.3 
72.2 
72.0 
72.0 
72.0 
72.0 
72.1 
72.3 
72.3 
12.5 
72.7 
72.9 
73.0 
73.2 
73.2 
73.2 
73.2 
73.1 
73.0 
12.9 

72.6 

1.57 
1-43 
1.21 
0.92 
0.70 
0.88 
0.75 
0.32 
0.19 
0.15 
0.31 
0.48 
0.98 
0.91 
1.14 
1.45 
1.67 
1.96 
2.29 
2.47 
2.35 
2.13 
1 .% 
1.70 

1.36 
1.15 
0.93 
0.72 
0.52 
0.33 
0.17 
0.10 
0.10 
0.15 
0.30 
0.48 
0.76 
0.98 
1.25 
1.53 
1.77 
1.96 
2.05 
2.06 
1.98 
1.83 
1.69 
1.54 

72.5 
72.6 
72.0 
73.0 
73.2 
73.4 
73.6 
73.7 
73.1 
73.7 
73.6 
73.4 
73.4 

79.1 79.2 73.8 72.8 72.9 72.0 1.25 1.07 0.99 

kOata are avera es o f  8 thermocouples, not 16. 

Cal ibratad Hot Box Relative Humidity: 

W t a  fo r  t h i s  #our- are tuo-day, not three-day averages. 

Indoor Chamber - 23% 
Outdoor Chamber - 152 

Laborator A i r  TefFfprature: 
Max. - 73OF - (23 Cl 
Min. - 69'F - (2OOCl 
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TABLE 8(b) - DYNAMIC TEST RESULTS (PERIODIC) FOR NBS+10 TEST CYCLE APPLIED TO WALL C4, 
SI UNITS 

~ 

Measured Heat Flux, 
cal cu 1 ated 
Heat Flux, 

W/m 2 
Measured Tenperatures, 

OC 
2 W/m 

qhfm 
HFH Q 
tndoor 
Surf. 

- 

4.28 
3.62 
2.93 
2.28 
1.63 
1.03 
0.54 
0.30 
0.30 
0.47 
0.93 
1.51 
2.40 
3.10 
3.95 
4.83 
5.57 
6.18 
6.48 
6.51 
6.25 
5.78 
5.34 
4.86 

r-me, hr 

t2 
Wtdoor 
Surf. 

I 

qhfm 
HFH @ 

Outdoor 
Surf. 

t0 

Dutdaor 
Air 

t4  
Cone./ 
Insul . 

t3  
Internal 
Conc. 

t5* 
Indoor 
Surf., 
finbed. 

9w 
Calib. 

Hot Box 

- 
4.96 
4.52 
3.81 
2.90 
2.45 
2.77 
2.37 
1 .oo 
0.60 
0.47 
1.15 
1.53 
3.09 
2.86 
3,61 
4.57 
5.28 
6.18 
7.22 7.m 
7.41 
6.72 
6.17 
5.36 

%S 

Steady- 
State 

ti 
f n b r  

Air 

t 1 
tndoor 
Surf. , 
raped 

22.7 
22.6 
22.5 
22.5 
22.4 
22.3 
22.2 
22.2 
22.2 
22.2 
22.3 
22.4 
22.4 
22.5 
22.6 
22.7 
22.8 
22.9 
22.9 
22.9 
22.9 
22.8 
22.8 
22.7 

22.6 

- 

- 

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 

11.5 
10.4 
9.9 

10.2 
10.7 
16.1 
24.5 
29.6 
33.3 
37.4 
40.0 
41.4 
44.5 
46.6 
45.6 
42.2 
37.3 
29.2 
22.5 
19.6 
19.0 
18.8 
14.9 
12.7 

12.8 
11.8 
11.3 
11.5 
12.0 
16.5 
24.2 
29.1 
32.5 
36.2 
38.8 
40.1 
43.0 
45,O 
44.2 
41.2 
36.8 
29.4 
23.0 
20,3 
19.7 
19.5 
16.1 
13.8 

~~ 

22.4 
22.1 
22.0 
21.9 
21.8 
21.9 
22.4 
22,7 
23.0 
23.4 
23.8 
24.0 
24.3 
24.7 
24.8 
24.8 
24.6 
24.1 
23.6 
23.4 
23.2 
23.1 
22.9 
22.6 

22.6 
22.5 
22.4 
22.3 
22.2 
22.1 
22.1 
22.1 
22.2 
22.2 
22.4 
22.5 
22.1 
22.8 
23.0 
23.1 
23.2 
23.3 
23.2 
23.1 
23.0 
23.0 
22.9 
2 2 . 7  

22.9 
22.8 
22.7 
22.6 
22.5 
22.5 
22.4 
22.3 
22.3 
22.4 
22.4 
22.5 
22.5 
22.6 
22.8 
22.9 
23.0 
23.1 
23.2 
23.2 
23.2 
23.1 
23.0 
23.0 

-10.71 
-10.94 
-10.81 
-9.47 
-9.28 
2.50 
8.84 

10.88 
12.83 
17.35 
16.83 
18.29 
23.39 
22.42 
17.96 
13.29 
6.03 

-3.96 
-6.12 
-5.11 
-3 96 
-4.14 

-11.70 
-9.55 

- 4 . 1 9  
-8.96 
-9.29 
-9.11 
-8.63 
-4.85 

1.59 
5.66 
8.51 

1 1  -60 
13.69 
14.72 
17-06 
18.68 
17.93 
15.36 
11.62 
5.39 
0.11 

-2.16 
-2.65 
-2.81 
-5.55 
-7.38 

22.3 
22.3 
22.2 
22.2 
22.2 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.2 
22.1 
22.2 
22.2 
22.2 
22.3 
22.4 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 

22.2 26.2 26.2 23.2 3.95 3.38 3.12 3.01 22.7 2 2 . 7  

a t a  are averages of 8 thermocouples, not 16- 
-ta for t h i s  hour are t-day, not three-day averages. 
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TABLE 9(a) - DYNAMIC TEST RESULTS (PERIODIC) FOR NBS-10 TEST CYCLE APPLIED TO M4LL C4 
~ 

Gal cu 1 ated 
Heat Flux, 

2 Btu/hr* f t 

Heasured Tenperatures, Heasured Heat Flux, 

O F  
2 Btu/hr. ft T'm, hr 

qhfm 
HFH @ 

Indoor 
Surf. 

1 

qhfm 
HFH @ 

Dutdoor 
Surf. 

t4  
Conc. / 
Insul . 

t 2  
hitdoor 
Surf. 

t 3  

Internal 
CMIC . 

t5* 

Indoor 
Surf. , 
EN6ed. 

t 1 
tndoor 
Surf., 
raped 

9w 
Cal ib. 

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 

33.5 
31.4 
31.1 
31.4 
33.3 
46.1 
59.9 
69.2 
76.2 
82.5 
85.2 
89.0 
96.4 
9 8 . 7  
94.6 
0%. 1 
79.3 
63.9 
53.6 
47.8 
47.1 
46.5 
38.5 
35.2 

37.1 
35.1 
34.7 
34.9 
36.6 
47.8 
60.5 
69.1 
75.6 
81.6 
84.4 
87.7 
94.4 
97.0 
93.4 
07.5 
79.5 
65.6 
55.9 
50.5 
49.6 
49.2 
42.1 
38.6 

6 8 . 7  
68.4 
68.1 
67.9 
67.9 
68.3 
69.0 
69.7 
70.3 
70.9 
71.4 
71.8 
72.5 
73.0 
73.1 
73.0 
72.6 
71.8 
7 1 . 1  
70.6 
10.3 
70.1 
69.6 
69.1 

70.4 
70.2 
70.0 
69.8 
69.6 
69.5 
69.5 
69.6 
69.7 
69.9 
70.2 
70.4 
70.7 
70.9 
71.2 
71.4 
71.5 
71.5 
71.5 
71.3 
71.2 
71.0 
70.9 
10.7 

71.5 
71.3 
71.2 
71.0 
70.9 
70.8 
70.6 
70.6 
70.6 
70.7 
70.8 
71 .O 
71.1 
71.3 
71.5 
71.7 
71.8 
72.0 
72.0 
72.0 
71.9 
71.9 
71.7  
71.6 

71.4 
71.3 
71.2 
71.0 
70.9 
10.8 
70.7 
10.7 
70.7 
70.0 
70.9 
71.0 
71.2 
71.3 
71.5 
71.6 
7 1 . 7  
71.8 
71.8 
71.8 
71.8 
71.7  
71.6 
71.5 

71.6 
71.6 
71.5 
71.5 
71.5 
71.4 
71.3 
71.3 
71.3 
71.4 
71.5 
71.5 
71.5 
71.6 
71.6 
71.7 
71 .7  
71.7 
71.8 
71.8 
71.8 
71.8 
71.7 
71 .7  

-1.04 
-1.30 
-1.63 
-1.79 
-2.04 
-1.80 
-2.26 
-2.82 
-2.95 
-2.89 
-2.58 
-2.19 
-2.05 
-1.82 
-1.73 
-1.19 
4 . 7 3  
-0.24 
0.12 
0.21 

4 . 0 1  
-0.17 
-0.33 
-0.69 

-0.96 
-1 .17  
-1.36 
-1.59 
-1.79 
-1.97 
-2.10 
-2.17 
-2.13 
-2.05 
-1.89 
-1.71 
-1.51 
-1.25 
-0.99 
-0.75 
-0.51 
-0.34 
-0.24 
-0.27 
-0.37 
-0.50 
-0.63 
-0.78 

-5.56 
-5.66 
-5.38 
-5.16 
-4.55 
-0.79 
0.47 
1.37 
2.01 
2.90 
2.59 
3.53 
5.29 
4.17 
2.50 
1.34 

-0.80 
-3.82 
-4.04 
4 . 0 4  
-3.49 
-3.74 
4 . 0 1  
-5.07 

-5.01 
-5.28 
-5.. 32 
-5.27 
-5.01 
-3.36 
-1.48 
-0.23 
0.71 
1.57 
1.97 
2.44 
3.40 
3.15 
3.21 
2.33 
1.15 

-0.90 
-2.32 
-3.11 
-3.23 
-3-29 

-4.81 
-4.31 

Mean - 60.8 62.0 70.4 10.5 71.3 71.6 
1 

-1.41 -1.21 -1.33 -1.35 71.3 

W t a  are averages of 8 thermocouples, not 16. 

Calibrated Hot Box Relative Hunidity: 
Indoor Chamber - 23% 
Outdoclr Chamber - 162 

Laborator A i  

Hin. - 66*f 
Max. - 7 b F  

T q r a t u r e :  
(22%) 
( 19OC) 
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TABLE 9(b) - DYNAPIIC TEST RESULTS (PERIODIC) FOR NBS-10 TEST CYCLE APPLIED TO WALL C4, 
SI WITS 

- 

T i p  

- 
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 

rkan 

- 

- 

Gal cu 1 ated 
Heat Flux, 

ld/tn2 

h s u r e d  Tenperatures, 

9c 

Measured Heat Flux, 
2 W/m 

qhfm 
I-m e 
[ndoor 
Surf. 

t3 
Internal 
Conc . 

t 1 
Indoor 
Surf. , 
Taped 

21.9 
21.8 
21.8 
21.7 
21.6 
21.6 
21.5 
21.5 
21.5 
21.6 
21.6 
21.7 
21.8 
21.8 
21.9 
22.0 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.0 
22.0 

- 

I 

qhfm 
I-H 8 

Outdool 
Surf. 

to 
Outdoor 

A i r  

t 2  
Outdoor 
Surf. 

t4 
h C . /  

Insul. 

t5" 
Indoor 
Surf. , 
Embed. 

ti 
Indoor 

A i r  

- 
22.0 
22.0 
22.0 
21.9 
21.9 
21.9 
21.9 
21.8 
21.9 
21.9 
21.9 
22.0 
22.0 
22.0 
22.0 
22.0 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.1 
22.0 

22.0 
- 
- 

%I 

Calib. 
Hot Box 

qss 
Steady- 
State 

0.8 
4.3 
4.5 
-0.4 
0.1 
1.8 
15.5 
20.7 
24.6 
28.1 
29.6 
31.7 
35.8 
37.1 
34.8 
31.2 
26.3 
17.7 
12.0 
8.8 
8.4 
8.1 
3.6 
1.8 

2.8 
1.7 
1.s 
1.6 
2.6 
8.8 
15.9 
20.6 
24.2 
27,s 
29.1 
31.0 
34.1 
36.1 
34.1 
30.8 
26.4 
18.7 
13.3 
10.3 
9.8 
9.5 
5.6 
3.7 

~ 

21.3 
21.2 
21.1 
21 .o 
20.9 
20.8 
20.8 
20.9 
21.0 
21.1 
21.2 
21.3 
21.5 
21.6 
21.8 
21.9 
22.0 
22.0 
21.9 
21 -9  
21.8 
21.7 
21.6 
21.5 

~ .- 

20.4 
20.2 
20.1 
20.0 
19.9 
20.2 
20.6 
20.9 
21.3 
21.6 
21.9 
22.1 
22.5 
22.8 
22.9 
22.8 
22.6 
22.1 
21.7 
21.4 
21.3 
21.2 
20.9 
20.6 

21.9 
21.8 
21.8 
21.7 
21.6 
21.5 
21.5 
21.4 
21.5 
21.5 
21.6 
21.7 
21.7 
21.8 
21.9 
22.0 
22.1 
22.2 
22.2 
22.2 
22.2 
22.1 
22.1 
22.0 

-3.27 
-4.10 
-5.13 
-5.65 
-6.42 
-5.68 
-7.14 
-8.89 
-9.31 
-9.12 
-8.13 
4.90 
-6.46 
-5.73 
-5.47 
-3.16 
-2.30 
-0 .77  
0.39 
0.65 
-0.02 
4.53 
-1.05 
-2.19 

-3.04 
-3.70 
4 . 2 9  
-5.00 
-5.64 
-6.21 
-6.64 
-6.85 
-6.73 
-6.45 
-5.96 
-5 * 39 
-4.76 
-3.95 
-3.13 
-2.35 
-1.61 
-1.08 
-0.77 
-0.87 
-1.18 
-1.59 
-1.99 
-2.47 

-3.82 

-17.54 
-17.87 
-16.97 
-16.29 
-14.37 
-2.48 
1.48 
4.31 
6.34 
9.15 
8.17 
11.14 
16.68 
13.16 
7.89 
4.24 
-2.53 
-12.05 
-12.74 
-12.74 
-1 1 .oo 
-1 1.81 
-18.96 
-16.01 

-15.82 
-16.66 
-16.71 
-16.64 
-15.79 
-10.60 
4.68 
-0.73 
2.25 
4.96 
6.20 
7.69 
10.72 
11.82 
10.11 
7.34 
3.61 
-2.84 
-7 32 
-9.81 
-10.20 
-10.38 
-13.58 
-15.18 

16.0 16.7 21.4 21.3 21.8 21.8 4.46 -4.20 -4.26 

r la ta  are averages of 8 thermocouples, not 16. 
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Heat flux measured on Wall C4 using 4x4-in. (100x100-mn) heat f 

ducers located on indoor and outdoor wall surfaces are denoted qhfm 

respectively. Heat flux transducer data were callbrated uslng resu 

steady-state calibrated hot box tests for the wall. 

ux trans- 

and q '  

ts from 
hfm' 

Heat flux predicted by steady-state analysis 1s  denoted qss. Values were 

calculated on an hourly basis from wall surface temperatures using the follow- 

ing equation: 

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

Btu/hrmft2 (W/m2) 

measured wall thermal resistance, hr*ft2m0F/Btu (m2mK/W) R 

t2 = average temperature o f  outdoor wall surface, O F  ( " C )  

' 

t, = average temperature of indoor wall surface, O F  ("C) 

Thermal resistance I s  dependent on wall mean temperature and was derived from 

steady-state calibrated hot box tests. 

Tables 7 through 9 also list callbrated hot box indoor and outdoor chamber 

relative humidities, and maximum and minimum laboratory air temperatures 

measured during tests. 

Thermal Lag 

One measure o f  dynamic thermal performance l s  thermal lag. Thermal lag is 

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

tuations in outdoor air temperatures. Lag is dependent on thermal resistance 

and heat storage capacity o f  the test specimen, slnce both of  these factors 

tnfluence the rate of heat flow. 

For each dynamic test cycle, Table 10 lists thermal lags determfned f rom 

calibrated hot box test results and measured heat flux transducer readings. 
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Ca l ib ra ted  h o t  box thermal l a g  i s  q u a n t i f i e d  by two methods. I n  one measure, 

denoted to vs t l *  lag  i s  ca l cu la ted  as t h e  t ime  requ i red  f o r  the  maximum or  

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

outdoor a i r  temperature i s  a t ta ined .  

l a g  i s  ca l cu la ted  as the  t ime requ i red  f o r  t h e  maximum o r  minimum heat f l o w  ra te ,  

I n  the  second measure, denoted qs5  vs qw, 

t o  be reached a f t e r  fhe maximum o r  minimum heat f l o w  r a t e  based on steady- qW, 

s t a t e  p red ic t i ons ,  qsts, i s  a t ta ined .  

measures g i v e  s i m i l a r  r e s u l t s .  

This I s  i l l u s t r a t e d  i n  F ig.  13. Both 

The second measure I s  a l s o  used t o  determine 

thermal lag f o r  heat f l u x  t ransducer data.  

Average thermal lag values f o r  Wall C4 range f r o m  5 t o  6 hours f o r  the 

th ree  dynamic cyc les as shown I n  Table 10. Therefore, t he  peak heat f l o w  

through Wall C4 occurs between 5 and 6 hours a f t e r  t h e  t ime a t  which t h e  peak 

heat f l o w  p red ic ted  us ing  s teady-state ana lys i s  would occur. 

Data f rom the  heat f l o w  meter mounted on the  indoor  sur face o f  Wall C4, 

denoted qhfm i n  the  f i gu res ,  show approx imate ly  the  same l a g  t i m e  as heat 

f l o w  measured by the  h o t  box, qw. 

The t ime constant  f o r  Wall C4 I s  a l s o  l i s t e d  i n  Table 10. A t ime constant  

I s  a t h e o r e t l c a l  value o f  heat f l o w  de lay  ca l cu la ted  from the  c o n d u c t i v i t y ,  

s p e c i f i c  heat, densi ty ,  and th ickness f o r  each l a y e r  o f  b u i l d i n g  m a t e r i a l  i n  a 

w a l l  system. 

I f  the  d i f f e r e n c e  i n  temperature across a w a l l  i s  changed a b r u p t l y  f rom the 

steady-state cond i t ion ,  as i n  a s tep  change, then t h e  heat f l o w  through the  

w a l l  w i l l  t h e o r e t i c a l l y  reach 63.2% o f  t he  new steady-state e q u i l i b r i u m  heat 

flow a f t e r  a t ime pe r iod  equal t o  t h e  t ime constant .  (16 )  

The f o l l o w i n g  equat ion was used t o  c a l c u l a t e  t ime  constants:(16) 
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where 

tc = characteristic time constant of building component, h r  (s) 

gn (an/") ,'I2 conversion constant adjusting thickness o f  layer 

to make material uniform throughout wall 

9 rncndn, reciprocal of diffuslvity o f  n-th layer, 'n 
hr/f t2 ( s/m2) 

ak = an at layer kl chosen for normalization 

'n = resistivity o f  n-th layer, or reciprocal of conductivity o f  

n-th layer, hr.ft."F/Btu (m=K/W) 

cn = specific heat of  n-th layer, Btu/lb=OF (J/kg=K) 

dn = density of n-th layer, lb/ft (kg/m3) 

'n 
All properties used to calculate the time constant for Wall C4 were deter- 

3 

= thickness of n-th layer, ft (m) 

mined from measurements performed at CTL with the following exceptions. The 

specific heat of the insulation was taken from Reference 14. Thermal resistance 
of the insulation was taken from manufacturer's specifications. (13) 

Details on the dertvation, calculation, and significance of time constants 

are avallable fn Reference 16. 

Reduction in Amplitude 

Reduction in amplitude I s  a second measure of dynamic thermal performance. 

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

thermal resistance and heat storage capacity. Reduction in amplitude f s  

dependent on t h e  temperature cycle applied to the test specimen. 

Reduction In amplitude i s  defined as the percent reduction in peak heat 

flow when compared to peak heat f l o w  calculated using steady-state theory. 
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Reduction In amplitude I s  Illustrated in F l g .  13. Values for  reduction In 

amplitude were calculated using the folloulng equation: 

where 
A = reduction in amplitude, X 

q '  = maxlrnum or minimum measured heat flow through wall 
- 
q = mean measured heat flow through wall 

q l s  = maxSrnum or minimum heat flow through wall predicted 

by steady-state analysis 
- 

= mean heat flow through wall predicted by steady-state analysis 

Table 1 1  lists reduction in amplitude values for each dynamic temperature 

Average reduction in amplitude values for measured 

9,s 

cycle app led to Wall C4. 

heat flow qw, for Uall C4 range f rom 65% for the NBS-10 Test Cycle to 74% 

for the NBS+lO Test Cycle. 

flux transducer measurements range from 78 to 79%. 

Reductlon in amplitude values calculated from heat 

Amplitudes for heat f l u x  transducer data, qhfm, are generally not t h e  

same as those for measured heat flow, 9,. 

are affected by discontinuities in contact between the heat flux transducer and 

Heat flux transducer measurements 

wall surface. Heat flux amplitudes also differ because of the physical pres- 

ence of the instrument mounted on a wall. A wall's thermal propertfes are 

altered at the location of a heat flux transducer. In addition, heat flux 

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

effects o f  the instrument location. 

Actual maximum heat f l o w  through a wall Is Important in determining the 

peak energy load for a buildlng envelope. Test results show anticipated peak 

energy demands based on actual heat flow are less than those based on steady- 

state predictions f o r  massive wall systems. Calculations based on steady-state 
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TABLE 11 - REDUCTION IN AMPLITUDE FOR WALL C4 

@ Max. @J H l n .  Avg. 

73 69 71 

75 72 74  

68 61 65 

Test  
Cyc 1 e 

NBS 

NBSi-10 

NBS-10 

@ Max, @ M l n .  Avg. 

82 75  79 

80 75  78 

81 76 79 

Measured, X 
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analysls overestimate peak heat flow for the three dynamic temperature cycles 

applied to Wall C4. 

Total Heat Flux 

Results of dynamic tests are also compared usSng measures o f  total heat 

flux through a test specimen, illustrated In Fig. 14 and llsted in Table 12. 

The curve marked ll q w 8 1  is measured heat flux through the test wall. Areas 

enclosed by the measured heat flux curve and the horizontal axis were used to 

provide an indication o f  total heat flux through the wall. The sum o f  the 

areas above and below the horizontal axls is total heat flux for a 24-hr 

period, denoted as qw in Table 12. ' T  

A slmilar procedure is used to calculate total heat flux for a 24-hr period 

from measured heat flux transducer data, qhfm, and predlctlons based on 

stead,y-state analysis, q s s .  

Table 12. 

These are also denoted by the superscrlpt "T"  in 

" T o t a l  Heat Flux Comparisons" listed In Table 12 show measured heat flux as 

a percentage of predlcted heat flux based on steady-state analysis. 

As can be seen in the "Total Heat Flux Comparisons" column o f  Table 12, 

total heat flux measured using the calibrated hot box and the heat flux trans- 

ducer I s  less than half the total heat flux predicted by steady-state analy- 

sis. This I s  the case for all three dynamlc cycles applied t o  Wall C4. Values 

of q, /qss , heat flux from calibrated hot box measurements divided by ca l -  

culated heat flux, range from 30% for the NBS Test Cycle to 47% for the NBS-10 

Test Cycle. 

T T  

It is important to note that comparison o f  measured heat flux values for 

the test walls is limited to specimens and dynamlc cycles evaluated in this 

program. Results are for diurnal test cycles and should not be arbitrarily 

assumed to represent annual heating and cooling loads. In addition, results 
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Fig.  14 Definition o f  Measured Total Heat F l u x  
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TABLE 12 - TOTAL AHO mr HEAT FLUX FOR wt c4 

lest 
Cycle 

NBS 

#BS+lO 

NBS-10 



are for  l n d i v j d u a l  opaque w a l l  assemblies. 

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

As such, they a re  representa t ive  

Net Heat F lux  

To ta l  heat f l u x  i s  def ined as the  cumulat ive o r  i n teg ra ted  heat f l u x  f o r  a 

g iven  pe r lod  of t ime. 

pe r iod  o f  time, m u l t l p l e d  by the  l e n g t h  of t h e  t i m e  per lod.  To ta l  heat  f l u x  I s  

equal t o  ne t  heat f l u x  f o r  t ime per iods  w i t h  no reversa ls  i n  heat f l o w  through 

Net heat f l u x  i s  t he  average heat f l u x  f o r  a g iven 

the  speclmen. 

Net heat  f l u x  f o r  a'24-hr  p e r i o d i c  c y c l e  i s  equal t o  t he  sum o f  hou r l y  

measured ra tes  o f  heat f l u x .  

of "qq" from columns of Tables 7 through 9. 

These values can be determined by t o t a l i n g  values 

Net heat  f l u x  values a re  denoted by 

the supersc r ip t  ItNl8 i n  Table 12. 

The column labeled "Net Heat F 

a percentage o f  p red ic ted  ne t  beat  

ured c a l i b r a t e d  ho t  box n e t  heat  f 

f l u x  based on steady-state p r e d l c t  

ux Comparisons" l i s t s  measured heat  f l u x  as 

f l u x  based on s teady-state ana lys is .  Heas- 

ux t h e o r e t i c a l l y  should be equal t o  ne t  heat 

ons. 

Trans ien t  T e s t s  

Time requ i red  for a w a l l  t o  reach a s teady-state c o n d i t i o n  can be deter -  

mined f rom t r a n s i e n t  t e s t s .  Th is  t ime i s  a f f e c t e d  by both thermal res i s tance  

and heat  s torage capac i ty  o f  t h e  t e s t  w a l l .  

Trans ient  t e s t s  w i t h  a f i n a l  w a l l  mean temperature o f  about 3 2 O F  ( O O C )  were 

performed on Walls C3 and C4. A t r a n s i e n t  t e s t  was n o t  performed on Wall S1. 

Appendix A conta ins t r a n s i e n t  t e s t  r e s u l t s  for Wall C3. Trans ien t  t e s t  r e s u l t s  

f o r  Walls C3 and C4 a r e  compared i n  t h e  sec t i on  o f  t h i s  r e p o r t  e n t i t l e d  "Com- 

pa r i son  of Test Resul ts  f o r  Wal ls w i t h  S i m i l a r  R-Values." 
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Test Procedures 

Results o f  a t rans len t  t e s t  are determined from data co lected i n  the 

per iod o f  t ime between two steady-state t e s t s .  A f t e r  a wal 

steady-state condi t ion,  denoted t ime 0, the outdoor chamber temperature s e t t l n g  

i s  changed. The t rans ien t  t e s t  continues u n t i l  the w a l l  reaches an equ i l i b r i um 

f o r  the new outdoor chamber a i r  temperature. 

t e s t  specimen i s  determined from hour ly  averages o f  data. 

has achieved a 

/ 

The r a t e  o f  heat f l o w  through a 

Tes t  Results 

Results are i l l u s t r a t e d  i n  Fig. 1 5  and l i s t e d  I n  Table 13 f o r  a t rans ien t  

t e s t  w i t h  i n i t i a l  and f i n a l  w a l l  mean temperatures o f  72°F (22°C) and 32OF 

( O O C ) ,  respect ive ly .  Table 6 i n  the "Dynamic Tests" sect lon l i s t s  b r i e f  des- 

c r i p t i o n s  o f  symbols used i n  t e s t  data f i gu res  and tables.  

Flgure 15(a) presents measured a l r ,  surface, and i n t e r n a l  w a l l  tempera- 

tures. A i r - to-a i r ,  surface-to-surface, and surface-to-air temperature d l f f e r -  

e n t i a l s  a re  i l l u s t r a t e d  I n  Fig; 15(b). Figure 15(c) presents heat f l o w  meas- 

ured by the  ca l i b ra ted  h o t  box, qw, and heat f l o w  predlcted by steady-state 

analysis, q,,. 

the indoor surface o f  Wall C4, qhfm, and on the outdoor w a l l  surface, qAfm, 

are also shown i n  Fig. 1 5 ( c ) .  Values are shown as a func t i on  o f  t lme. 

Heat f low rates measured by heat f l u x  transducers mounted on 

Heat f low predicted by steady-state analysls, qss,  was ca lcu lated using 

Eq. 1 w i t h  measured indoor and outdoor w a l l  surface temperatures and measured 

w a l l  thermal resistance. 

p o r t i o n  o f  a t rans ien t  t e s t  because of changes i n  outdoor surface temperatures. 

Table 13(a)  l i s t s  measured temperatures and heat f l u x  i n  U.S. u n i t s .  Table 

Values o f  qss change dramat ica l ly  dur ing the f l r s t  

13(b) l i s t s  values i n  SI u n i t s .  

Table 1 4  l i s t s  t lme required t o  reach 99.5, 95, 90, and 63% o f  the f i n a l  

steady-state heat f l u x  achieved dur ing a t r a n s i e n t  t es t .  Steady-state analysis 
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TABLE 13(a) - TRANSSENT TEST RESULTS FOR WILL C4 

T'm, 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 

t0 

hitdoor 
A i r  

71 -8 
28.6 
-5.4 
-9.2 
-9.4 
-9.5 
-9.4 
-9.4 
-9.5 
-9.6 
-9.6 
,-9.5 
-9.6 
-9.6 
-9.6 
-9.6 
-9.6 
-9-6 
-9.6 
-9.6 
-9.6 
-9.7 
-9.7 
-9.7 
-9.7 
-9.6 
-9.7 
-9.7 
-9.7 
-9.7 
-9.8 
-9.7 
-9.8 
-9.8 
-9.8 
-9.8 
-9.8 
-9.7 
-9.9 

-10.0 
-10.0 
-9.9 
-9.8 
-9.8 
-9.8 
-9.9 
-9.8 
-9.7 
-9.9 

t2  
lutdmr 
Surf. 

72.1 
35.2 
2.1 

-1 -8  
-2.0 
-2.1 
-2.2 
-2.2 
-2.3 
-2.4 
-2.4 
-2.4 
-2.5 
-2.5 
-2.6 
-2.6 
-2.7 
-2.7 
-2.7 
-2.7 
-2.7 
-2.8 
-2.8 
-2.8 
-2.8 
-2.8 
-2.8 
-2.9 
-2.9 
-2.9 
-2.9 
-2.9 
-2.9 
-2.9 
-2.9 
-2.9 
-3.0 
-3.0 
-3.0 
-3.3 
-3.2 
-3.0 
-3.0 
-3.0 
-3.0 
-3.0 
-3.0 
-3.0 
-3.2 

Wasured Tenveratures , 

t4 
Conc . / 
lnsul . 

72: 3 
70.3 
67.7 
66.6 
65.9 
65.4 
64.9 
64.5 
64.0 
63.7 
63.3 
62.9 
62.6 
62.3 
62.0 
61.7 
61.5 
61.2 
61.0 
60.8 
60.6 
60.4 
60.3 
60.1 
60.0 
59.7 
59.5 
s9.3 
59.1 
59.0 
58.8 
5 8 . 7  
5 8 . 7  
58.5 
58.5 
58.4 
58.3 
58.3 
58.2 
58.0 
58.1 
58.1 
58.1 
58.1 
58.0 
58.1 
58.1 
58.0 
58.0 

OF 

t3  
Internal 
Conc . 

71.7 
71.5 
71.1  
70.6 
70.1 
69.6 
69.2 
68.8 
68.3 
67.9 
67.5 
67.2 
66.9 
66.6 
66.3 
66.1 
65.8 
65.6 
65.4 
65.2 
65.0 
64.9 
64.7 
64.5 
64.4 
64.1 
63.9 
63.8 
63.6 
63.4 
63.2 
63.1 
63.1 
62.9 
62.9 
62.8 
62.8 
62.1 
62.6 
62.5 
62.5 
62.6 
62.5 
62.5 
62.5 
62.5 
62.4 
62.4 
62.4 

%ta are averages of 8 themcouples, not 16. 

ts* 
Indoor 
Surf. , 
bribed. 

12.2 
72.2 
72.2 
71.9 
71.6 
71.3 
70.9 
10.6 
70.3 
70.0 
69.8 
69.5 
69.3 
69.1 
68.8 
68.6 
68.4 
68.3 
68.1 
68.0 
67.8 
67.7 
67.6 
67.4 
67.4 
67.2 
67.0 
66.8 
66.7 
66.6 
66.4 
66.4 
66.3 
66.2 
66.1 
66.1 
66.1 
66.0 
66.0 
65.6 
65.7 
65.5 
65.9 
65.8 
65.8 
65.9 
65.9 
65.8 
65.8 

- 

t 1 

Indoor 
Surf., 
Taped 

72.0 
71.9 
71.9 
71.7 
71.5 
71.2 
70.9 
70.5 
70.4 
70.2 
70.0 
69.8 
69.6 
69.5 
69.3 
69.1 
69.0 
68.8 
68 .7  
68.6 
68.5 
68.4 
68.2 
68.2 
68.1 
67.9 
67.8 
67.7 
67.5 
67.4 
67.4 
67.3 
67.2 
67.1 
67.1 
67.1 
67.0 
67.0 
67.0 
66.6 
66.7 
66.8 
66.9 
66.9 
66.9 
66.9 
66.9 
66.8 
66.8 

ti 
[ndoor 
Air 

- 
7 1 . 7  
71 .7  
71.7 
7 1 . 7  
71.6 
71.6 
71.5 
71.5 
71.4 
71.3 
71.3 
71.2 
71.2 
71.1 
71 .1  
71.0 
71.0 
71.0 
70.9 
70.9 
70.9 
70.9 
70.8 
70.8 
70.8 
70.7 
70.1 
70.1 
70.6 
70.6 
70.6 
70.6 
70.5 
70.5 
70.5 
70.5 
10.5 
10.5 
70.5 
70.4 
70.4 
10.5 
70.5 
70.5 
70.5 
70.5 
70.5 
70.5 
10.5 
- 

Measured Heat F1 ux , 
2 Btu/hr*ft  

% 
Gal ib. 

Hot Box 

0. ;6 
0.61 
0.87 
0.60 

4 .26  
4.82 
-1.59 
-2.15 
-2.97 
-3 * 49 
-4.18 
-4.57 
4 .75  
-5.20 
-5.53 
-5.81 
4 . 1 9  
-6.03 
-6.27 
-6.60 
-6.81 
-?. 14 
-7 .20  
-7.82 
-7.79 
-8.20 
-8.66 
-8.70 
-8.99 
-9.12 
-9.40 
-9.53 
-9 * 55 
-9.60 
-9.53 
-9.71 
-9.88 
-9.78 
-9.69 
-9.28 
-9.44 
-9 * 55 
-9.84 
-9.92 
,10.03 
-9.99 
-9.99 
-9.69 
-9.56 

qhfm 

Indoor 
Surf. 

wn e 

0.09 
0.10 
0.04 
4.28 
4 . 7 2  
-1 2 4  
-1.68 
-2.16 
-2.60 
-3.10 
-3 * 49 
-3.89 
4 . 2 0  
-4.57 
-4.91 
-5.18 
-5.44 
-5.76 
-5.96 
4 .27  
4 . 4 7  
-6 .71  
-6.87 
-7.04 
-7.16 
-7.50 
-7.71 
4.06 
-8.22 
-8.46 
4 . 6 2  
-8.74 
-8.92 
-8.89 
-9.04 
-9.14 
-9.22 
-9.22 
-9.31 
-9.29 
-9.39 
-9.40 
-9.49 
-9 * 59 
-9.58 
-9.56 
-9.71 
-9.68 
-9.70 

1 

qhfm 

Outdoor 
Surf. 

wn e 

-0.11 
-15.32 
-13.21 
-1 1.06 
-10.86 
-10.78 
-10.68 
-10.64 
-10.60 
-10.53 
-10.42 
-10.43 
-10.38 
-10.31 
-10.25 
-10.16 
-10.24 
-10.17 
-10.05 
-10.04 
-10.03 
-9.99 
-9.96 
-9.95 
-9 * 93 
-9 - 83 
-9.84 
-9.78 
-9.79 
-9.73 
-9.81 
-9.69 
-9.74 
-9.71 
-9.62 
-9.69 
-9.61 
-9.69 
-9.70 
-9.61 
-9.64 
-9.63 
-9.59 
-9.57 
-9.64 
-9.62 
-9.62 
-9.68 
-9.66 

Cat cu 1 ated 
Heat Flux, 

2 Btu/hr* ft 

955 
5 teady- 
5 tate 

0.02 
-5.37 

-10.19 
-10.73 
-10.73 
-10.71 
-10.67 
-10.62 
-10.62 
-10;w 
-10.57 
-10.55 
-10.53 
-10.51 
-10.49 
-10.47 
-10.46 
-10.44 
-10.42 
-10.40 
-10.39 
-10.38 
-10.37 
-10.36 
-10.35 
-10.32 
-10.31 
-10.29 
-10.28 
-10.27 
-10.26 
-10.24 
-10.24 
-10.23 
-10.22 
-10.22 
-10.22 
-10.21 
-10.22 
-10.21 
-10.21 
-10.20 
-10.20 
-10.20 
-10.20 
-10.20 
-10.21 
-10.20 
-10.22 
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TABLE 13(b) - TRANSIENT TEST RESULTS FOR K4LL C4, SI UNITS 

T@, 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 

I 13 
i 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 
OutdorJr 

A1 r 

22.1 
-1.9 

-20.8 
-22 9 
-23.0 
-23.0 
-23.0 
-23.0 
-23.0 
-23.1 
-23.1 
-23.1 
-23.1 
-23.1 
-23.1 
-23.1 
-23.1 
-23; 1 
-23.1 
-23.1 
-23.1 
-23.1 
-23.2 
-23.2 
-23.1 
-23.1 
-23.1 
-23.1 
-23.2 
-23.2 
-23.2 
-23.2 
-23.2 
-23.2 
-23.2 
-23.2 
-23.2 
-23.2 
-23.3 
-23.3 
-23.4 
-23.3 
-23.2 
-23.2 

-23.3 
-23.2 

-23.3 

-23.2 

-23.2 

t 2  

D u t b r  
Surf. 

22.3 
1.8 

-16.6 
-18.8 
-18.9 
-19.0 
-19.0 
-19.0 ' 
-19.1 
-19.1 
-19.1 
-19.1 
-19.2 
-19.2 
-19.2 
-19.2 
-19.3 
-19.3 
-19.3 
-19.3 
-19.3 
-19.3 
-19.3 
-19.3 
-19.3 
-19.3 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.4 
-19.5 
-19.6 
-19.6 
-19.5 
-19.4 
-19.4 
-19.5 
-19.4 
-19.5 
-19.5 
-19.5 

k s u r e d  Temperatures, 

*C 

t 4  

Cone./ , 

Insul + 

.~ 

22.4 
21.3 
19.8 
19.2 
18.8 
18.6 
18.3 
18.1 
11.8 
17.6 
17.4 
17.2 
17.0 
16.9 
16.1 
16.5 
16.4 
16.2 
16.1 
16.0 
15.9 
15.8 
15.7 
15.6 
15.6 
15.4 
15.3 
15.2 
15.1 
15.0 
14.9 
14.9 
14.8 
14.7 
14.7 
14.7 
14.6 
14.6 
14.6 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.5 
14.4 
14.4 

t 3  
hternal 
Conc . 

22.1- 
21.9 
21.7 
21.5 
21.2 
20.9 
20.1 
20.4 
20.2 
20.0 
19.7 
19.6 
19.4 
19.2 
19.1 
18.9 
18.8 
18.7 
18.6 
18.4 
18.4 
18.3 
18.2 
18.1 
18.0 
17.9 
17.7 
17.6 
17.5 
17.4 
17.4 
17.3 
17.3 
17.2 
17.2 
17.1 
17.1 
17.1 
17.0 
16.9 
17.0 
17.0 
17.0 
17.0 
17.0 
16.9 
16.9 
16.9 
16.9 

*Data are averages of 8 thermocouples, not 16. 

~ 

t5* 
Indoor 
Surf. , 
hbed. 

22.4 
22.3 
22.3 
22.2 
22.0 
21.8 
21.6 
21.4 
21.3 
21.1 
21.0 
20.8 
20.7 
20.6 
20.5 
20.3 
20.2 
20.2 
20.0 
20.0 
19.9 
19.8 
19.8 
19.7 
19.7 
19.5 
19.4 
19.4 
19.3 
19.2 
19.1 
19.1 
19.1 
19.0 
19.0 
18.9 
18.9 
18.9 
18.9 
18.7 
18.7 
18.6 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 
18.8 

t 1 

tndoor 
Surf. , 
raped 

22.2 
22.2 
22.2 
22.1 
21.9 
21.8 
21.6 
21.4 
21.3 
21.2 
21.1 
21 .o 
20.9 
20.8 
20.7 
20.6 
20.5 
20.5 
20.4 
20.3 
20.3 
20.2 
20.1 
20.1 
20.1 
20.0 
19.9 
19.8 
19.7 
19.7 
19.6 
19.6 
19.6 
19.5 
19.5 
19.5 
19.5 
19.4 
19.4 
19.2 
19.3 
19.4 
19.4 
19.4 
19.4 
19.4 
19.4 
19.4 
19.3 

- 
ti 

tndoor 
A i r  

- 
22.1 
22.1 
22.1 
22.1 
22.0 
22.0 
22.0 
21.9 
21.9 
21.8 
21.8 
21.8 
21.8 
21.7 
21.7 
21.7 
21.7 
21.7 
21.6 
21 -6 
21.6 
21.6 
21.6 
21.5 
21.5 
21.5 
21.5 
21.5 
21.5 
21 - 4  
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 
21.3 
21.3 
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 
21.4 - 

-~ 

Measured Heat Flux, 

- 
9w 

Cal ib. 
*t Box 

~ 

0.5 
1.9 
2.8 
1.9 

4 . 8  
-2.6 
-5.0 
6 . 8  
-9.4 

-11.0 
-13.2 
-14.4 
-15.0 
-16.4 
-17.4 
-18.3 
-19.5 
-19.0 
-19.8 
-20.8 
-21.5 
-22.5 
-23 0 
-24.7 
-24.6 
-25.9 
-27.3 
-27.5 
-28.4 
-28.8 
-29.7 
-30.1 
-30.1 
-30.3 
-30.1 
-30.6 
-31.2 
-30.8 
-30.6 
-29.3 
-29.8 
-30.1 
-31.0 
-31.3 
-31.7 
-31.5 
-31.5 
-30.6 
-30 I 2 

2 
W/m 

qhfm 
HFM @ 

Indoor 
Surf. 

- 

~ 

0.3 
0.3 
0.1 

4 . 9  
-2.3 
-3.9 
-5.3 
-6.8 
-8.2 
-9.8 

-1 1 .o 
-12.3 
-13.3 
-14.4 
-15.5 
-16.4 
-11.2 
-18.2 
-18.8 
-19.8 
-20.4 
-21.2 
-21 7 
-22.2 
-22.6 
-23.7 
-24.3 
-25.4 
-25.9 
-26.7 
-21.2 
-27.6 
-28.1 
-28.0 
-28.5 
-20.8 
-29.1 
-29.1 
-29.4 
-29.3 
-29.6 
-29.7 
-29.9 
-30.2 
-30.2 
-30.2 
-30.6 
-30.5 
-30.6 

I 

qhfm 
HFM @ 

Outdoor 
Surf. 

-0.3 
-48.3 
41.1 
-34.9 
-34.3 
-34.0 
-33.7 
-33.6 
-33.4 
-33.2 
-32 - 9 
-32.9 
-32.8 
-32.5 
-32.4 
-32 - 0 
-32 - 3 
-32.1 
-31.7 
-31.7 
-31 -6  
-31.5 
-31.4 
-31.4 
-31.3 
-31 -0  
-31 .O 
-30.9 
-30.9 
-30.7 
-30.9 
-30.6 
-30.7 
-30 * 6 
-30.3 
-30.6 
-30.5 
-30.6 
-30.6 
-30.3 
-30.4 
-30.4 
-30.3 
-30.2 
-30.4 
-30.3 
-30.4 
-30.6 
-30.5 

calculated 
Heat Flux, 

W/m 2 

455 
Steady- 
State 

0.1 
-16.9 
-32.2 
-33 * 9 
-33.9 
-33.8 
-33 + 7 
-33 * 5 
-33.5 
-33.4 
-33.4 
-33.3 
-33.2 
-33.2 
-33.1 
-33.0 
-33.0 
-32.9 
-32.9 
-32.8 
-32.8 
-32.8 
-32.7 
-32.7 
-32.6 
-32.6 
-32.5 

-32.4 
-32.4 

-32.3 
-32 - 3 
-32.3 
-32 - 2 
-32.2 
-32.3 

-32.2 
-32.2 

-32.2 
-32.2 

-32.2 

-32.2 

-32.2 

-32.5 

-32.4 

-32.2 

-32.2 

-32.2 

-32.2 

-32.2 
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TABLE 14 - S W Y  OF TRANSIUJT TEST RESULTS FOR WLL C4 

msured  calculated 

Calib. Hot Box HFR @ Indoor Surf. Steady-State Heat Flux 

Tim to 
2 Tim t o  Qhfm. Time to qss* - %* 2 

Btu/hr.ft Reach c#,, B t d h r - f t  Reach qhf,,,, Btu/hr*ft Reach qss, 
( W / m 2 >  hr rwdl hr . - rW/m2) - hr 

99.5% of Final Heat Flux -9.9 64 -9.7 68 -10.2 2 

95% of  Final Heat Flux -9.5 33 -9.3 52 -9.7 2 

902 of  Final Cleat Flux -9.0 32 -8.8 38 -9.2 2 

63% of  Final Heat Flux -6.3 18 -6.0 19 -6.4 2 

(-31.41 (-30.6) (-32.1) 

(-30.0) (-29.21 (-30.6) 

(-28.4) (-27.6) (-29.0) 

(- 19.8) (-19.1) (-20.3) - 



using measured wa l l  surface temperatures predicted 95% of the f i n a l  heat f l u x  

would be reached a f t e r  2 hours f o r  Wall C4. 

show t h a t  95% of the f i n a l  heat f l u x  i s  reached a f t e r  38 hours. 

t ime required f o r  Wall C4 t o  reach 95% of the f i n a l  heat f l u x  was 19 times 

greater than steady-state predic t ions.  

Cal ibrated hot  box t e s t  r e s u l t s  

The amount of 

Sl rn i  l a r l y ,  the amount o f  t ime requl  red 

f o r  Wall C4 t o  reach 63% o f  the f i n a l  heat f l u x  was 9 times greater than 

steady-state predic t ions.  Masslve wal ls ,  such as Wall C4 "damp out"  e f f e c t s  

o f  a sudden change i n  outdoor a l r  temperature. 

COMPARISON OF TEST RESULTS FOR WALLS WITH SIMILAR R-VALUES 

I n  t h i s  section, res'ults f o r  Wall C4 are  compared t o  those o f  two specimens 

prev ious ly  tested I n  the ca l i b ra ted  h o t  box. Specimens used f o r  comparison 

are Wall C3, low densi ty  concrete, and Wall S1, f iberg lass board i nsu la t i on .  

Each specimen has an R-value of about 7 h r * f t 2 = " F / 8 t u  (1.2 m2*K/W). 

specimens have d i f f e r e n t  l eve l s  o f  thermal mass. Wall C4 has a r e l a t i v e l y  

large thermal mass i s o l a t e d  from the outdoor environment by board i nsu la t i on .  

Wall C3 consists o f  a low densi ty  concrete w i t h  a r e l a t i v e l y  h igh i n s u l a t i n g  

value. Wall $1 consists o f  i n s u l a t i o n  alone w i t h  r e l a t i v e l y  low thermal mass, 

Results o f  steady-state, dynamic, and t rans ien t  ca l i b ra ted  hot  box t e s t s  are 

compared. 

However, the 

Cal ibrated hot  box t e s t  r e s u l t s  f o r  Walls C3 and Sl are sumnarized i n  

Appendix A. Each t a b l e  or  f i g u r e  designat ion i n  Appendlx A i d e n t i f i e s  the w a l l  

descrlbed and the type o f  data presented. Designation formats are 

xx-Y 

where 

XX = designation of measured w a l l  (C3 or S 1 )  

= tab le  or f i g u r e  type as described i n  Table 1 5  Y 
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TABLE 1 5  - APPENDIX A TABLE AND FLGURE DESCRIPTIONS 

Appendix A 
Table o r  
Figure No. 

Table X X - l *  

Table XX-2 

Table XX-3 

Table XX-4 

Figure XX-1 

Table XX-5 

Table XX-6 

Figure XX-2 

Table XX-7 

Figure XX-3 
and XX-4 

Table XX-8 
and XX-9 

Table XX-10 

Table XX-11 

Table XX-12 

Descr ipt ion 

Physical Propert ies of Wall a t  Time o f  Test 

Mater ia l  Proper t i  es 

Design Heat Transmission Coef f ic ients  

Steady-State Test Results 

Transient T e s t  Results 

Translent Test Results 

Sumnary o f  Transient T e s t  Results 

Dynamic Test Results (Per iod ic)  f o r  NBS Test Cycle 

Dynamic T e s t  Results (Per lod lc)  f o r  NBS T e s t  Cycle 

Dynamic Test Results (Per iod ic)  f o r  Test Cycles Other Than 
the NBS Cycle. 

Dynamic Test Results (Per iod ic)  for  Test Cycles Other Than 
the NBS Cycle 

Sumnary o f  Dynamic Test Results (Per iod ic) ,  Thermal Lag 

Summary o f  Dynamic Test Results (Per iodlc) ,  Reduction i n  
Amp1 4 tude 

Sumnary o f  Dynamic Test Results (Per iodic) ,  Energy 
Requirements 

*Characters i n  the I IXX"  p o s i t i o n  are w a l l  designations (C3 or  S l ) .  
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Test  SPecimens 

w a l l  C4 i s  descr ibed i n  the s e c t i o n  o f  t h l s  r e p o r t  e n t i t l e d  "Concrete Wall 

w i th  Board Insu la t i on . "  Fo l low ing  are b r i e f  desc r ip t i ons  o f  w a l l  cons t ruc t i on  

and ins t rumenta t ion  for Walls C3 and S1. 

Wall C3: Low Densi ty Concrete 

Wall C3 was a l o w  dens i t y  concrete w a l l  w i t h  a u n i t  weight  of 46 pcf  

3 (740 kg/m ) and an average measured th ickness o f  8.52 i n ,  (216 mn). The w a l l  

had o v e r a l l  nominal dimensions of 103x103 In .  (2 .62x2.62 rn). Ca l lb ra ted  ho t  

box t e s t  r e s u l t s  f o r  Wall C3 a r e  presented i n  Appendix A and have been p r e v i -  

ous ly  publ ished i n  References 6 and 8. D e t a i l s  of Wall C3 cons t ruc t i on  are 

g iven i n  Reference 6. 

Wall C3 was cas t  h o r i z o n t a l l y  i n  July 1981. The w a l l  was cured i n  formwork 

f o r  14 days. 

a t  an a i r  temperature of 7 3 ~ 5 ° F  (2323OC) and 45515% RH f o r  SIX months p r i o r  t o  

A f t e r  removing formwork, t h e  w a l l  was a i r  cured I n  the labo ra to ry  

t e s t i n g .  Wal l  C3 was tes ted  In t h e  c a l i b r a t e d  h o t  box i n  February and March 1982. 

Expanded p e r l i t e  aggregate w i t h  a maximum s i z e  which passed through a No. 8 

(2.36 m) mesh was used i n  the  concrete f o r  Wall C3. 

duced by heat ing  and thereby expanding p e r l i t e ,  a vo lcan ic  g lass.  

Wall C3 re in forcement  cons is ted  o f  a s i n g l e  l a y e r  of 0.24-in. (6-mn) dlam- 

Expanded p e r l i t e  i s  pro- 

e t e r  bars spaced 12- in.  (300-m) center- to-center  i n  each d l r e c t l o n .  The r e i n -  

forcement was placed a t  t he  approximate midthickmess of t he  w a l l .  

Contro l  specimens were cas t  o f  t h e  same concrete used i n  Wall C3. Table 16 

Thermal p r o p e r t i e s  shows phys i ca l  p roper t i es  o f  Wall C3 and c o n t r o l  specimens. 

of concrete used f o r  Wal l  C3 are  presented i n  Table C3-2(a) o f  Appendix A. 

P r i o r  t o  t e s t i n g ,  shr inkage cracks became v i s i b l e  on both sides; o f  Wall C3, 

The faces o f  the  w a l l  were coated w i t h  a cement i t ious waterproof ing m a t e r i a l  

t h a t  sealed minor sur face Imper fec t ions ,  i n c l u d i n g  observed shr inkage cracks.  
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TABLE 16 - PHYSICAL PROPERTIES OF WALL C3(6) 

Property 

Uni t  Weight o f  Wall, pcf  ;(kg/m3) 

Estimated Moisture Content o f  Wall, 
X ovendry weight 

Average ThIcknes,s, I n .  (mn) 

Concrete Compressive Strength, 
p s l  (MPa) 

moist  cured* 

a i r  cured** 

Concrete S p l i t t i n g  Tensile Strength, 
p s i  (MPa) 

moist  cured* 

a1 r cured** 

Measured Value 

46 
(740)  

9 .5  

8.52 
(21 6 )  

73.79 
(6.86) 

7 50 
(5.2) 

880 
(6.1)  

140 
(0.95) 

(0 .45 )  
65 

*Measured on 6x12-in. (150x300-mn) cyllnders cured I n  molds 
f o r  f i r s t  24 hours, then moist cured for  27 days. 

**Measured on 6x12-In. (150x300-mn) cyl i 'nders cured I n  molds 
for f l r s t  14  days, then a i r  cured for  204 days. 
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A textured, non-cementitlous white paint was used as a finish coat to provide a 

uniform surface for both wall faces. 

Thermocouples corresponding to ASTM Designation: E230, "Standard Tempera- 

ture-Electromotive Force (EMF) Tables for Thermocouples. "(") Type T, were 

used to measure temperatures. There were 16 In the air space of  each chamber, 

16 on each face of  the test wall and 16 at the approximate midthickness o f  the 

wall. Thermocouples were unlformly dlstributed on a 20-3/5-in. (525 -m)  square 

grid over the wall area. 

Thermocouples measurlng temperatures In the air space of  each chamber were 

located approximately 3 ,in. (75 mn) from the face of the test wall. 

Surface thermocouples were securely taped t o  the wall over a length of  

approximately 3-111. (75-mn). Tape that covered the sensors was painted the 

same color as the test wall surface. 

Internal thermocouples were cast 4 in. (100 mn) from the  formwork base. 

To secure their locatlon, thermocouples were taped to reinforcement or sus- 

pended by wire between reinforcement. Thermocouple junctfons were not placed 

in contact with the reinforcement. This was done for all internal thermo- 

couples to avoid any influence on internal heat flow through reinforcement. 

Thermocouples were wired such that electrical averages of four thermocouple 

junctions located along horizontal lines across the grid were obtained. 

Heat flux transducers measurlng 4x4-in. (100x100-mn) were mounted near the 

center of the indoor and outdoor wall surfaces. The transducers were 

mechanically fastened to the wall surfaces to ensure contact throughout the 

calibrated hot box test program. To mount the heat flux transducers on the 

concrete surface, 3/8-in. (10-mn) holes were drilled at selected mounting 

locations. Wood dowels 3/8-in. (10-mn) in diameter were epoxied in place an,d 

sanded flush wfth the wall surface. Each heat flux transducer surface in con 

tact with the wall surface was coated with a thin layer of high conductivlty 
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silicon grease. 

screws .into the wood dowels. The silicon grease provided uniform contact 

between the heat flux transducers and wall surfaces, 

The heat flux transducers were then mounted on Wall C3 using 

Wall S1: Fiberglass Board Insulation 

Wall S1 consists o f  specially fabricated 1-318-in. (35-m) fiberglass board 

insulation. This specimen was used as a "standard" specimen in the calibration 

o f  CTL's calibrated h o t  box (see Appendix B). Calibrated hot box test results 

are given in Appendix A and Reference 9. 

Wall S1 was originally constructed and tested in the calibrated hot box in 

1979. Reference 1 1  contains descriptions o f  construction and 1979 calibrated . 

hot box test results for Wall S1. 

manufactured fiberglass boards that had a uniform density of 8.17 pcf (131 kg/m2) 

and nominal dimensions of 4x10 f t  (1.2x3.0 m). 

uniform thickness of 1.38 in. (35 mn). 

and groove v e r t i c a l  joints and then cut t o  8.58 f t  (2.62 m) square to form the 

test specimen. To prevent air infiltration during calibrated hot box testing, 

each face of the specimen was covered with 0.004-in. (0.1-mn) thick polyethy- 

lene film. 

The specimen was fabricated from speclally 

Faces were sanded to obtain a 

Boards were glued together along tongue 

Wall S1 was retested in the calibrated hot box during September and October 

1981. 

replaced with a fiber-reinforced foil material. 

fiberglass with a spray adheslve over the entlre area o f  each face o f  the 

specimen. 

off-white flat latex wall paint. 

Prior to retesting, the polyethylene film on specimen surfaces was 

The foSl was bonded to the 

The foil facing on each side o f  the specimen was painted with an 

Modifications were made in the method o f  calculating the indoor (metering) 

chamber cooling energy in August 1981. Wall S1 retest data provided informa- 

tion used in the revised cal-ibratlon procedure. Calibrated h o t  box test 
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r e s u l t s  f o r  Wall Sl i n  Appendix A and Reference 9 are from the t e s t s  conducted 

i n  1981. 

Thermocouples corresponding t o  ASTM Designation: E230, "Standard Tempera- 

ture-Electromotive Force (EMF) Tables for Thermocouples, ll('o) Type T, were 

used t o  measure temperatures. 

and 16 on each face o f  the t e s t  specimen. 

t r i b u t e d  on a 20-3/5-in. (525-mn) square g r i d  over the specimen area, 

There were 16 I n  the a i r  space o f  each chamber 

Thermocouples were uni formly d i s -  

Thermocouples measuring temperatures i n  the a l r  space o f  each chamber were 

located approxlmately 3 i n .  (75  mn) from the face of the t e s t  specimen. 

Surface thermocouples were securely taped t o  the specimen over a length o f  

approximately 3 l n .  ( 7 5  mn). 

same color as the t e s t  speclrnen surface. 

Tape t h a t  covered the sensors was palnted the 

Heat f l u x  transducers measurlng 4x4-ln. (100x100-mn) were a l so  mounted on 

each face of the specimen. 

of high conduc t i v i t y  s i l i c o n  grease. 

transducers t o  the specimen. 

specimen surface. 

Heat f l u x  transducers were coated w i t h  a t h i n  layer  

Duct tape was used t o  secure heat f l u x  

Duct tape was painted the same co lo r  as the t e s t  

U n i t  weight, average thickness, area, and moisture content o f  Walls C4, C3, 

and S1 a t  t ime of ca l l b ra ted  h o t  box t e s t s  are summarized i n  Table 17.  

Steady-State Test Resu l t s  

Results o f  steady-state t e s t s  f o r  Walls C3 and S1 are summarized i n  Appen- 

d i x  A i n  Tables C3-4 and $1-4, respect ive ly .  Steady-state t e s t  procedures and 

descr ip t ions o f  the contents o f  Tables C3-4 and S1-4 are i n  the sect ion of  t h i s  

repo r t  e n t i t l e d  "Concrete Wall w l t h  Board Insulat ion."  
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TABLE 17 - PHYSICAL PROPERTIES OF WALLS AT TIME Of TEST 

Designation 

I 
' 98.5 ' (480) 

, 
32.7 

( 1  60) 

1.07 
(5 .22 )  

c4 

c3 

s1** 

Wall 
Oesc r l  p t  i on 

Measured Property I 
Unl t 

Weight, 
Average 

Thickness, 
I n .  
(fm 

Area, 

f t2  

(m2) 

Concrete w i t h  
Outs i de 
I n s u l a t i o n  

Low Density 
Concrete ' 

Fiberglass 
Board 

8.90 
(225) 

8.52 
(216) 

1.46 
( 3 7 . 1 ) .  

- 

73.75 
(6.85) 

73.79 
(6.86) 

73.21 
(6.80) 

Moisture* 
Content, 

x 

0.8 

9.5 

-- 

*Measured on concrete,  a f t e r  t e s t s .  
**Specimen was tes ted  September through October 1981. Propert ies were measured 

January 1985. 
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Thermal Res I stance 

T o t a l  thermal resistance values, RT, f o r  Walls C4, C3, and S1 are sum- 

marized i n  Table 18 and Fig. 16. Measured t o t a l  thermal resistances i n  Table 

18 are calculated from ca l i b ra ted  hot box heat f l u x  measurements and surface 

temperatures f r o m  taped thermocouples. Values include standard surface 

resistance c o e f f i c i e n t s  equal t o  0.68 hrmft2a0F/Btu (0.12 m2*K/W) on the indoor 

side and 0.17 hr* f t2*"F/8tu (0.03 m2-K/W) on the outdoor side. These values 

are commonly used i n  design and are considered t o  represent s t l l l  a i r  on the 

indoor w a l l  surface and an a i r  f low of 15  mph (24 km/hr) on the outdoor wa l l  

surface, 

Design thermal resistances f o r  the three wal ls  are also l i s t e d  i n  Table 18. 

Design values include standard surface reslstance coe f f i c i en ts  and were calcu- 

l a ted  I n  accordance w l t h  procedures establ ished by the Amerlcan Society of  

Heat1 ng , Ref r i g e r a t l  ng , and A i  r-Condi t l o n i n g  Engineers. (I4) Reslstances for 
construct lon mater ia ls were taken f r o m  the ASHRAE Handbook - 1981 Fundamentals. (14) 

Relnforcement i n  Walls C3 and C4 was not  considered i n  design ca lcu lat ions 

because r e i n f o r c i n g  bars i n  these wa l l s  are not p a r a l l e l  t o  the d i r e c t i o n  o f  

heat f l o w ,  

For Walls C4 and S1, measured t o t a l  thermal reslstances are w i t h i n  10% o f  

the calculated design values. For Wall C3, the measured thermal resistance i s  

24% l e s s  than the calculated design value f r o m  Reference 14. 

As stated i n  the "Steady-State T e s t s "  p o r t i o n  o f  the "Concrete Wall w i t h  

Board I nsu la t j on "  sect ion of t h l s  report ,  contact reslstance introduced by 

uslng taped thermocouples I s  more s l g n l f i c a n t  f o r  wal ls  w l t h  h igh thermal con- 

d u c t l v l t y ,  such as normal weight concrete. Contact resistances f o r  Wall C3 

made w i t h  low densi ty concrete, and Wall S l ,  made w i t h  f i be rg lass  board, are 

expected t o  be s i g n i f i c a n t l y  less  than the 12% measured f o r  Wall Cb, which was 
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TABLE 18 - TOTAL TERWL RESISTANCE, RT 

Ma1 1 bsc r ip t i un  

Concrete with Outside 
Insulation 

Low Density Concrete 

Fiberglass b a r d  

-~ ~~ 

Calculated 
(Design) 

2 h r = f t  =*F/Btu 
RT 

(mZ.K/w) 
~ 

6.94* 
(1.22) 
I 

I 

8 . W  
(1.56) - 
I 

I 

6 . 3 W  
(1.12) 
6.61- 

(1.16) 
I 

- 

Heasured 

*T* 

(m2 *K/W) 

2 hrof t  =OF/Btu 

7.64+ 
(1.35) 
7.85 

(1.381 
7.49 

(1.321 

6.75+ 
(1.19) 
7.02 

(1.24) 
6.53 

(1.13 
6.31 

(1.11) 

7.76+ 
(1.19) 

7.10 
(1.25) 
6.50 

(1.14) 

I 

Wall Mean 
Twperature. 

O F  
("C) 

XTotal thermal resistance, RT, for steady-state tests q s  calculated using desi n surface 
resistance caefficients, heat f lux nreasured by the ml ibrated hot box, and sursace tenperatures 
frcm themcouples. 

%alculated usjng proQertjes fmn ASW Handbook - 1981 F~ndanentals.(~~) 
'*lhtCalculated using properties m s u r e d  by Owens-Corning Fiberglass Corporation. 

*Interpolated fran calibrated hot box test results. 
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12 

10 

8 

Totof 
Thermal 

Resistonce 
6 

RT 

hr * f t2*OF 
Btu 

2t 

Wall Mean Temperature, OC 

1 I I 1 I 1 
0 20 40 

0 

A 
0 

a 
A 
A oa 

0 Woll C 4 ,  Concrete with Outside Insulotion, measured 
Wotl C 4 ,  Concrete with Outside Insulation, calculated 

0 Wall C3,  Low Density Concrete, measured 
Woll C 3 ,  Low Density Concrete, colculoted 

0 Woll S1, Fiberglass Board. measured 
A Wall S I ,  Fibergloss Board, calculated 

01 I 1 I I I 
0 40 80 

Woll Mean Temperature, O F  

2.0 

. _  

1.5 

RT * 
m2.K 

1.0 w 

1.5 

0 
120 

F i g  . 16 Measured and Cal cul ated Tota l  Thermal Resi stance 



constructed with normal weight concrete. ("I The difference in Wall C4 

resi stances determined using taped and embedded thermocouples was 2%. 

Steady-State Temperature Profiles 

Figure 17 illustrates temperature profiles from steady-state calibrated hot 

box tests performed on Walls C4, C3, and S1. Wall mean temperatures are 

approximately 100°F (38°C). 

comparison purposes. 

Figure 8(b) is repeated here as Figure 17(a)  for 

Notatlon used to designate average measured temperatures is repeated here 

for conven i enc e . 
outdoor alr temperature 

t2 = wall surface temperature, outdoor side 

t4 = Internal wall temperature at interface o f  concrete and Insula- 

tion (Wall C4 only) 

tg = internal wall temperature at approximate midthickness o f  con- 

crete (Walls C4 and C3 only) 

t5 = wall surface temperature, indoor side (embedded thermocouples, 

Wall C4 only) 

tl = wall surface temperature, indoor side (taped thermocouples) 

ti = indoor air temperature 

As can be seen in Figs. 17(a)  and (b), the temperature profile lines 

through Wall C3 and the concrete portion of Wall C4 are nearly straight. 

deviations may be due to slight repositioning o f  the internal thermocouples 

during construction, or variations in concrete thermal conductlvity with 

temperature. 

Small 

Relative thermal resistances o f  wall components can be determined from 

slopes o f  temperature profile lines in F i g .  17. Materials with higher thermal 
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Fig. 17 Steady-State Temperature Profiles Across Walls C4, C3, and S1 
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Fig. 17 Steady-State Temperature Profiles Across Walls C4, C3, and $1 
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resistances have steeper slopes. 

thermal resistances and air-to-air temperature differentials. Wall S1 and the 

insulation portion of Wall C4 have relatively steep temperature profiles since 

these materials have high thermal resistances. The concrete portion of Wall C4 

has a relatively flat temperature profile, which implies a low thermal resist- 

This is due to walls having similar total 

ance. Figures 17(a) and (b) show that the low density concrete composing 

Wall C3 has a higher thermal reslstance than the normal weight concrete portion 

o f  Wall C4. The slope of the temperature profile through concrete is greater 

for Wall C3 than for Wall c4. 

The air-to-surface temperature differentials for the three walls are uni-1 

Air-to-surface temperature differentials are expected formly 3 to 4'F (2°C). 

to be similar since the three walls have similar thermal conductances. 

Dynamic Test Results 

Calibrated hot box results for the  one dynamic cycle applled to all three 

walls, the NBS cycle described previously, are compared in the following sec- 

tions. Overall dynamic performance of the three walls i s  also compared. 

Table 19 lists dynamic temperature cycles applied to Walls C4, C3, and S1. 

Appendix A contains dynamic test results for Walls C3 and S1. Dynamic test 

results for Wall C4, dynamic test procedures, and descriptions o f  Tables and 

Figures in Appendix A are given in the section of  this report entitled "Con- 

crete Wall with Board Insulation". 

Heat Flux Conmarlsons 

Heat flux measured by the calibrated hot box, q,, is illustrated in 

F i g .  18 for the NBS Test  Cycle applied to Walls C4, C3, and S l .  Steady-state 

heat flux curves for the three walls are similar because resistances and wall 

surface temperatures are similar. For this reason, Fig. 18 shows a single 
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TABLE 19 - CALIBRATED HOT BOX DYNAMIC TEMPERATURE CYCLES 
APPLIED TO WALLS C4, C3, AND S1 

Test Cycle 
Desjgnat lon 

NBS 

Modi f ied  Phoenix 
August 

\ 

NBS*I 0 

NBS-10 

Cycle Appl ied 
t o  Walls 

c3,  c4, s1 

s1 

c3, c4 

c3, c4 

Cycle Desc r ip t i on  
.~ .- 

Used by NBS i n  eva lua t i on  o 
an exper lmental  masonry 
b ~ I l d l n g , ( ~ ~ )  See t e x t .  

Average 30-year s o l - a l r  
temperature cond i t i ons  f o r  
Phoenlx and Tucson, Ar izona 
on August 21 . ( 3 )  Indoor 
and outdoor temperatures 
decreased 7°F (4OC). 

S i m i l a r  t o  NBS cycle ,  b u t  
outdoor temperatures 
Increased by 10°F (6°C). 

S i m l l a r  t o  NBS cyc le,  b u t  
outdoor temperatures 
decreased by 10°F (6°C). 
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Fig. 18 Heat F lux  for the FIBS Test  Cycle Applied t o  Walls 
C4, C3, and S.1 
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curve representing average steady-state heat flux, ij Values for this 

curve were calculated using Eq. (1) for data from each wall assembly. 

values for the three walls were then averaged to obtaln iss. 

s s *  

Houriy 

- The measured heat flux, qw, for fiberglass board, Wall S1, follows the qss 

curve with a delay of less than one hour and a negligible decrease in amplitude. 

Measured heat flux curves, qw, for massive Walls C4 and C3 show significantly 

reduced and delayed Peaks compared to the calculated heat flux, iss. Wall C4, 

insulated normal weight concrete, has the smallest heat flow amplitude. 

Wall C3, low density concrete, has the longest delay in peak heat flow. Meas- 

ured peak heat flows are significantly reduced and delayed for the NBS Test 

Cycle applied to Walls C3 and C4 when compared to results for Wall S1.  

Thermal Laq and Reduction in AmDlitude 

Thermal lag is the time delay in peak heat f l o w  through a wall when corn- 

pared to the predicted occurrence of peak heat flow based on steady-state 

analysis, Thermal lag is of interest because the time of 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 o f  peak loads, 

it may be possible to improve overall energy efficiency. The "lag effect" I s  

also of interest for passive solar applications. 

Reduction in amplitude is the percent reduction in actual peak heat flow 

Actual when compared to peak heat flow calculated using steady-state theory. 

maximum heat flow through a wall is important in determining the peak energy 

load for a building envelope. 

flow based on steady-state theory will reduce anticipated peak energy demands. 

Using actual peak heat flow rather than heat 

Thermal lag and reduction in amplitude are dependent on both thermal 

resistance, R ,  and heat storage capacity: 
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where 

pcL = heat storage capacity per unit area, Btu/ft2.OF(J/m2*K) 

p 

c 

L = wall thlckness, ft (m) 

= wall density, pcf (kg/m 3 ) 

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

Mass per unit area, 'pL, is the predominant factor in determining heat 

storage capacity of most building materials. 

For homogeneous walls, thermal lag and reduction In amplitude have been 
shown to Increase w i t h  an increase in ( 1 7 )  

\ 

M = ( . )  "2 

where 

L = wall thickness, ft (m) 
a = thermal diffuslvity, k/pc, ft 2 /hr (m 2 / s )  

k = thermal conductivity of wall, Btu/hr.ft*OF (W/m.K) 
3 

p = wall density, pcf (kg/m ) 

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

P = period of dynamic cycle, hr 

Successive daily temperature conditions are assumed to be constant for 

calibrated hot box tests. 

days. 

case, dynamic temperature cycles have a period, P, o f  24 hours. 

The same 24-hr dynamic cycle Is repeated for several 

The mean daily temperature does not change from day to day. For this 

Equation (4) may be rearranged to show that M, and therefore thermal lag 

and reduction In amplitude, I s  dependent on thermal resfstance, R ,  and heat 

storage capacity, pcL, as follows: 

where 
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R 

pcL = heat storage capac l t y  o f  w a l l  per  u n i t  sur face area, 

Btu/'F.ft2 ( W.hr/K*m2) 

P = pe r iod  o f  dynamic cyc le ,  hr  

= thermal res i s tance  of wall, hr.ft2*'F/Btu (m2.K/W) 

Changes i n  R a f f e c t  the dynamlc parameters o f  thermal l a g  and reduc t ion  i n  

amplitude, as w e l l  as a l t e r  t h e  maximum heat  f l u x  p red ic ted  by s teady-state 

ana lys is .  Changes I n  heat s torage capac i t y  a f f e c t  on ly  the  dynamlc parameters 

o f  thermal lag and reduc t ion  i n  ampl i tude. 

The p r i n c i p l e s  discussed i n  the l a s t  t h r e e  paragraphs a r e  valid f o r  m u l t i -  

layered w a l l  assemblies even though Eqs. ( 4 )  and ( 5 )  are  der lved f o r  homogeneous 

w a l l s  on ly .  Chl lds,  i n  Reference 17, suggests us ing  the  sum o f  M values for  

each w a l l  l a y e r  as an approxlmate method of p r e d l c t i n q  l a g  and reduc t l on  i n  

ampl i tude f o r  the  e n t i r e  w a l l .  

Table 20 l i s t s  ma te r la l  p r o p e r t i e s  used t o  c a l c u l a t e  M values for I n d l v i d -  

u a l  l aye rs  o f  Walls C4, C3, and S1. A l l  p r o p e r t i e s  f o r  W a l l s  C4 and C3 were 

determined f r o m  measurements performed a t  CTL w i th  the  fo l l ow ing  except ions.  

The s p e c i f i c  heat of t h e  i n s u l a t i o n  f o r  Wall C4 was taken from Reference 14. 

Thermal res is tance o f  t he  I n s u l a t i o n  f o r  Wall C4 was taken from manufacturer 's  

s p e c i f i c a t i o n s .  ( 1 3 )  

measured by Owens-Cornlng Flberglass Corporat lon and a re  l l s t e d  I n  Table S1-2 

A l l  p r o p e r t i e s  f o r  Wall $1, except s p e c l f i c  heat,  were 

o f  Appendix A. Spec i f i c  heat o f  Wal l  Sl was taken from Reference 14. 

The l a s t  two columns o f  Table 20 l i s t  heat s torage capaci ty ,  pcL, and M 

values, ( p ~ L . R / 2 4 ) " ~ ,  f o r  each l a y e r  o f  t h e  w a l l s .  

Table 21 l i s t s  H values, t ime constants ,  thermal lag ,  and percent  reduc t  

I n  ampl l tude f o r  the  NBS Test Cycle a p p l i e d  t o  Walls C4, C3, and $1. Values 

o f  H f o r  i n d i v i d u a l  w a l l  l aye rs  a r e  sumed t o  determine t o t a l  w a l l  M values. 

Equat ion (2 )  was used t o  c a l c u l a t e  t ime constants  f r o m  w a l l  m a t e r i a l  p roper t  

on 

es 
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t- 0.71* 
(0.131 

5.4* 
(0.95) 

TABLE 20 - CALCULATION OF M VALUES FOR INOIVIMJAL WFL LAYERS 

!44+ 0.19++ 0.69+ . 18.9 0.75 

2.2+ 0.22+++ 0.058+ 0.028 0.08 
(35) (920) (0.0 18) (0.16) 

(2310) (810) (0.21) (107) 

k l 1  
Layer 

Normal Wight 
Concrete 

Pol yisocyanurate 
Board 

Low Density 
Concrete 

fiberglass 
Board 

n 

1 1 t 1 1 

klleasured at CTL using calibrated hot box, ASTH Designation: C976 

q s u r e d  by Ouens-Corning Fiberglas Corporation 
+Pleasured a t  CTL 

+++fran Reference 14 

*At time of manufacture-per tpufacturer's specification, frun Reference 13 

++&asured a t  CTL using a method similar to  U . S .  Army Corps of  Engineers Test ltethad CRD-cI24-73 



Hal 1 
Desi gnat i on Cal cu 1 ated 

Tim Constant, 
hrs 

c4 

c3 

Mlxlsured 
Thermal Lag, 

hrs 

s1 

1.6 

TABLE 21 - O Y W I C  P M T E R S  FOR NBS TEST CYCLE 
APPLIED TO WALLS C4, C3, AND S1 

5.0 

Calculated 
wall 

Description 

Concrete with 
Outside 
Insulation 

Low Density 
Concrete 

Fiberglass 
Board \ 

0.83 

1 *20 

’ 0.23 

Hall Properties 

3.6 

0.13 

8.5 

0.5 
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Measured 
Reduction i n  
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11 
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l i s t e d  i n  Table 20. Thermal l ag  and percent reductlon l n  amplitude f o r  the 

w a l l s  were measured using the ca l i b ra ted  hot box. 

Measured thermal l ag  and measured reduction i n  amplitude f o r  the NOS Test 

Cycle are larger  f o r  wal ls  w i t h  h lgh thermal mass. 

and C3, the wal ls  w i t h  high heaf storage capacit ies, were 5 and 8.5 hours, res -  

pect ive ly .  These values may be compared t o  a thermal l ag  o f  0.5 hours f o r  

Wall S1, f lberglass,  board. Reductions i n  amplitudes for Wal ls  C4 and C3 were  

71 and 61%, respect ively,  compared t o  1% for Wall Sl. 

Thermal l ag  for  Walls c4 

The heat f l o w  through 

Wall S1 Is essen t la l l y  the same as the heat f l o w  predicted by steady-state 

analysls f o r ’ t he  three walls. The large thermal storage capacity of Walls C4 

and C3 s i g n i f l c a n t l y  reduces and delays peak heat f l o w s  compared t o  a w a l l  w i t h  

r i m l l a r  to ta l  thermal resistance bu t  w l t h  negligible thermal mass. 

In Fig. 19 calculated values o f  I! are p l o t t e d  versus measured thermal lags 

The re la t i onsh ip  between M f o r  the NBS Cycle appl ied t o  Walls C 4 ,  C 3 ,  and S1. 

and thermal l a g  i s  l i n e a r  f o r  these wal ls.  An increase i n  H r e s u l t s  i n  an 

Increase i n  thermal lag, as expected. 

The la rges t  thermal lags occur f o r  Wal l  C3. This wal l  consists o f  a s ing le 

mater la l ,  low densi ty concrete, t h a t  has a combination o f  r e l a t i v e l y  h igh ther-  

mal storage capacity and a h igh thermal resistance. This provides optimal con- 

d i t i o n s  f o r  producing large thermal lags, as predicted by the parameter M. 

Figure 20 shows calculated values o f  M p l o t t e d  versus measured reduct ion i n  

amplitude f o r  the NBS cycle appl ied t o  Walls C4, C 3 ,  and S1. Wall C4 has the 

largest  reductlon i n  amplitude value o f  the three wal ls.  Wall C4 has a large 

thermal storage capacity i n  the concrete po r t i on  o f  the wa l l .  The concrete i s  

i so la ted  from the outdoor envlronment by the board i nsu la t i on  on the outside 

o f  the wal l .  As a resu l t ,  the concrete maintains a r e l a t i v e l y  constant tem- 

perature throughout the dynamic cycle. 
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Cycle 
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Wall SI : Fiberglass Board 
Wall C3 2 Low Density Concrete 
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Thermal Lag. hrs 

Fig. 19 Relat ionship Between Calculated M Values and 
Measured Thermal Lags 
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r NBS Test Cycle 

0.2 

0 

0 c3 

c 

7 SI - Wall SI : Fiberglass Board 

- Wall C 4  : Concrete with Outside Insulation 
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Wall C 3  : Low Density Concrete 

0 c4  
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M 4(-) 24 

Fig. 20 Relat ionship Between Calculated M Values and 
Measured Reduction i n  Amplitude 
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Using the parameter W as a predictor of reduction in amplitude, Wall C 4  is 

expected to have a smaller reduction In amplitude than Wall C3 because Wall C4 

has a smaller W value. Table 21 and Fig. 20 show the reverse Is true. Reduc- 

tlon in amplitude for Wall C 4  is 10% greater than that for Wall C3. 

Values of F! for indlvidual layers o f  wall C 4  were sumned t o  determine the 

total wall W value. The H value determined using this technique is not a good 

predlctor of reductlo'n in amplitude for Wall C 4  because the relative placement 

of Insulation and concrete are not considered. 

Table 22 shows thermal lags and reductions In amplitude for each dynamic 

test cycle applied to Walls C 4 ,  C 3 ,  and S1. For all test cycles applled to the 

walls, thermal lag from calibrated hot box measurements averages 5.5 hours for 

Wall C4, 8.5 hours for Wall C3, and 0.5 hours for Wall S1. Thermal lag values 

for each wall are constant regardless of the 24-hr temperature cycle applied 

to the wall. 

Reduction in amplitude values from calibrated hot box tests average 70% for 

Wall C4, 61% for Wall C3, and 3% for Wall S1 for all test cycles applied to the 

walls. 

applied to the walls. 

Reduction in amplitude values are dependent on the temperature cycle 

Reduction in amplitude values for massive walls are 

larger for outdoor air temperature cycles which fluctuate above and below 

indoor alr temperatures, causing reversals in heat flow through the wall. 

During reversals in heat f l o w ,  the amplitude o f  the actual heat flow through 

the wall is not as large as that predicted by steady-state analysis because 

steady-state equilibrium 1 s  never achieved within the wall. 

It should be noted that Wall S1 is not typical of actual construction 

because it does not contain structural framing members. An lnsulated wood 

frame wall will have larger thermal lag and greater reductlon in amplitude than 
Wall S1. (as91 
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TABLE 22 - DYNAMIC PARAMETERS FOR ALL CYCLES APPLIED TO WALLS C 4 ,  C3, AND S1 

I 

Wall 
Designation 

c4 

\ 

Wall 
Descr ip t ion  

Cbncrete w t t h  
Outs 1 de 
Insul a t  I on 

Low Density 
Concrete 

F i  berglass 
Board 

Dynaml c 
Cyc 1 e 

NBS 

NBS+ 

NBS- 

Avg . 

0 

0 

NBS 

NBS+lO 

NBS- 1 0 

Avg . 
NBS 

Mod. 
Phoen i x 
August 

Avg . 

Dynamic Parameter 

Meas w e d  

hr 
Thermal Lag, 

5 

6 

5 .5  

5 . 5  

8.5 

8.5 

8.5 

8.5 

0.5 

0.5 

0 .5  

Measured Reduction 
I n  Amplitude, 

x 

71 

74  

65 

10 

61 

62 

61 

61 
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Total Heat F lux  

Definitions of total heat flux are given in the "Total Heat Flux'' portion 

of the "Test Results" section of this report. Measured total heat flux, 

is determined from calibrated hot box test results. Calculated total heat qW, 

qss * 

T flux, q:s, is determined f rom steady-state analysis. Total heat flux, q, or 

i s  equal to the sum o f  the absolute values of hourly heat flux through a 

wall for a 24-hr period. 

Measured and calculated total heat flux f o r  the NBS Test Cycle applled ta 

Walls C 4 ,  C3, and S1 are summarized .In Table 23. Results f o r  calculated total 

heat flux, 4:;. are similar for the three walls. Values are wlthin 5% o f  the 

average for the three walls. 

Measured total heat flux as a percentage of calculated total heat flux for 

the NBS Test Cycle is shown In Table 23 in the column entltled "Total Heat Flux 

Comparlson.' Measured total heat flux, qw, i s  less than calculated total heat 

flux, q 

storage capacity, Walls C4 and C3, are 30 and 39%, respectively, of calculated 

T 

' 
ss' for each wall. Measured total heat flux for walls with high heat 

total heat flux. For the flberglass board, Wall $1, measured total heat flux 

15 96% o f  calculated total heat flux. 

Table 24 shows average values o f  measured total heat flux as a percentage 

of calculated total heat flux for all test cycles applied to the walls. Valuer 

range from 30 to 47% for Wall C4, from 39 to 55% for Wall C3, and f rom 96 to 

99% for Wall S1. The ratio o f  total measured heat f l u x  to steady-state heat  

flux predictions depends on the outdoor air temperature cycle applied to the 

wall. Particularly for massive walls, greater reductions in actual heat flux 

over steady-state predictions occur for temperature cycles which produce heat  

flow reversals through the wall. 
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Wall 
Desig- 
na t ion  

c4 

C3 

s1 

TABLE 23 - TOTAL HEAT FLUX FOR THE NBS TEST CYCLE 
APPLIED TO WALLS C 4 ,  C3, AND S1 

Wall 
Desc r i  p t  1 on 

Concrete w i t h  
Outside 
I n s u l a t i o n  

Low'Denslty 
Concrete 

Fiberglass 
Board 

Measured 
T o t a l  Heat Flux - 

I 
q W ,  

Btu / f  t p  
(W*hr/m ) 

20.5 
(64.8) 

27.8 
(87 .7 )  

72.6 
(228.9)  

Calculated 
Tota l  Heat Flux 

T 

69.6 
(219.5) 

71.1 
( 2 2 4 . 4 )  

75 .3  
(237.7)  

Tota l  Heat Flux 
Comparison, 

x 

30 

39 

96 
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TABLE 24 - TOTAL HEAT FLUX COMPARISONS FOR ALL CYCLES 
APPLIED TO WALLS C4,  C3, AND $1 

Hal 1 
Description, 

Concrete w i t h  
Outside I n s u l a t i o n  

Low Densl ty  Concrete 

Fiberglass Board 

-86- 

Dynamic 
Cyc 1 e 

NBS 

NBS+lO 

NBS- 1 0 

Avg . 
NBS 

NBSt10 

NBS-10 

Avg . 

NBS 

Mod. 
Phoen 1 x 
August 

Avg . 

Tota l  Heat f l u x  
Comparison, 

T T  
q,’qs s * 

x 

30 

45 

47 

41 

39 

43 

55 

46 

96 

99 

98 
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I t  should be noted again tha t  comparison of measured energy values f o r  t e s t  

w a l l s  i s  l i m i t e d  t o  specimens and dynamic cyc les evaluated i n  t h i s  t e s t  pro- 

gram, 

assumed t o  represent annual hea t ing  and coo l i ng  loads. 

Resul ts a re  f o r  d i u r n a l  t e s t  cyc les  and should no t  be a r b i t r a r i l y  

Trans ien t  Test Resul ts 

Appendlx A conta ins t r a n s l e n t  t e s t  r e s u l t s  f o r  Wall C3. A t r a n s i e n t  t e s t  

was no t  performed on Wall S1. Trans ien t  t e s t  r e s u l t s  f o r  Wall C4, t r a n s i e n t  

t e s t  procedures, and desc r lp t l ons  of Tables and Figures i n  Appendix A a r e  g iven 

i n  the s e c t h  of t h i s  ' repor t  e n t i t l e d  "Concrete Wal l  w l th  Board Insu la t i on . "  

Trans ient  t e s t  r e s u l t s  f o r  Wal ls C4 and C3 are  compared i n  t h i s  sec t ion .  

F igure  21 shows measured heat  f l u x  f rom c a l i b r a t e d  h o t  box tes ts ,  qw, and 

ca l cu la ted  heat  f l u x  using steady-state theory,  q,,, f o r  each t r a n s i e n t  t e s t .  

Heat f l u x  p red ic ted  by s teady-state ana lys is ,  q s s ,  was ca l cu la ted  us ing  Eq. 1 

w l t h  measured indoor  and outdoor wall sur face temperatures and measured wall 

thermal res is tance.  

I n i t i a l  mean temperatures o f  Wal ls C4 and C3, respec t ive ly ,  were 72'F 

(22'C) and 73°F (23OC). F i n a l  mean temperatures of Walls C4 and C3, respec- 

t i v e l y ,  were 32°F ( O O C )  and 31°F ( - 1 ° C ) .  Trans ient  t e s t s  were cont inued u n t i l  

s teady-state cond i t ions  were achieved. 

Measured r e s u l t s  show t h a t  Wal l  C4, concrete w i t h  ou ts ide  I n s u l a t i o n ,  and 

Wall C3, low dens i ty  concrete, prolonged the  consequences o f  a sudden change 

i n  outdoor a i r  temperature, when compared t o  steady-state theory.  

Table 25 sumnarizes times requ i red  t o  reach 99.5, 95, 90, and 63% o f  the  

f i n a l  s teady-state heat f l u x  achieved du r ing  t r a n s i e n t  t e s t s  f o r  Wal ls C3 and 

C4. Steady-state ana lys i s  p red ic ted  95% o f  the  f i n a l  heat f l u x  would be 

reached a f t e r  2 and 5 hours f o r  Wal ls C4 and C3, respec t ive ly .  Ca l i b ra ted  ho t  

box t e s t  r e s u l t s  show t h a t  95% o f  t h e  f l n a l  heat f l u x  i s  reached a f t e r  38 and 
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40 

20 

Heat Flux, 

hr . f t 2  
B t u  0 

2 0  

- 4 0  
0 

Wail C3: Low Density Concrete 
Wall C4: Concrete with Outside lnsulotion 

24 48 
Time, hour 

100 

50 

Heat Flux, 
W 

m2 
- 0 

-50 

,100 

72 

F i g .  21 Transient Test Results for Walls C4 and C3 



TABLE 25 - ColJpARISoN OF TRANSIENT TEST RESULTS FOR WLLS C4 MD C3 

Measured, Calibrated Hot Box 

#all c4 I Mall c3 

I 
03 
10 
I 

&I culated, Steady-S tate 

UaJl C4 - wall c3 

99.51 of F inal  Heat Flux 

95% of  Final Heat Flux 

90% of  Final Heat Flux 

63% of Final Heat Flux 

rim hi 
Reach ~ S S *  

hr 

2 

2 

2 

Time to 955* 
Btu/hr.ftz Reach qss, 

( W A I 3 l  hr 

-11.1 9 
(-35.1) 

-10.6 5 
(-33.6) 

-10.1 4 
(-3 1.8) 

%* 

( W d )  
Btu/hr.ft2 

-9.9 
(-31.4) 

-9.5 
(-30.0) 

~~~ 

9,s Time to  %* Time t o  
Reach %* Btu/hr-ft2 Reach %* Btu/hr.ftZ 

hr ( W d )  hr  (W/m21 

64 -12.0 57 -10.2 
(-37.7) (-32.1) 

38 -11.4 47 -9.7 
(-36.0) (-30.6) 

-9.0 
(-28.4) 

-6.3 
(-19.8) 1 (-22.2) 

32 -10.8 33 -9.2 
(-34.11 (-29.01 

ia -7.6 18 -6.4 
(-23.9) (-20 * 3) 



47 hours for Walls C4 and C3, respectively. 

Walls C4 and C3, respectively, to reach 95% of  the final heat flux was 19 and 

9.4  times greater than steady-state predictions. 

requSred for both Walls C4 and C3 to reach 63% o f  the final heat flux was 9 

times greater than steady-state predictions. 

and C3, "damp out" effects o f  a sudden change in outdoor air temperatures. 

The amount of time required for 

Similarly, the amount of time 

Hasslve walls, such as Walls C4 

Although Wall C4 has smaller calculated M and time constant values than 

Wall C3, Wall C4 took more time t o  reach the final steady-state heat flux. 

This is because calculations for f4 values and time constants do not take into 

account the relative placement o f  Insulation and mass wSthin a wall. 

SUHHARY AND CONCLUSIONS 

ThSs report presents results o f  an experimental investigation of heat 

transmission characteristics of a normal weSght concrete wall wSth insulation 

on the outdoor surface, designated Wall C 4 .  Tests were conducted in a call- 

brated hot  box under steady-state, dynamic, and transient temperature condi- 

ttons. Results are compared to calibrated hot box test results of Wall C3, 

low-density concrete, and Wall S1, fiberglass insulation board. The three 

specimens had comparable thermal resistance values and varylng levels o f  ther- 

mal storage capacity. 

The following conclusions are based on results obtained In this 

investlgation. 

1 .  Measured total thermal resistances, RT, far Wall C4 determined from 

readlngs o f  thermocouples taped to and embedded in the indoor concrete 

surface were 7.64 and 7.49 hroft *"F/Btu (1.35 and '1.32 m2*K/W), res- 

pectively. Values include standard surface film resistances and were 

determined for a specimen mean temperature o f  7 2 O F  (22°C). Measured 

2 
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t o t a l  r e s i  stance determined from taped thermocouple readings were 

w i t h i n  2% o f  t h a t  determined from embedded thermocouple readings. 

2. Design t o t a l  thermal res is tance f o r  Wall C4 was 7% lower than c a l i -  

brated hot  box t e s t  r e s u l t s  determlned using embedded thermocouple 

measurements. I 

3.  As ind icated by thermal lag,  heat storage capacity o f  Wall C4 under 

dynamic t e s t  condl t lons delayed heat f l o w  through the w a l l  when com- 

pared t o  steady-state predlc t lons.  Average thermal lag f o r  3 t e s t  

cycles appl ied t o  Wall C4 was 5 . 5  hours. 

4. As  IndJcated by the damplng ef fect ,  heat storage capacity o f  Wall C4 

under dynamic t e s t  condi t ions reduced peak heat f lows through the 

specimen when compared t o  steady-state predic t ions.  Reduction i n  

amplitude values range from 65 t o  74% f o r  Wall C4. 

5. For the three d iu rna l  temperature cycles appl led t o  Wal l  C4, t o t a l  

heat f l u x  values f o r  a 24-hr per iod were l e s s  than would be predlcted 

by steady-state analysis.  Tota l  measured heat f l u x  f o r  the d iu rna l  

cycles ranged from 30 t o  47% of heat f l u x  predicted by steady-state 

analysis.  These reductions I n  t o t a l  heat f l u x  a re  a t t r i b u t e d  t o  w a l l  

thermal storage capacity. 

6. Transient t e s t  r e s u l t s  i n d i c a t e  t h a t  thermal storage capaci ty o f  

Wall C4 delays heat f l o w  through the specimen when compared t o  steady- 

s ta te  analysis.  

o f  the f i n a l  heat f l u x  was 19 times greater than t h a t  predlcted by 

steady-state ca l cu la t i ons  using measured surface tempeatures and 

measured w a l l  resistance. 

The amount o f  t ime required f o r  Wall C4 t o  reach 95% 

7. Measured t o t a l  thermal reslstances, Inc lud ing standard surface f i l m  

reslstances, f o r  Walls C4, C3, and S1 a t  mean temperatures o f  72'F 
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(22°C) were 7.6, 6.8, and 6.8 hr-ft2e0F/Btu (1.4,1.2, and 1.2 m 2 .K/W), 

respect I vel y . 
Dynamic test results f o r  the three specimens indicate that the masslve 

walls, C4 and C3, have larger thermal lags than the fiberglass board, 

S1. This Is a consequence of the heat storage capacities of  the mas- 

sive walls. 

thermal lags o f  5, 8.5, and 0.5 hours, respectively. 

Dynamlc test results for the three specimens indicate that the masslve 

walls, C4 and C3, have larger reductlon In amplitude values than the 

8. 

For the NBS Test Cycle, Walls C4, C3, and $1 had measured 

9. 

fiberglass board, S1. This I s  a consequence o f  the thermal storage 

10. 

capaclties of the massive walls and the reversals of  heat f l o w  through 

the walls caused by the applied temperature cycle. 

Cycle, Walls C4, C3, and SI had measured reductlon In amplitude values 

o f  71, 61, and l%, respectively. 

The massive walls, C4 and C3, have lower measured total heat f l u x  

values as a percentage o f  calculated total heat f l u x  than the fiber- 

glass board, S1. ThIs is a result o f  the thermal storage capacities 

o f  the masslve walls and the reversals of heat f l o w  through the walls 

caused by the applied temperature cycles. 

Walls C4, C3, and Sl had ratios o f  measured total heat f l u x  to calcu- 

lated total heat f l u x  o f  30, 39, and 96%, respectjvely. 

For the NBS Test 

For the NBS Test Cycle, 

11. Configuration o f  Insulation and mass within Walls C4 and C3 influenced 

dynamic test results. Wall C4 consisted of a large heat storage com- 

ponent isolated from the outdoor envlronment by Insulation. Wall C3 

conslsted o f  a single wall component combinlng heat storage capacity 

and thermal resistance. Wall C3 had longer thermal lags than Wall C4. 

Wall C4 had larger reduction in amplltude values and lower ratios of 

measured total heat f l u x  to calculated total heat  flux, 
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Results described i n  t h i s  repo r t  provide data on thermal response o f  wal ls  

subjected t o  steady-state and d i u r n a l  s o l - a i r  temperature cycles. A complete 

analysis o f  b u i l d i n g  energy requirements m u s t  inc lude considerat ion of the 

e n t i r e  b u i l d i n g  envelope, b u i l d i n g  o r ien ta t i on ,  b u i l d i n g  operation, and year ly  

weather condi t ions.  

q u a n t i t a t i v e  basis f o r  modeling the b u i l d l n g  envelope, which i s  p a r t  o f  the 

o v e r a l l  energy analysis process. 

Data developed i n  t h i s  experimental program provide a 
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TABLE A1 - APPENDIX A TABLE AND FIGURE DESCRIPTIONS 

~ 

Append1 x A 
Table o r  
F igure  No. 

Table XX-1*  

Table XX-2 

Table XX-3 

Table XX-4 

Flgure XX-1 

Table XX-5 

Table XX-6 

F igure  XX-2 

Table XX-7 

F igure  XX-3 
and XX-4 

Table XX-8 
and XX-9 

Table XX-10 

Table XX-11 

Table XX-12 

Desc r l p t  l on 
~ 

Phys ica l  Proper t tes of Wall a t  Tlme o f  Test 

M'ater I a1 Proper t ies  

Design Heat Transmlsslon C o e f f l c l e n t s  

Steady-State Test Resul ts  

Trans len t  Test Resul ts  

Trans len t  Test Resul ts  

Summary o f  Trans len t  Test Resul ts  

Dynamlc Test Resul ts  (Pe r lod l c )  f o r  NBS Test Cycle 

Dynamic Test Resul ts  (Pe r lod l c )  f o r  NBS Test Cycle 

Dynamic Test Resul ts  (Pe r iod i c )  f o r  Test Cycles Other Thai 
t h e  NBS Cycle. 

Dynamic Tes t  Resul ts  (Perlodtc) for  Test Cycles Other Thai 
t h e  NBS Cycle 

Summary o f  Dynamlc Test Resul ts  (Per lod lc ) ,  Thermal Lag 

Sumnary o f  Dynamic Test Resul ts  (Pe r iod l c ) ,  Reduction f n  
Amp1 i t  ude 

Summary o f  Dynamic Test Resul ts  (Per fod ic ) .  Energy 
Requ 1 rement s 

"Characters i n  the  " X X "  p o s l t l o n  a re  w a l l  des lgnat lons (C3 o r  S l ) .  
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WALL C3: LOW DENSITY CONCRETE 

DESCRIPTION: LON densi ty concrete wall wi th  reinforcement a t  approximate 
m i  d t n i  ckness. 

REFERENCE: Van Geem, M. G'. and Fiorato,  A. E., "Heat Transfer 
Character is t ics  o f  Low Density Concrete Wall ," Construction 
Technology Laboratories, Por t land Cement Association, 
Skokie,, 1983, 89 pages. 

COMPOSITION: 

c 

2 

1. Low Density Concrete 
Port1 and Cement 
Per1 i t e  Aggregate* 

Measured A i  r Content: not avai 1 able 

Sing le l a y e r  of 6-m diameter bars 

Loose u n i t  weight of 7.9 pcf (126 kg/m3) 

2. Reinforcement 

Spaced 12 i n .  (305 mn) 
center-to-center 

TABLE C3-1 - PHYSICAL PROPERTIES OF WALL AT TIME OF TEST 
c 

Property 

Weight, psf (kg/m2) 

Average Thickness, in. (m) 

Area, f t 2  (m2) 

Estimated Moisture Content, 
I by ovendry weight 

Measured 
Value 

32.7 
(160) 

8.52 
(216) 

73.79 
(6.86) 

9.5 

" P e r l i t e  only, no sand was used as aggregate. 
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T A M E  C3-2(a) - HATERIAL PROPERTIES, LOW DENSITY CONCRETE 

Property 

Unl t Weight, pc f  (kg/m3) 

Specl f lc  Heat, B t u / l b . O F  (J/kg-K) 

Spec l f l c  Heat,  Btu/lb.OF (J/kg-K) 

Therma 1 Conduct 1 v l  t y  , Rtu a l n/hr f t2 - O F  (W/m-K) 

Thermal Conduct! v l  t y  , Btu. ln /hr  - f  t 2 - O F  (W/m-K) 

Thermal Conduct 1 v4 t y ,  B tu - ln /hr  - f t 2 m 0 F  (W/m-K) 

Thermal D l  f f u s l v l  t y  , f t2/hr ( n 2 / s )  

Compresslve Strength, psl  ( W a )  

S p l l t t l n g  Tens l le  Strength, psf  (HPa) 

rest Method 

~ 

-- 

S I m l  l a r  t o  
CRD-6124-7 

Calculated 

Hot  W 1  re 

ASTM C 177 

ASTM C 976 

CRD-C36-73 

ASTH C 39 

ASTH C 496 

*9 .5% mois ture  content r e l a t l v e  t o  ovendry welght 
**17.3% molsture content r e l a t l v e  t o  ovendry welght  

Spec lmen 
Cond l t 1 on 

- 

ovendry 

saturated 

at r dry*  

a1 r dry**  

ovend r y  

a l  r dry* 

saturated 

a l r  dry  

a l r  d r y  

Mean 

O F  

'emperature, 

( " C )  

Heas ured 
Value 

0.444 
( 1860) 

3.05 
( 0 . 4 4 0 )  

1 .44  
(0.207) 

1 .44  
(0.207) 

0.001149 
(0.219) 

880 
(6.1)  

65 
(0 .45 )  



TABLE C3-3 - DESIGN HEAT TRANSMISSION COEFFICIENTS 

Compone n t 

1. Outside A i r  F i lm 

2. 8-in. (203-mn) Low Density Concrete 

3. Ins ide A i r  F i lm 

Total R I 
Total U .I 

R, 
Thermal Resistance 

hr=  ft*- 'F/Btu 
(m2*K/W) 

0.17 
(0.03) 

8.02* 
( 1  -41 ) 

0.68 
(0.12) 

8.87 
(1.56) 

0.11 
(0.64) 

"Source: ASHRAE Handbook o f  Fundamentals, American Society o f  
k e a t i  ng , Refri  gerat i  on, and A i  r-Condi ti oni ng Engi neers, 
Inc.,  Atlanta,-1981, Chapter 23. 

- 
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TABLE C3-4 - STEADY-STATE TEST RESULTS 

rduninal l e s t  
Condition 

= 53tF 

= 8¶*F 

(11 C) 

(32%) 

t,,, = lOO*F 
(38OC) 

Design Values 

9 
Heat Flux, 

2 
Btu/hr. f t  

2 
(U/m 1 

-5.69 
(-17.9) 

5.13 
(16.2) 

8.64 
(27.3) 

- 

RT 

hr * f t2- O F / 8 t u  

[m *K/CJ) 
2 

7.02 
(1.24) 

6.53 
(1.15) 

6.31 
(1.11) 

8.87 
(1  .%I 

0.14 

0.15 
(0.871 

0.16 
(0.90) 

0.11 
(0.64) 

( o m  

Heasured Teqxratures, 

OF 

("C) 

t2 
Outdoor 
Surface 

~~~ 

t3 
Internal 

_I 

Indoor 
Surface 

t. 

Indoor 
A i r  

1 

~ 

Indoor 
Chaber, 

'L 

24 

26 

24 

- 

Laboratory 
A i r  Teaperaturn 



I2O r WOII c3 

- 'I - 
O F  1 

I tm= 31 'F ( -I  "C) 

lo Temp, 
"C 

50 

1 4 0  ! 

1 1 1 I I I -30 
' 0  24 48 

Time , hour 

( a )  Measured Temperatures 

*O [ +m 031 O F  ( - I  "C) 
60 

40 t 

~ 

72 

50 

40 

30 

20 

-40 HI j -20 

-30 

-80 ,'t,-t, 1 -40  

Time, hour 

( b )  Temperature Differentials 

F ig .  C3-1 Wall C3 Transient Test Results 
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Heat Flux 
atu 

h r - f t 2  

tm = 31 OF (-I *C) 

-60 

- 80 
0 

- 

1 1 1 I 1 I 1 I 

24 48 

Time, hour 

( c )  Heat Flux  

50- 

Heat. Flux 
0 W mz 
-50 

-m 

-150 

-200 

-250 
72 

F i g .  C3-1 Wall C3 Transient Test Results 



TABLE C3-5(a) - TRANSIENT TEST RESULTS 

Tim, 
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 

72.0 
39.9 
3.3 

-4.7 
-6.3 
-7.3, 
-8.0 
-8.4 
-8.8 
-9.1 
-9.4 
-9.5 
-9.7 
-9.9 
-10.1 
-10.2 
-10.4 
-10.6 
-10.1 
-10.6 
-10.7 
-10.8 
-10.9 
-10.9 
-10.9 
-11.0 
-11.0 
-11.2 
-11.1 
-11.2 
-11.2 
-11.3 
-11.2 
-11.3 
-11.3 
-1 1.2 
-11.3 
-11.3 
-11.4 
-11.5 
-11.5 
-11.5 
-1 1.5 
-11.5 
-11.5 
-11.5 
-11.5 
-11.5 
-11.5 

Measured Tenperatures, 

OF 

t2 
ktdoor 
Surf, 

72.7 
52.4 
20.0 
9.4 
6.0 
4.1 
2.7 
1.8 
0.9 
0.3 
-0.2 
- 0 . 7  
-1.1 
-1.5 
-1.9 
-2.2 
-2.4 
-2.6 
-3.0 
-3.2 
-3.3 
-3.5 
-3.7 
-3.8 
-4.0 
-4.2 
-4.3 
-4.5 
4 . 7  
-4.8 
-4.9 
-4.9 
-4.9 
-5.0 
-5.1 
-5.1 
-5.1 
-5.2 
-5.3 
-5.3 
-5.3 
-5.4 
-5.3 
-5.4 
-5.4 
-5.4 
-5.4 
-5.4 
-5.4 

t3 
In terna 1 

71.8 
,71.7 
71.6 
10.7 
69.1 
'67.0 
64.8 
62.8 
60.8 
58.9 
57.2 
55.7 
54.2 
52.8 
51.5 
50.3 
49.1 
47.8 
46.9 
46.3 
45.5 
44.9 
44.1 
43.6 
43.0 
42.0 
41.2 
40.4 
39.9 
39.3 
38.7 
38.6 
38.3 
38.0 
37.8 
37.6 
37.5 
37.3 
37.2 
37.1 
37.0 
37.0 
36.9 
36.8 
36.8 
36.8 
36.7 
36.6 
36.6 

- 
/ 

t 1 

t n b r  
Surf. - 
72.7 
72.7 
72.7 
72.7 
72.6 
72.6 
72.4 
72.1 
71.9 
71.6 
71.3 
71 .o 
70.1 
70.3 
70.2 
69.9 
69.8 
69.6 
69.4 
69.1 
69.0 
68.9 
68.8 
68.7 
68.6 
68.4 
68.3 
68.1 
68.0 
67.9 
67.8 
67.8 
67.1 
67.6 
67.5 
67.4 
67.5 
67.4 
67.4 
67.4 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 
67.5 

ti 
Indoor 

Air 

12.4 
72.4 
72.4 
72.4 
72.5 
12.4 
72.3 
72.3 
72.3 
12.2 
72.2 
72.1 
72.1 
72.0 
71.9 
71.9 
71.8 
71.4 
71.5 
71.6 
71.6 
71.6 
71.5 
71.6 
71.6 
71.6 
71.6 
71.4 
71.6 
71.5 
71.5 
71.5 
71.5 
71.4 
71.4 
11.4 
71.4 
71.4 
71.4 
71.4 
71.4 
71.5 
71.3 
71.5 
71.4 
71.5 
11.3 
71.4 
71.4 

Measured Heat Flux, 
2 Btu/hr-ft 

SW 
Calib. 

*t Box 
~ 

4.1 
0.6 
0.6 
0.6 
0.9 
0.3 
-0.3 
-0.5 
-1.1 
-2.2 
-3.0 
-3.4 
-4.5 
-4.9 
-5.5 
-5.8 
-6.7 
-7.2 
-7.7 
-7.5 
-7.8 
43.5 
-8.8 
-8.8 
-9.1 
-9.7 
-10.0 
-10.3 
-10.5 
-10.8 
-11.0 
-11.2 
-11.3 
-1 1 .o 
-11.1 -11.w 
-11.3 
-11.6. . 
-11.0 
-11.5 
-11.5 
-11.6 
-12.1 
-11.1 
-12.0 
-11.8 
-11.9 
-12.0 
-11.9 

qhfm 
WH @ 
Indoor 
Surf. 

. 

4.1 
-0.1 
-0.0 
-0.0 
-0.1 
-0.3 
4.7 
-1.2 
-1.8 
-2.4 
-3.1 
-3.8 
-4.4 
-4.9 
-5.5 
-6.0 
-6.5 
-6.9 
-7.3 
-7.6 
-8.0 
-8.3 
-8.6 
-8.9 
-9.2 
-9.7 
-10.0 
-10.3 
-10.6 
-10.8 
-10.9 
-11.1 
-11.2 
-1 1.3 
-11.4 
-11.7 
-11.6 
-11.7 
-11.7 
-11.7 
-1 1 .8 
-11.8 
-1 1.8 
-1  1.8 
-1 1 .a 
-11.9 
-11.9 
-11.9 
-12.0 

qhfm 
HFH @ 
krtdoor 
Surf. 

4.0 
-26.9 
41.7 
-34.3 
-29.0 
-25.6 
-23.9 
-22.4 
-20.9 
-20.3 
-19.3 
-18.6 
-17.5 
-17.3 
-17.1 
-16.4 
-16.0 
-15.8 
-15.3 
-15.1 
-14.8 
-14.6 
-14.4 
-14.2 
-13.1 
-13.6 
-13.0 
-12.9 
-12.7 
-12.5 
-12.6 
-12.2 
-12.2 
-12.0 
-11.7 
-12.1 
-1 1.9 
-11.7 
-12.0 
-11.7 
-1 1.6 
-11.7 
-11.7 
-11.7 
-11.6 
-11.5 
-11.6 
-11.7 
-11.7 

31 cu 1 ated 
+?at Flux, 

2 Stu/hr* ft 

qss 
5 teady- 
State 

0.0 
-3.4 
-8.4 
-10.0 
-10.5 
-10.1 
-10.9 
-1 1.0 
-11.1 
-11.1 
-11.1 
-11.1 
-11.1 
-11.1 
-11.2 
-11.2 
-11.2 
-1 1.2 
-11.2 
-1 1.2 
-11.2 
-11.2 
-11.1 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.2 
-11.1 
-11.2 
-1 1.2 
-11.2 
-11.2 
-1 1.2 
-1 1.2 
-11.2 
-11.2 
-1 1.2 
-1 1.2 
-1 1.2 
-11.2 
-11.2 

%librated hot box data for this hour derived from linear interpolation of data from 
hours 44 to 47. 

-A9 - 
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TABLE C3-5(b) - TRANSIENT TEST RESULTS, SI UNITS 

Time, 
hr 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
1 1  
12 
13 
14 
1s 
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 

t0 

Outdoor 
Air 

22.3 
4.4 

-16.0 
-20.4 
-21 -3 
-21.8 
-22.2 
-22.4 
-22.7 
-22.9 
-23.0 
-23.1 
-23.2 
-23.3 
-23.4 
-23.4 
-23.5 
-23.7 
-23.7 
-23.7 
-23.7 
-23.8 
-23.8 
-23.8 
-23.8 
-23.9 
-23.9 
-24.0 
-24.0 
-24.0 
-24.0 
-24.1 
-24.0 
-24.0 
-24.1 
-24.0 
-24.1 
-24.1 
-24.1 
-24.1 
-24.2 
-24.2 
-24.1 
-24.2 
-24.2 
-24.2 
-24.2 
-24.2 
-24.2 

Measured Ternperatures, 

*C 

t2 
Outdoor 
Surf. 

22.6 
11.4 
-6.7 
-12.6 
-14.4 
-15.5 
-K.3 
-16.8 
-17.3 
-17.6 
-17.9 
-18.2 
-18.4 
-18.6 
-18.8 
-19.0 
-19.1 
-19.2 
-19.4 
-19.6 
-19.6 
-19.7 
-19.8 
-19.9 
-20.0 
-20.1 
-20.2 
-20.3 
-20.4 
-20.4 
-20.5 
-20.5 
-20.5 
-20.6 
-20.6 
-20.6 
-20.6 
-20.1 
-20.7 
-20.7 
-20.7 
-20 8 
-20.7 
-20.8 
-20.8 
-20.8 
-20.8 
-20.8 
-20.8 

,t3 
Internal 

22.1 
22.1 
22.0 
21.5 
20.6 
19:4 
18.2 
17.1 
16.0 
15.0 
14.0 
13.2 
12.3 
11.6 
10.9 
10.2 
9.5 
8.8 
8.3 
7.9 
7.5 
7.2 
6.7 
6.4 
6.1 
5.6 
5.1 
4.7 
4.4 
4.1 
3.7 
3.6 
3.5 
3.3 
3.2 
3.1 
3.0 
2.9 
2.9 
2.8 
2.8 
2.8 
2.7 
2.7 
2.6 
2.6 
2.6 
2.6 
2.6 

t 1 
Indoor 
Surf. - 
22.6 
22.6 
22.6 
22.6 
22.6 
22.5 
22.4 
22.3 
22.1 
22.0 
21.8 
21.7 
21.5 
21.3 
21.2 
21.1 
21 .o 
20.9 
20.8 
20.6 
20.6 
20.5 
20.4 
20.4 
20.3 
20.2 
20.1 
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 
19.1 
19.7 
19.7 
19.7 
19.7 
19.7 
19.7 
19.7 

ti 
Indoor 
Air 

22.4 
22.5 
22.4 
22.4 
22.5 
22.5 
22.4 
22.4 
22.4 
22.3 
22.3 
22.3 
22.3 
22.2 
22.2 
22.2 
22.1 
21.9 
22.0 
22.0 
22.0 
22.0 
22.0 
22.0 
22.0 
22.0 
22.0 
21.9 
22.0 
21.9 
22.0 
21.9 
21 -9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
21.9 
22.0 
21.9 
21.9 
21.9 
22.0 
21.9 
21.9 
21.9 

Measured Heat Flux, 

4w 
Cal ib. 
Hot Box 

-0.5 
1.9 
1.7 
1.9 
2.7 
0.9 
-0.9 
-1 -5 
-3.6 
-6.9 
-9.6 

-10.8 
-14.3 
-15.5 
-17.2 
-18.3 
-21 .o 
-22.8 
-24.2 
-23.8 
-24.5 
-26.7 
-27.0 
-27.7 
-28.7 
-30.5 
-31.5 
-32.5 
-33.0 
-34.2 
-34.7 
-35.2 
-35.6 
-34.7 
-35.0 
-35.1* 
-35.6 
-36.5 
-34.8 
-36.1 
-36.3 
-36.5 
-38.3 
-31.0 
-37.9 
-37.1 
-31.1 
-38.0 
-37.4 

2 W/m 

qhfm 
HFM @ 
Indoor 
Surf. 

-0.3 
-0.2 
-0.1 
-0.1 
-0.4 
-1 .o 
-2.1 
-3.9 
-5.8 
-1.6 
-9.9 
-12.0 
-13.8 
-15.5 
-17.3 
-18.9 
-20.5 
-21.8 
-23.1 
-24.1 
-25.3 
-26.1 
-27.2 
-28.0 
-28.9 
-30.5 
-31.4 
-32.3 
-33.4 
-34.1 
-34.3 
-35 0 
-35.5 
-35.6 
-36.0 
-36.9 
-36.6 
-36.8 
-36.9 
-31.0 
-37.3 
-37 * 3 
-37.3 
-37.3 
-37.4 
-37.5 
-31.4 
-37.5 
-37.8 

I 

qhfm 
HFH @ 

Outdoor 
Surf. 

-0.1 
-84.8 

-131.5 
-108.1 
-91.5 
-80.7 
-75.5 
-10.8 
-65.8 
-63.9 
-60.8 
-58.6 
-55.2 
-54.7 
-53.8 
-51 -8 
-50.6 
-49.9 
-48.3 
-47.7 
46.7 
-46.2 
-45.3 
4 . 6  
-43.2 
-42.8 
-41.1 
40.8 
40.2 
-39.4 
-39.7 
-38.4 
-38.4 
-37.8 
-31.0 
-38.0 
-37.6 
-31.0 
-37.7 
-36.9 
-36.7 
-37.0 
-36.8 
-36.9 
-36.6 
-36.4 
-36.6 
-36.9 
-36.8 

Calculated 
Heat Flux, 

W/m 2 

qss 
Steady- 
State 

0.0 
-10.6 
-26.6 
31.4 
33.0 
-33.7 
-34.3 
-34.7 
-34.9 
-35.1 
-35.0 
-35.0 
-35.1 
-35.1 
-35.2 
-35.2 
-35.3 
-35.3 
-35.4 
-35 * 4 
-3s * 4 
35.4 
-35.1 
-35.2 
-35.2 
-35.2 
-35.2 
-35.2 
-35.3 
-35.3 
-35.3 
-35.3 
-35.2 
-35.2 
-35.2 
-35.1 
-35.2 
-35 - 2 
-35 * 3 
-35.3 
-35.3 
-35 * 4 
-35.3 
-35.3 
-35.3 
-35.3 
-35.3 
-35.4 
-35.4 

*Calibrated hot box data for this hour derived fran linear interpolation o f  data fran 
hours 44 to 47. 

-A1 0- 
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TABLE C3-6 - SUHHAflY [K TRA)ISIHT TEST RESULTS 

Heat f lux  

99.5% of  Final Heat Flux 

952 of Final Heat Flux 

90% of Final Heat Flux 

Heasured ca 1 cu 1 a ted 

Ca?ib. Hot Box f f H  8 Indoor Surf. Steady-State 

SW, Time to  qhfm* Tim to QSS Time to 
btu/hr.ft2 Reach q , B W h r - f t  Reach q Btdhr- f t '  Reach q , 

(W/f& hr Y (W/& hr hfm' ( W d )  hr SS 

-12.0 57 -11.9 65 -11.1 9 '  
(-37.7) (-37 * 4) (-35.1) 

-11.4 47 -11.3 43 -10.6 5 
(-36.01 (-35.7) (33.6) 
-10.8 33 -10.7 34 -10.1 4 

(-34.1) (33.9) (-31.8) 



1 

25 
Temp I 

"C 

'"I 1" 
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0 16 24 0 

Time hour 
( a )  Measured Temperatures 
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0 
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-30 I I 1 
0 8 16 24 

Time, hour 

( b )  Temperature Differentials 

Fig .  C3-2 Wall C3 Dynamic Test Results f o r  NBS Test  Cycle 
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Fig. C3-2 Wall C3 Dynamic Test  Results for NBS Test Cycle 
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TABLE C3-7(dI - DYNAMIC TEST RESULTS (PERIODIC), NBS TEST CYCLE 

a1 cul ated 
+?at Flux, 

3tu/hr-ft2 

H@asured Tenperatures, Measured Heat F1 ux, 
2 Btu/hr- ft O F  Tim, 

hr 

t 1 

Indoor 
Surf. - 
72.8 
72.1 
72.6 
72.4 
72.3 
72.2 
72.1 
72.0 
71.9 
71.8 
71.8 
71.8 
71.9 
72.0 
72.1 
72.3 
72.4 
72.6 
72.0 
72.9 
72.9 
72.9 
72.9 
72.9 

1 

qhfm 
HFH @ 

Outdoor 
Surf. 

_ _  . ~~~ 

qss 
Steady- 
State 

qhfm 
HFM @ 

Indoor 
Surf. 

t3  
Internal 

to 
Outdoor 

A i r  

t2  
Outdoor 

Surf. 

ti 
tndoor 

A i r  

4w 
cal ib. 
bt Box 

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 

41.6 
40.2 
39.8 
39.7 ' 

44.1 
58.1 
68.0 
71.7 
84.5 
90.0 
92.1 
97.3 

103.4 
103.2 
98.3 
91 .o 
79.1 
66.5 
59.5 
56.7 
56.2 
52.2 
44.8 
43.3 

46.9 
45.2 
44.6 
,a. 2 
46 .7  
57.0 
65.7 
74.4 
80.6 
85.9 
88.5 
92.8 
98.4 
99.5 
96.5 
91 .o 
82.0 
71.2 
64.4 
61.0 
59.9 
57.0 
50.8 
4 8 . 7  

70.9 
70.0 
69.1 
68.2 
67.4 
66.6 
66.1 
66.0 
66.1 
66.6 
67.4 
68.3 
69.3 
70.4 
71.5 
72.7 
73.6 
74.2 
74.4 
74.2 
73.7 
73.2 
12.5 
71.7 

72.4 
72.4 
72.4 
72.3 
72.3 
72.3 
72.3 
72.3 
72.3 
72.2 
12.2 
12.2 
72.2 
72.3 
72.2 
72.3 
72.4 
72.4 
72.4 
72.5 
72.5 
72.5 
72.5 
72.4 

0.93 
0.51 
0.32 
0.19 
-0.28 
4 . 9 3  
-1.39 
-1.90 
-1.80 
-2.08 
-2.08 
-2.27 
-2.08 
-1.62 
-1 -2s 
-0.93 
-0.32 
0.37 
0.83 
1.06 
1.02 
1.06 
1.34 
1.25 

0.43 
0.23 

-0.03 
4.29 
4 . 5 8  
-0.88 
-1.13 
-1.46 
-1 -64 
-1.78 
-1.76 
-1.13 
-1.58 
-1.36 
-1.09 
-0 .77  
-0.39 
-0.08 
0.22 
0.49 
0.68 
0.72 
0.67 
0.57 

-11.16 
-10.81 
-9.91 
-9.17 
-5.06 
4.47 
8.07 

10.86 
12.58 
13.23 
11.84 
14.19 
16.25 
12.65 
7.39 
1.98 

-5.62 
-1 1.28 
-1 1.80 
-10.03 
-8.12 

-10.25 
-13.30 
-11.52 

-4.26 
4 . 4 9  
4.58 
4 . 6 3  
-4.21 
-2.50 
-1.06 

0.42 
1.48 
2.41 
2.01 
3.65 
4.63 
4.81 
4.21 
3.24 
1.62 

-0.23 
-1.39 
-1.99 
-2.17 
-2.64 
-3.65 
-4.02 

61.0 68.9 70.2 72.4 - 72.3 -0.42 -0.60 -0.52 

Calibrated Hot Box Relative Hunidity: 
Indoor C h d e r  - 242 
Outdoor Chamber - 24'1, 

Laborator A i r  T rature: 
Max. - 7zoF ( 2 2 v  
Min. - 68OF (2OOC) 

-A14- 
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TABLE C3-7(b) - DYNAMIC TEST RESULTS (PERIODIC), NBS TEST CYCLE, SI UNITS 

Tim, 
hr 

a1 cu 1 ated 
+?at Flux, 

Wm 2 
Measured Tenperatures, Measured Heat Flux, 

*C 2 W/m 
~~ 

qhfm 

HFM @ 
Indoor 
Surf. 

1 

qhfm 
HFM B 
utdoor 
Surf. 

t0 

Outdoor 
Air 

t2  
Outdoor 
Surf. 

t 3  
Internal 

t 1 
Indoor 
Surf. 

ti 
tndoor 

A i r  

9w 
Cal ib.  
bt Box 

qss 
Steady- 
State 

~~ 

1.35 
0.72 

-0.10 
-0.92 
-1 .a3 
-2.17 
-3.57 
-11.61 
-5.17 
-5.60 
-5.57 
-5.44 
-4.97 
-4.20 
-3.43 
-2.42 
-1.24 
-0.25 
0.71 
1.55 
2.13 
2.28 
2.12 
1.80 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
1s 
16 
17 
18 
19 
20 
21 
22 
23 
24 

5.3 
4.5 
4.4 
4.3 
6.7 

14.5 
20.0 
25.4 
29.2 
32.2 
33.4 
36.3 
39.1 
39.5 
36.9 
32.8 
26.2 
19.1 
15.3 
13.1 
13.5 
11.2 

7 . 1  
6.3 

19.9 

- 

8.3 
7.4 
7.0 
6.8 
8.1 

13.9 
18.7 
22.5 
27.0 
30.0 
31.4 
33.8 
36.9 
37.5 
35.8 
32.8 
27.8 
21.8 
18.0 
16.1 
15.5 
13.9 
10.4 
9.3 

21.6 
21.1 
20.6 
20.1 
19.7 
19.2 
18.9 
18.9 
19.0 
19.2 
19.7 
20.2 
20.7 
21.3 
21.9 
22.6 
23.1 
23.4 
23.5 
23.4 
23.2 
22.9 
22.5 
22.1 

22.1 
22.6 
22.5 
22.5 
22.4 
22.3 
22.3 
22.2 
22.2 
22.1 
22.1 
22.1 
22.2 
22.2 
22.3 
22.4 
22.5 
22.6 
22.6 
22.7 
22.7 
22.7 
22.7 
22.7 

22.5 
22.4 
22.4 
22.4 
22.4 
22.4 
22.4 
22.4 
22.3 
22.3 
22.3 
22.3 
22.3 
22.4 
22.3 
22.4 
22.4 
22.5 
22.5 
22.5 
22.5 
22.5 
22.5 
22.5 

22.4 

- 

2.92 
1.60 
1.02 
0.58 
6.88 
-2.92 
4.38 
-5.98 
-5.69 
-6.56 
-6.56 
-7.1s 
-6.56 
-5.11 
-3.94 
-2.92 
-1 -02 

1.17 
2.63 
3.36 
3.21 
3.36 
4.23 
3.94 

-35.21 
-34.11 
-31.27 
-28.93 
-15.89 

14.10 
25.41 
34.25 
39.68 
41.73 
37.37 
44.17 
51.26 
39.92 
23.30 
6.25 

-17.73 
-35.60 
-37.17 
-31.66 
-25.61 
-32.28 
-41.97 
-36.35 

-13.42 
-14.15 
-14.44 
-14.59 
-13.27 
-7.88 
-3.36 

1.31 
4.67 
7.59 
9.04 

11.52 
14.59 
15.17 
13.27 
10.21 
5.11 

-0.13 
-4.38 
-6.27 
-6.86 
8 . 3 2  

-11.52 
-12.69 

20.5 21 - 2  22.4 -1.32 -1.65 -1.90 -1.64 
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TABLE C3-8(a) - D Y W I C  TEST RESULTS (PERIOOICI, NBS+lO TEST CYCLE 

r- 

Time, 
hr 

1 
2 
3* 
4 
5 
6 
7 
8 
9 

10 
11* 
12 
13 
14 ' 

15 
16 
17 
18k 
19 
20 
21 
22 
23 
24 

Mean 
_. 

2 1  cul ated 
*at Flux, 

2 3tu/hr*ft 

Measured Tenperatures, 

8F 
Measured Heat Flux, 

2 
Btu/hr* ft - 

I 

qhfm 
Hfn e 
Wltdoor 
Surf. 

- 

t 1 
Indoor 
Surf. 

- 

ti 
Indoor 

A i r  

- 
qhfm 
WH e 

Indoor 
Surf. 

~ .~ 

t 3  
Internal 

t0 

lutdoor 
Air 

t2  
W t b r  
Surf. 

9w 
Cal ib. 

Hot Box 

qss 
Steady- 
State 

75.3 
74.4 
13.5 
72.7 
71.8 
71.0 
70.3 
69.3 
69.4 
69.8 
70.2 
71.3 
72.2 
73.3 
14.5 
75.6 
76.1 
17.5 
70.0 
78.2 
77.9 
77.3 
76.7 
76.0 

72.7 
12.7 
72.7 
72.6 
72.6 
72.6 
72.6 
72.4 
72.4 
72.4 
12.3 
72.4 
72.3 
12.4 
72.5 
72.5 
12.5 
72.6 
12.7 
72.1 
72.8 
72.8 
72.7 
72.7 

___ 

1.82 
1.67 
1.41 
1.18 
0.89 
0.59 
0.31 

-0.20 
-0.43 
-0.56 
-0.71 
-0.60 
4 . 4 9  
4.33 
-0.09 
0.25 
0.59 
0.93 
1.22 
1.62 
1.81 
1.94 
2.04 
1.92 

0.10 

- 

52.1 
50.2 
49.1 
49.3 
50.3 
59.3 
72.9 
81.9 
88.5 
95.4 
99.7 

102.6 
108.6 
112.0 
110.0 
105.8 
97.3 
82.8 
71.9 
67.3 
65.7 
65.0 
58.1 
54.6 

56.8 
54.8 
53.5 
53.2 
53.7 
59.4 
70.3 
10.5 
84.6 
90.7 
95.3 
98.2 

103.3 
107.2 
106.6 
103.1 
97.4 
86.1 
16.4 
71.4 
69.0 
68.0 
63.0 
59.1 

13.5 
13.4 
73.3 
73.2 
73.1 
12.9 
72.0 
72.6 
72.5 
72.3 
72.3 
72.4 
72.4 
72.5 
72.6 
12.7 
72.9 
73.1 
13.3 
73.5 
73.6 
13.6 
73.6 
73.6 

2.41 
2.17 
1.71 
1.39 
1.06 
0.65 
0.09 

-0.46 
-0.74 
-0.79 
-1 .11  
-1.11 
-0.93 
-0.56 
-0.28 
0.19 
0.42 
1.02 
1.34 
1.90 
2.27 
2.27 
2.41 
2.41 

-10.46 
-10.06 
-9.43 
4.05 
-6.81 
0.87 
8.68 

11.31 
12.58 
14.76 
14.43 
14.10 
17.11 
16.59 
12.24 
7.99 
1.49 

-7.49 
-10.91 
-9.84 
-7.06 
4 - 5 9  

-1 1.01 
-10.66 

0.96 

-2.78 
-3.10 
-3.28 
-3 * 33 
-3.19 
-2.27 
-0.46 
0.97 
2.08 
3.15 
4.02 
4.49 
5.41 
6.11 
5.97 
5.46 
4.26 
2.27 
0.56 

-0.37 
-0.79 
-0.93 
-1.80 
-2.41 

77.1  77.5 13.9 13.0 - 12.5 - 0.74 0.83 

*Data for these hours are 2 4 y  averages, not 3-day averages, o f  test results. 

Calibrated Hot Box Relative Hunidity: 
Indoor Chamber - 25% 
Outdoor C h d e r  - 24% 

Labarator A i r  T rature: 
F+. - 7 5 F  ( 2 2 T  
Hin. - 70°F (21OC) 
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TABLE C3-8(b) - DYNMIC TEST RESULTS (PERIOOIC), NBS+10 TEST CYCLE, SI UNITS 

Tim, 
hr 

1 
2 
3r 
4 
5 
6 
1 
8 
9 
10 
11* 
12 
13 
14 
15 
16 
17 
1W 
19 
20 
21 
22 
23 
24 

t0 

htdoor 
A i r  

11.2 
10.1 
9.5 
9.6 

10.1 
15.2 
22.7 
,21.7 
31.4 
35.2 
37.6 
39.2 
42.5 
44.5 
43.3 
41.0 
36.3 
28.2 
22.2 
19.6 
18.1 
18.3 
14.5 
12.5 

25.1 
- 
I__ 

Measured Tenperatures, 

t2 
Jutdodr 
Surf. 

13.8 
12.7 
12.0 

> 11.8 
12.0 
15.2 
21.3 
25.8 
29.2 
32.6 
35.2 
36.8 
39.6 
41.8 
41.4 
39.8 
36.4 
30.1 
24.1 
21.9 
20.6 
20.0 
17.2 
15.1 

25.3 

*C 

t3 
[nternal 

24.0 
23.6 
25.1 
22.6 
22.1 
21.7 
21.3 
20.1 
20.8 
21.0 
21.2 
21.8 
22.3 
22.9 
23.6 
24.2 
24.8 
25.3 
25.5 
25.1 
25.5 
25.2 
24.8 
24.5 

23.3 

t 1 
Indoor 
Surf. 

23.0 
23.0 
23.0 
22.9 
22.8 
22.7 
22.7 
22.5 
21.5 
21.4 
22.4 
22.4 
22.5 
22.5 
22.6 
22.6 
22.1 
22.8 
22.9 
23.0 
23.1 
23.1 
23.1 
23.1 

22.8 
- 
- 

ti 
tndoor 

A i r  - 
22.6 
22.6 
22.6 
22.5 
22.6 
22.5 
22.5 
22.5 
22.4 
22.4 
22.4 
22.4 
22.4 
22.5 
22.5 
22.5 
22.5 
22.6 
22.6 
22.6 
22.1 
22.6 
22.6 
22.6 

22.5 
- 

keasured Heat Flux, 
2 Wm 

SW 
&lib. 

Jot Box 

7.59 
6.86 
5.40 
4.38 
3.36 
2.04 
0.29 
-1.46 
-2.33 
-2.48 
-3.50 
-3.50 
-2.92 
-1.75 
4.88 
0.58 
1.31 
3.21 
4.23 
5.98 
7. IS 
7.15 
1.59 
7.59 

2.33 

qhfm 
HFM &I 
Indoor 
Surf. 

5.73 
5.26 
4.45 
3.73 
2.80 
1 .# 
0.99 
-0.62 
-1 -36 
-1.10 
-2 23 
-1.90 
-1.54 
-1.04 
-0.30 
0.80 
1.85 
2.92 
3.85 
5.11 
5.72 
6.11 
6.43 
6.05 

2.20 
- 

I 

qhfm 
HFM Q 
krtdoor 
Surf. 

-32.99 
-31.72 
-29.76 
-25.41 
-21.49 
2.74 
27.38 
35.67 
39.10 
46.58 
45.51 
44.46 
53.97 
52.34 
38.61 
25.21 
4.69 

-23.63 
-34.42 
-31.04 
-24.81 
-20.80 
-34.14 
-33.62 - 
3.01 

Qata for these hours are 2-day averages, not 3 4 y  averages, o f  test results. 

h 1 cul ated 
ieat Flux, 

W/m 2 
~ 

qss 
Steady- 
State 

-8.75 
-9.77 
-10.36 
-10.50 
-10.07 
-7.15 
-1.46 
3.06 
6.56 
9.92 
12.69 
14.15 
17.07 
19.26 
18.82 
17.21 
13.42 
7.15 
1.7s 

-1.17 
-2.48 
-2.92 
-5.69 
-7.59 

2.63 
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TABLE C3-9(a) - DYNAnIC TEST RESULTS (PERIODIC), NBS-10 TEST CYCLE 

I 

Time, 
hr 

1 
2 
3 
4 
5 
6 
1 
8 
9 
10 
11  
12 
13 . 
14 
15 
16 
17 , 

18 
19 
20 
21 
22 
23 
24 

Mean 

t0 

Dutdoor 
A i  r 

33.6 
31.4 
30.4 
30.3 
31.3 
40.9 
53.9 
63.2 
10.1 
77.5 
81.1 
84.3 
91.3 
94.5 
92.6 
87.1 
79.1 
64.7 
54.5 
48.5 
46.8 
46.2 
39.2 
35.7 

58.7 

Measured Terrperatures, 

t2 t 

Outdoor 
Surf a 

39.5 
31.2 
36.0 
35.5 
35.9 
42.2 
52.7 
60.9 
67.3 
74.0 
78.0 
80.9 
86.7 
90.5 
90.0 
86.2 
80.3 
69.3 
60.0 
54.1 
51.7 
50.7 
45.6 
41.6 

60.3 

O F  

t3 
Internal 

67.5 
66. 7 
65.8 
64.9 
64.0 
63.2 
62.5 
62.1 
62.1 
62.6 
63.2 
64.0 
64.8 
65.9 
66.9 
68.1 
69.2 
70.0 
70.4 
70.5 
70.2 
69.6 
68.9 
68.3 

66.3 

Calibrated Hot Bax Relative Hunidity: 
Indoor Chamber - 24% 
Outdoor Chamber - 252 

Laborator Air T rature: 
wax. - 730F ( 2 3 7  
Hin. - 69OF (21OC) 

t 1 
Indoor 
Surf. 

72.2 
72.1 
72.0 
71.9 
71.8 
71.7 
71.5 
71.4 
71.3 
71.3 
71.2 
71.3 
71.3 
71.4 
71.5 
71.6 
71.7 
71.9 
72.1 
72.2 
72.3 
72.3 
72.3 
72.3 

71.8 

- 

- 

- 

ti 

Indoor 
A i r  

12.2 
72.2 
12.2 
72.1 
72.1 
72.1 
72.1 
72.0 
72.0 
72.1 
72.1 
72.1 
72.1 
72.1 
72.1 
72.1 
72.2 
72.2 
72.2 
12.2 
72.2 
72.2 
72.2 
72.2 

72.1 
- 

Measured Heat Flux, 

Btu/hr* ft2 

9w 
Cal ib. 
Hot Box 

4.28 
-0.56 
-0.69 
-1.02 
-1.48 
-2.04 
-2.36 
-2.68 
-3. IS 
-3.28 
-3.47 
-3.52 
-3.56 
-3.42 
-2.82 
-2.45 
-1.90 
-1.39 
-0.88 
-0.51 
-0.28 
-0.09 
-0.05 
-0.19 

-1 * 75 

qhfm 
HFn Q 
Indoor 
Surf. - 
-0.70 
-0.96 
-1.19 
-1.44 
-1,69 
-1.99 
-2.30 
-2.58 
-2.83 
-2.96 
-3.06 
-3.05 
-2.96 
-2.79 
-2.56 
-2.29 
-1 .% 
-1.63 
-1.25 
-0.96 
-0.76 
-0.63 
-0.59 
-0.67 

-1.83 

1 

qhfm 
HFM @ 
krtdoor 
Surf. - 
-12.68 
-12.59 
-1 1.80 
-10.85 
-9.35 
-1.82 
5.12 
0.07 
9.41 

1 1  -45 
10.65 
10.81 
14.40 
13.31 
9.34 
4.31 
-1.20 
-10.18 
-12.92 
-12.84 
-10.67 
-9.32 
-13.37 
-13.03 

-1 -90 

Cal cu 1 a ted 
Heat Flux, 

2 Btu/hr  ft 

qss 
Steady- 
State 

-5.37 
-5.69 
-5.83 

-5.78 
4.81 
-3.10 
-1.76 
-0.69 
0.46 
1.11 
1.67 
2.64 
3.20 
3.19 
2.50 
1.48 
43.46 
-2.04 
-3.01 
-3.42 
-3.61 
4.39 
-5.00 

-5.87 

-1 -85 

-A22- 
construction technology laboratorler 



TABLE C3-9(b) - DYNAMIC TEST RESULTS (PERIODIC), NBS-10 TEST CYCLE, SI U N I T S  

.- 

Ca 1 cu 1 ated 
Heat Flux, 

W/m 2 
Measured Temperatures, Measured Heat Flux, 

OC 
2 

Wm - 
qhfm 
HFH @ 
tndoor 
Surf + - 
-2.47 
-3.04 
-3.7s 
4 . 5 5  
-5.33 
4.28 
-7.25 
-8.13 
-8.92 
-9.33 
-9.66 
-9.63 
-9 * 33 
43.80 
-0.08 
-7.22 
-6.17 
-5.13 
-3.95 
-3.02 
-2.39 
-1.98 
-1.86 
-2.12 

-5.77 
- 
- 

Time, 
hr 

I 

qhfm 
HFR @ 
htdoor 
Surf. 

t0 

Outdoor 
A i r  

t2 
Dutdwr 
Surf. 

t3 
In term 1 

t 1 
Indoor 
Surf. 

t i  
Indoor 

Air 

4w 
Cal ib.  

Hot Box 

qss 
Steady- 
State 

0.9 
-0.3 
-0.9 
4.9 \ 

-0.4 
4.9 
12.2 
17.3 
21.2 
25.3 
27.3 
29.0 
33.0 
34.7 
33.6 
30.6 
26.2 
18.2 
12.5 
9.2 
8.2 
1.9 
4.0 
2.0 

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

22.3 
22.3 
22.2 
22.2 
22.1 
22.0 
22.0 
21.9 
21.8 
21.8 
21.8 
21.8 
21.8 
21.9 
21.9 
22.0 
22.1 
22.2 
22.3 
22.3 
22.4 
22.4 
22.4 
22.4 

22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.2 
22.2 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.3 
22.4 
22.3 
22.4 
22.3 
22.4 

-0.88 
-1.75 
-2.19 
-3.21 
4.67 
-6.42 
-7.44 
-8.46 
-9.92 
-10.36 
-10.94 
-1 1-09 
-1 1.23 
-10.80 
43.90 
-7.73 
-5.98 
4.38 
-2.77 
-1 -60 
-0.88 
-0.29 
-0.15 
-0.58 

-40.01 
-39.72 
-37.23 
-34.23 
-29.49 
-5.75 
16.14 
25.47 
29.88 
36.12 
33.59 
34.10 
45.43 
42.00 
29.48 
13.70 
-3.70 
-32.13 
-40.15 
-40.50 
-33.67 
-29.39 
-42.19 
-41.12 

-16.92 
-17.94 
-18.38 
-18.53 
-18.23 
-IS. 17 
-9.77 
-5.54 
-2.19 
1.46 
3.50 
5.25 
8.32 
10.36 
10.07 
7.88 
4.61 
-1.46 
-6.42 
-9.48 
-10.80 
-11.38 
-13.86 
-15.75 

lean 14.8 15.7 - 19.1 22.1 22.3 
~~~ 

-5.53 -6.00 -5.85 
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I 
D 
Iu 
P 

Heat Flow Meter 

Qss qhfm ' 

1 

calc. 
Tim 

Constant, 
hrs 

TABLE C3-10 - S W Y  OF DYNMIC TEST RESULTS (PERIODIC), THERML LAG 

Test 
Cycle 

NBS 

NBS+IO 

NBS-10 

Thermal Lag, hrs 

Heaswed, 'L 

Calibrated Hot 8ox Heat Flow e t e r  
, 

Q Max. @ Rin. Avg. 8 Max. @ Hin. Avg. 

61 55 61 77 69 73 

68 56 62 75 66 7 1  

67 55 61 76 69 13 

1 Measured 1 
Calibrated Hot Box 

Cyc 1 e 
1 

Nas 

MBSt10 

NBS-10 

Avg . 

8.5 

8.5 

8.5 

TABLE C3-11 - S W Y  OF DYNAHIC TEST RESULTS [PERIODIC), 
REWCTION IN WPLITUM 



TABLE C3-12 - S W Y  OF D Y W I C  TEST RESULTS (PERItlDIC), ENERGY REQUTREWHTS 

T ' n 
T 
-- 
qss 

39 

43 

55 

Total Energy 

Btu / f t  (W.hr/m ) 

Heasu red cal cu 1 ated 
Test 
Cyc 1 e T 

qhfm 
T 

%s 

29 

34 

57 

(87.71 

29.6 
(93.5) 

" 

N N  
% 

4,s 

80 

8 8 8 4  

95 

T 
'h fin 

qhfm 

4,s 

100 

99 

20.6 
(65.0) 

23.6 
(74.51 

1 7 . 7  
(55.9) 

-42.0 
(-132.6) 

(224.4) 

69.4 
(2 19 10) 

16.8 20.0 
(53.0) (63.2) 

-43.9 4 4 . 5  
(- 138.4) (-140.3) 

Wl-10 42 .O 43.9 7 7 . 1  
(132.6) 1138.4) (243.3) 

Meet Energy - 
2 2 Btu/ft (W.hr/m 1 

Heasured Calculated 

-10.0 -12.5 -12.5 
(-31.71 I (-39.5) I (-39.4) 



I 
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DESCRIPTION: 

REFERENCE: 

WALL S1:. 1-3/8-ln. (35-m) FIBERGLASS BOARD INSULATION 

1-3/8-1n. (35-mn) Flberg lass  board I n s u l a t i o n  w l t h  f o i l  fac ing .  

F lo ra to ,  A. E., "Laboratory Tests o f  Thermal Performance of 
E x t e r i o r  Wal Is," Proceedings o f  t he  ASHRAE/DOE-ORNL Conference 
on Thermal Performance o f  t h e  E x t e r i o r  Envelopes of Bu i ld ings ,  
Orlando, F lp r ida ,  Dec. 1979, ASHRAE SP28, At lanta,  1981, 
pp. 221-236. 

COMPOSITION: 
1. 1-3/8-in. (35-m) Fiberg lass  Board I n s u l a t l o n  

2. Fiber-Reinforced F o i l  Facing (each face),  
pa in ted  o f f - w h i t e  

TABLE Sl-1 - PHYSICAL PROPERTIES OF WALL AT TIME OF TEST* 

3 Proper ty  
~~ __ 

Unl t weight , p s f  (kg/m2) 

Average Thickness, i n .  (mn) 

Area, f t2  (m2) 

Measured 
Value 

1.07 
( 5 ;22) 

1.46 
(37.1) 

73 - 21 
(6.80) 

*Wall was t e s t e d  September through October 
1981. Proper t les  were measured January 1985. 
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TABLE S1-2 - WTERTAL PROPERTIES, FIBERGLASS 

Property 

Thickness*, in .  (nun) 

U n i t  Wefght*, pcf (kg/m3) 

Test Method 

Th erma 1 Co nduc t i  v i ty*, B t u  i n . / h r f t2 'F 
(W/m*K 1 

Specimen 
Condition 

Fkan 
Temperature, 

'F 
I'Cl 

75 
(24)  

Measured 
Value 

1.40 
(35.6) 

8.42 
(135 )  

0.243 
(0  .O350) 

*Propertfes determined by Owens-Corning Fiberglas Corporation. 



i 

"Source: ASHRAE Handbook-1 981 Fundamentals, American Society o f  
Reatf ng, Refrigerating, and Air-Conditioning Engineers, 
Inc., Atlanta, 1981, Chapter 23. 

R, 
Them1 Resistance 

hr t* 'F/B t u 
Componen t 

( 4 W W )  

1 .  Outside Air Film 0.17" 
(0.03) 

2. 1-3/8411. (35-m) Fiberglass 5.50" 
Board Insulation (0 .97)  

3. Inside Air F i l m  0.68" 
(0.12) 

(1.12) 

\ 

Total R 6.35 

Total  U 0.16 
40.89) - 
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TABLE 51-4 - STWY-STATE TEST RESULTS 

I I 
b 

Indoor 
Chaker, 

'L 

48 

49 

7- 
Outdoor 
Ctmtxr, 

5 

22 

26 

Heat Flux, 
2 Condition Btu/hr.ft 

(wm2) 

WDsllnat Test 

32OF -11.1 
tfll = (WC) I (-35.1) 7.10 

(1.25) 

6.SO 
(1.14) 

6.61 
(1.161 

6.35 
(1.12) 

u,* 

0.14 
(0.801 

0.1s 
(0.811 

0.15 
(0.W 

0.16 
(0.09) 

Reel at .ive MIHldlty 

r o t a 1  thermal resistance, R and transmittance, U, for steady-state tests were calculated using the design surface reslstmce 
coefficients fnm Table d ' a n d  measured values of heat flux. w 

7 **Internal thermocouples were not used an th is  wall assmbly. 

+*From Table 5 1 3 .  
+Calculated fran p w r t i e s  measured by Ilwens-Corning FiberQlaSS Corporation and isted i n  Table 51-2. 



'2O WOII S I  r NBS 

Temp., 
O F  

\ 

L t o  - 

30 t 
OO 1 8 16 

Time, hour 

(a) Measured Temperatures 

50 

25 

Tem p., 
"C 

D 

1 30 

-60 I I 1 I 
0 8 I6 24 

Time, hour 
(b) Temperature D i f f e r e n t i a l s  

Fig.  S1-2 Wall S1 Dynamic Test Results for NBS Test Cycle 
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Heat Flux, Heat Flux, 
0 - W 

m2 

Btu 0 
h r . f t 2  

. -  

- ' O r  
-200 0 

8 I6 24 

Time, hour 

(c )  Heat Flux 

Fig .  S1-2 Wall S1 Dynamic Test Results for NBS Test Cycle 
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TABLE Sl-t(a) - DYNMIC TEST RESULTS (PERXOOIC). WBS TEST CYCLE - 

Time,  
hr 

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

b 
Outdoar 

At  r 

42.2 
40.4 
39.3 
39.2 
39.5 
49.6 
64.5 
73.9 
81.6 
90.0 
94.0 
96.1 
103.5 
107.9 
104.2 
97.5 
88.2 
74.2 
62.9 
57.1 
55.4 
55.3 
48.1 
43.2 

68.1 

Measured TPrqJeratures, 

7 

t2  
ktdoor' 
Surf. 

45.3 
43*1 
42.6 
'42.4 
42.7 
51.0 
64.9 
13.8 
81.1 
88.9 
93.0 
95.4 
101.5 la. 1 
103.2 
W.9 
8B.5 
75.8 
64.9 
59.2 
57.3 
57.3 
51.8 
46.4 

69.7 

- 
t 1 

Indoor 
Surf. - 
69.6 
69.5 
69.5 
69.5 
69.4 
69.8 
10.8 
71.4 
11.9 
72.4 
12.8 
73.0 
73.4 
13.7 
73.7 
13.2 
12.7 
11.9 
11.0 
10.6 
70.4 
70.4 
70.2 
69.6 

71.3 
- 
- 

- 
ti 

Indoor 
A i r  - 

10.7 
70.8 
10.8 
10.1 
10.7 
70.8 
71 .O 
71.1 
71.2 
71.3 
11.4 
71.5 
11.5 
11.5 
71.6 
71.5 
71 .S 
71.3 
71.1- 
71.0 
70.9 
71 .O 
70.9 
70.7 

11.1 
- 
- 

IWsured Heat Flux. 
Btu/hr.ft* 

% 
Gal ib. 
Hot Box 

-3.84 
-4.30 
-4.51 
4.71 
-4.30 
-4.14 
-2.31 
-0.50 
0.61 
2.02 
2.52 
3.09 
4.23 
4.16 
5.29 
4.35 
3.35 
1.65 
4.10 
-1.53 
-1.93 
-2.22 
-2.67 
-3.63 

rn terna l  themxouples wre not used an this wall assmbly. 
Qlibrated Hot Box Relatlve Hunidtty: 
Indoor CJwmixr - 442 
Outdoor Chaber - 2QL 

ex* - #OF (23T 
Rin. - 70°F (21OC) 
Laborat0 Air T rature: 

4.37 

- 
qhfm 
IM Q 
Endoor 
Surf. - 
4.00 
4.20 
4.48 
4.46 
-4.47 
-3.79 
-1.57 
9.01 
1.16 
2.44 
3.26 
3.64 
4.46 
5.41 
5.23 
4.32 
3.09 
1.31 
4.67 
-1.74 
-2.20 
3.28 
-2.71 
3.74 

4.25 
- 
- 

-4.33 
4.66 
-4.60 
4 . 5 1  
-4.32 
4.11 
1.44 
2.m 
2.91 
4.19 
3.86 
4.43 
6.35 
6.07 
3.83 
2.38 
0.33 
3.63 
-3.15 
3 - 0 8  
-2.58 
-2.40 
-4.02 
4 . 5 2  

~ . -  

hlculated 
Wt Flux, 

~tu/hr*ft~ 

qss 

State 
Steady- 

4.03 
4.28 
4.47 
4.50 
4.43 
-3.14 
-1 .MI 
0.41 
1.57 
2.84 
3.41 
3.85 
4.86 
5.64 
5.10 
4.10 
2.72 
0.66 
-1.03 
-1 -92 
-2.20 
-2.20 
3.07 
-3.85 

-0.20 

-A33- 
constructlan technology laboratories 



TABLE S1-7(b) - DYNIVIIC TEST RESULTS (PERIOOIC), NBS TEST CYCLE, SI UNITS - 

T i m ,  
hr 

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

Man 
- 
- 

to 
Outdoor 

A i r  

5.6 
4.1 
4.1 
4.0 
4.2 
9.8 
18.1 
23.3 
27.6 
32.2 
34.5 
35.9 
39.7 
42.1 
40.1 
36.4 
31.2 
23.4 
17.2 
13.9 
13.0 
13.0 
9.3 
6.2 

20.4 

&SUM tenperatures, 

*C 

t 2  
Outdoor 

Surf 

7.3 
6.4 
5.9 
5.8 
61 1 
11.8 
19.1 
,23.9 
27.8 
31.6 
33.9 
35.2 
38.6 
41.2 
39.6 
36.1 
31.4 
24.3 
18.3 
15.1 
14.1 
14.1 
11.0 
8.0 

21 .o - 

t 1 
I n b i  
Surf. - 
20.9 
20.8 
20.8 
20.8 
20.8 
21 .o 
21.6 
21.9 
22.2 
22.5 
22.7 
22.8 
23.0 
23.2 
23.2 
22.9 
22.6 
22.2 
21.1 
21.4 
21.3 
21.3 
21.2 
20.9 

21.8 
- 

ti 
Indoor 

A! r 

21.1 

.. 

Matured Heat Flux, 

9w 
Cat ib. 
Hot Borr 

-12.13 
-13.51 
-14.24 
-14.86 
-13.56 
-13.06 
-1.27 
-1.57 
1.92 
6 , s  
7.94 
9.16 
13.34 
15.02 
16.69 
13.73 
10.58 
5.21 
-0.30 
4.81 
4 . m  
-7.00 
-8.43 
-11.46 

-1.16 

qnternal thermxouples were not used on this wall assembly. 

2 Wm - 
9hfm 

Indoor 
Surf. 

*n e 

- 
-12.61 
-13.50 
-14.14 
-14.08 
-14.09 
-11.94 
4.94 
4.02 
3.67 
7.68 
10.29 
11.47 
14.07 
17.06 
16.51 
13.62 
9.75 
4.12 
-2.13 
-5.48 
6.95 
-7.20 
-8.55 

-1 1 .a 

I 

qhfm 

Outdool 
Surf. 

*n e 

-13.65 
-14.11 
-14.52 
-14.22 
-13.63 
-2.24 
4.54 
6.56 
9.17 
13.21 
12.18 
13.98 
20.02 
19.14 
12.09 
1.51 
1.03 
4.30 
-9.94 
-9.70 
-8.14 
-7.59 
-15.22 
-14.27 

-1.11 
- 
- 

alculated 
Wt Flux, 

wm2 

qss 
Steady- 
state 

-12.71 
-13.50 
-14.10 
-14.M 
-13.97 
-9.91 
-3.15 
1.29 
4.95 
8.96 
10.95 
12,15 
15.33 
17.79 
16.09 
12.93 
8 . 9  
2.m 
4-25 
-6.06 
4.94 
4.94 
-9.68 
-12.1s 

4 6 4  
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' 2 0 -  50 - 
Wall SI  
Mod i f  ied 

25 

Temp., 60 - Temp., 
"C "F 

30 

\. 

- 0  

- - 0  

I 

I 1 

Time, hour 
= I  

.*.. ,. ~ - (a) Measured Temperatures 
I r. , 

- 30 64- Wall S I  . 
Modified 
Phoenix 

Ti me, h our 

( b )  Temperature Differentials 
F i g .  S1-3 Nall S1 Dynamic Test Results f o r  Modi f ied  Phoenix 

August Test  Cycle 
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20 

10 

Heat Flux, 

hr . f t2  
Btu 0 

-10 

. Wall  SI 
Mod i f  ied 
Phoenix 

. August 

80 

40 

Heot Flux, 
0 -  W 

m2 

-40 

8 16 

Time, hour 

( c )  Heat Flux 

24 

F i g .  51-3 Wall S1 Dynamic Test  Results f o r  Modified Phoenix 
August Test Cycle 
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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 

TABLE S1-8(a) - DYNAMIC TER RESULTS (PERfODIC), HODIFIED PHOENIX AUGUST TEn CYCLE* 

t 0  

Out door 
A i r  

74.3 
72.9 
71.1 
69.8 
68.2 
67.8 
73.2 
83 02 
91.7 
96.3 
99.3 

102 00 
104 .o 
106.0 
108.5 
111.3 
110.8 
103 *5 
93.8 
86.3 
80.0 
77.8 
76.6 
75.7 

87.7 

Masured fenptratures, 

*F 

t 2  
3utdoor 
surf I 

.- 

74.9 
73.5 
71.9 
70.7 
69.2 
68.7 
93.3 
02.4 
90.5 
95.0 
97.9 

100.4 
102.4 
104 03 
106.6 
109.3 
109.2 
102.7 
93.6 

80.4 

77.1 

86.5 

78.2 

76.2 

87.3 

- 
** 

t 3  
Inter-  
nal  - 

I 

.: 
- 
- 

- 
** 

t 4  
Inter- 
nal - 

- 
- 

t 1 
IFdoor 
Surf. - 

71.2 
71 .O 
71.0 
70.9 
70.8 
70.8 
71.0 
71.5 
72.2 
72.5 
72.7 
72.9 
73.0 
73.2 
73.4 
73.6 
73.7 
73.3 
72.7 
72.2 
71.8 
71.5 
71.5 
71.4 

72.1 
- 

ti 
Indoor 

A i r  - 
70.7 

70.6 
70.6 
70.6 
70.6 
70.6 
70.7 
70.9 
71 .O 
71.0 
71 .O 
71.1 
71.1 
71.2 

71 .3 

71.1 
71 .O 
70.9 
70.9 
70.9 

70.6 

71 03 

71 02 

700 8 

70.9 - 

Rasured Heat Flux, 
2 E t u h r - f t  

q W  

Cal I b. 
Hot Box 

0.99 
0.83 
0.38 

-0.10 
-0.16 
-0.16 

0.08 
1.05 
2.12 
3.56 
3.91 
4.15 
4.93 
4 -87 
5.48 
6.01 
6.05 
5.61 
4 2 4  
3.17 
2.14 
1.52 
1.25 
1.10 

2.63 

- 
qhfm 
HFM @ 

Indoor 
surf. 
7 

0.64 
0.45 
0.18 

-0.05 
-0 02 5 
-0.44 
0.01 
1.33 
2.67 
3.57 
4.09 
4.49 
4.86 
5.16 
5.50 
5.99 
6.15 
5.40 
3 093 
2.71 
1.66 
1.15 
0.91 
0.79 

2.54 
- 
- 

I 

qhf m 
HFM @ 

Outdoor 
Sur f .  

0.13 
-0.04 
-0.36 
-0.46 
-0.74 
-0.45 

1.56 - 

3.76 
4.56 
4.55 
4.81 
5.12 
5.35 
5.69 
6.23 
6.75 
5.6p 
2 097 
1.38 
0.68 
0.13 
0.58 
0.52 
0.41 

2 -45 

:a1 cu 1 sted 
Cat Flux, 

2 I t u h r - f  t 

q S S  

Steady- 
State 

0.63 

0.15 
0.43 

-0.03 
- 0 2 7  
-0.35 

0 1 9  
1.86 
3.15 
3.87 
4 J6 
4.76 
5.09 
5.41 
5.78 
6.21 
6.18 
5.09 

-3.59 
2.45 
1.47 
1.14 
0.95 
0.82 

2.63 

*Avera e indoor and outdoor a i r  tmperatures approximately 7OF (4'C) less than for Phoenix 

'One day o f  data, not average o f  three days. 

Indoor Chamber - 412 
Outdoor Chamber - 20% 

Max. - 74OF / 2 3 ° C r  
Win. - 70°F 21'C 

August T e s t  Cycle. 
*+Internal thermocouples were not used on th is  wall assembly. 

Calibrated Hat Box Relative Humidity: 

Laboratory A i r  Tem rature: 
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TABLE S l 4 l O )  - DYNAMIC TEST EWLTS (PERIOOIC), CWK)IFIED W I X  AWLKT TEST CYCLE.* SI WITS 

~~ 

kasured Wt Flux, 
cal cul ated 
4mt Flux,  

Wm 2 
kasured TeAperatures, 

2 
Wm - 
%fin 
wn I 

I n b r  
Surf. 

2.01 
1.41 
0.57 

4 .16  
4.79 
-1 -38 
0.03 
4.19 
8.43 

11.26 
12.90 
14.16 
15.35 
16.27 
11.36 
18.91 
19.41 
17.03 
12.40 
8-55 
5.24 
3.63 
2.88 
2.49 

8.01 

- 

- 
- 

OC 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 

- 
ti 

Intbr 
A i r  - 

21.5 
21,4 
21.4 
21.5 
21.5 
21.5 
21.5 
21.5 
21.6 
21.6 
21.7 
21.1 
21.1 
21.1 
21 .a 
21.8 
21.8 
21.8 
21.7 
21.7 
21.6 
21 -6 
21.6 
21.6 

21.6 
- 

- 
t 1 

Indoor 
Surf. - 

21.8 
21.7 
21 -6 
21.6 
21.6 
21.5 
21.6 
21.9 
22.3 
22.5 
22.6 
22.7 
22.8 
22.9 
23.0 
23.1 
23.2 
23.0 
22.6 
22.3 
22.1 
22.0 
21.9 
21.9 

22.3 
- 
- 

b 
Out- 

hi r 

t 2  
Dutdoor 
surf. 

9w 
Cal ib. 
Hot Box 

qss 

state 
Steady- 

23.5 
22.7 
21.7 
21 YO 
20.1 
19.9 
22.9 
28. 5 
33.2 
35.7 
37.4 
38.9 
40.0 
41.1 
42.5 
44.1 
43.0 
39.1 
34.3 
30.2 
26.6 
25.5 
24.8 
24.3 

23.8 
23.1 
22.2 
21.5 
'20 7 

22.9 
28.0 
32.5 
35.0 
36.6 
38.0 
39.1 
40.2 
41.5 
42.9 
42.9 
39.3 
34.2 
30.3 
26.9 
2s. 7 
25.0 
24.5 

2oh 

3.13 
2.63 
1.20 

4-30 
-0.49 
4 . 5 2  
0.26 
3.30 
6.70 

11.25 
12.32 
13.09 
15.56 
15.36 
17.28 
18.1 
19.08 
17.70 
13.37 
10.01 
6.74 
4.79 
3.96 
3.47 

0.40 
4 . 1 3  
-1 * 12 
-1.45 
-2.34 
-1.40 
4.91 

11.87 
14.39 
14.35 
15.17 
16.17 
16.89 
17.96 
19.66 
21.29 
11 .m+ 
9.37 
4.34 
2.15 
0.40 
1.81 
1.64 
1-30 

1.99 
1.36 
0.47 
4.09 
4.85 
-1.10 

1.23 
5.81 
9.94 

12.21 
13.15 
15.02 
16.06 
17.07 
18.23 
19.59 
i9.50 
16.06 
11.32 

. 7.73 
4.64 
3.60 
3.00 
2.59 

30.9 30.1 8.29 7.13 8.30 

*Average i n b r  and wtdoor air tenperaturns approximately l°F (4OC) less than for Phoenix 
August Test hrele. 

**Iniernal t h e h l e s  wre not used an this wall assmbly. 
+One day of data, not average of t h w  days. 
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T A k E  51-10 - SulrlMARI OF DYNAMC TEST ESULTS (PERIODIC), THEML LAG 

Test 
Cycle 

NBS 
Modified 
Phoenix 
August 

Them1 Lag, hrs 

Measured 

Calibrated Hot Box Heat Flow Meter 

1 , qss vs qw 'ss "' 'hfm t vs  t 
0 

Avg . Avg 
@ Max. Q Hin. @ Max. B Rin. @ Max. Q Mln. 

0 0 0  0 1 1 0 0.5 

1 0 0 0 0.5 0.5 0 0.5 

TARE $1-11 - S M W  OF DYNAMC TEST RESULTS (PERIODIC) ,  
EDUCTXON IN AWLITUDE 

Test 
Cycle 

NBS 

Modif led 
Phoenix 
August 

Measured, % 

calibrated Hot Box Heat Flow Meter 

B M k  8 Min. Avg. Q Max. Q Min. Avg. 

3 -1 1 3 2 3 

4 6 5  -1 0 0 

~ 

ta lc.  
Tim 

Constant, 
hrs 

0.13 

0.13 

-A39- 

conslruetlon technology laboratorks 



= heat removed by indoor chamber cooling 

= heat supplied by indoor electrical resistance heaters 

= heat supplied by indoor circulation fan 

= heat loss/gain from laboratory 

= heat loss/gain from flanklng path around specimen 

QC 

Qh 

%an 

Q, 

Qf 

The directions of arrows in Fig. 81 indicate positive heat flow. 

Since net energy into the control volume o f  the Indoor chamber equals 

zero, heat transfer through the test wall can be expressed by the following 

energy balance equation: 

The need for coollng l n  the indoor chamber results from requirements for 

dynamic tests. In cases where outdoor temperatures exceed indoor tempera- 

tures, cooling capacity i s  required t o  maintain indoor temperature control. 

Indoor chamber cooling equlpment operates continuously and is deslgned 

Control of indoor chamber temperature is to remove heat at a constant rate. 

obtained by varylng the amount of input heat required to balance the amount 

o f  heat removed by the refrigeration system, the amount o f  heat that f l o w s  

through the test specimen, and the amount o f  heat lost to laboratory space. 

Steady-state callbrated hot box tests on two "standard" calibration 

speclmens were used to reflne calculatSons o f  heat removed by indoor chamber 

cooling, Qc, and flanking losses, 9,. The first calibration specimen, S1, 

has a relatively low thermal reslstance of 6.8 hr.ft2D0F/Btu (1.2 m2*K/W). 

It consists of 1-3/8-in. (35-mn) thick fiberglass and was specially fabri- 

cated to insure uniformity. 

The second calibration wall, 52, has a relatlvely high thermal resistance 

of 16.8 hr.ft*-"F/Btu (3.0 rn2.K/W). Haterial for specimen S2 was selected 

as part of the ASTM Cornittee C16 Hot Box Round Robin program. It consists 

I 

1 
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o f  expanded polystyrene board that i s  specially produced and cut to insure 

uniformity. 

ment o f  instrumentation. 

Board faces are coated to provide surfaces suitable for attach- 

Heat removed by indoor chamber coollng, Qc, was calculated from refrig- 

erant enthalpy and mass flow rate, assuming an Ideal basic vapor compression 

refrigeration cycle. Results from steady-state calibrated hot box tests on 

the two nstandardfl caljbratjon spec'lmens were used to adjust for Inefficien- 

cies in the actual refrigeration cycle. 

Losses from the indoor chamber to the laboratory, Q,, were calculated 

from thermal propertles 'of component materials making up walls and ceilings 

of the Indoor chamber and temperature conditions on the inner and outer sur- 

faces o f  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 air temperatures were generally maintained at the same 

nominal value, 72'F ( 2 2 O C ) ,  to .mlnlmize laboratory losses.  Thus, the value 

o f  Q, is small relative to other terms o f  the energy balance equation. 

\ 

A watt-hour transducer was used to measure heat supplied to the Indoor 

chamber by heaters and a fan, oh + Qfan. 

Heat loss or gain from flanking around the test specimen, Qf, was deter- 

mined from steady-state tests o f  the "standard' callbration walls. Since 

thermal conductance of each standard calibration wall is known, Qw for a 

given steady-state test can be calculated using the following equation: 

where 
9, = heat transfer through test wall, Btu/hr (W-hr/hr) 

2 2  A = area o f  wall surface normal to heat f l o w ,  ft (m ) 
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C = average thermal conductance, Btu/hr.f t2e°F (Wh2.K) 

tp = average temperature o f  outs ide w a l l  surface, O F  ( " C )  

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

Thus, Q, was determined from Eq. (81) using calculated values o f  Q,, Q,, and 

Q , and measured values o f  Q and Qfan. a . h  
For both standard c a l i b r a t i o n  wal ls,  values o f  Of were observed t o  f o l l o w  

the empfr lcal  re la t i onsh ip :  

Qf = 0.802 (t2 - t l )  U.S. u n i t s  (83)  

Qf = 0.131 (t2 - tl) (SI u n i t s )  

where 

Q, 

t2 

tl 

= heat loss  or galn from f lank ing around t e s t  specimen, 
Btu/hr (W.hr/hr) 

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

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

Since Qf I s  the res idual  from Eq. ( B l ) ,  i t  may Include other undetermined 

losses from the indoor chamber. 

A round rob in  t o  inc lude both c a l i b r a t e d  (ASTH Designation: C976) and 

guarded (ASTH Designation: 

Subcornit tee C16.30 whfch, when completed, w i l l  provide Informat ion on the 

prec is lon o f  the ca l l b ra ted  hot box t e s t  method. 

C236) hot  boxes has been organized under ASTM 

I 
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