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Calibrated Hot Box Tests 
of Thermal Performance of Concrete Walls 

M.G. Van Geam A.E. Florala D.W. Musser 

ABSTRACT: The object of research .described in this paper was to evaluate and compare thermal 
performance of selected concrete walls .. ,Walls were subjected to steady-state, transient, and 
periodically varying temperature conditi.o"s in a calibrated hot box. Steady-state tests were 
used to define heat transmission coefficients. Data obtained during periodic temperature 
variations were used to define dynamic thermal response of the walls. 

Normal-weight, structural lightwelght,andlow density concretes were tested. These 
concretes had unit weights ranging from.apprcYximately 50 to 145 pcf. Thermal conductivity of 
the concretes~ derived from c.a.lib.rated hot box tests, ranged from approximately 1.5 to 1 Z.O 
Btu' in./h!" f1!" of. Conductivities dedved from calibrated hot box tests were compared with 
results from guarded hotplate and hot "ire tests. Hot wire tests were also used to evaluate 
the influence of moisture on ,thennal:>,copdllcti;t~ty,. Data obtained from dynamic tests \'/ere 
compared with steady-state calpu-1attons,o Inaddition. 'data were compared with calculations of 
dynamiC response made using measured, va-Ju~s 'of theon,al properties. 

INTRODUCTION 

Tests were conducted to. eyaluate thermal performance of solid concrete walls under 
steady-state and dynamic temperature conditions. Dynamic tests provided a measure of thermal 
response under selected temperature ranges. A simulated sol-air dynamic cycle was selected to 
permit comparison of results withthos.e obtained in previous investigations. 1,Z,3 

Objectives of the e~perimental investigation were to evaluate and compare thermal 
performance of three concrete walls. Wall Cl was constructed of normal-weight concrete, wall 
CZ of structural lightweight concrete, and wall C3 of low density concrete. This paper 
summariZes experimental results for the three wall s. Detailed results for each wall are 
'covered in separate reports. 4,5 t 6 -:' 

Also included in this paper are data on thermal conductivity of control specimens cast 
from the same concrete used in the walls. 

WallS were tested in the calibrated hot box facility of Portland Cement Association's 
Construction Technology laboratories (CTl). 

TEST SPECIMENS 

The test walls had overall nominal dimensions of 103 x 103 in. (2.62 x 2.62 m). All wall 
construction, including concrete mixing and ,casting, wa's perfonned at eTl. 

M. G. Van Geem, ReSearch Engineer, Construction Meth'ods Department, A. L Fiorato, Director, 
Concrete Materials Research Departmeht, and D. W. Musser, Director, Construction Methods 
Department, Construction Technology Laboratories, a Division of the Portland Cement 
Association, 54Z0 Old Orchard Road, Skokie, Illinois 60077. 
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Construction 

The test walls were all constructed of reinforced concrete. They differed~ however, in the 
type of concrete and size of reinforcement. Mix designs of the walls are given in Tab. 1-
Details of wall construction are given in individual wall reports. 7,8,9 

Wall Cl was a normal-weight concrete wall having an average measured thickness of B.31 in. 
(211 mm). Elgin coarse and fine aggregates were used in the concrete. Nominal maximum size 
of the coarse gravel was 3/4 in. (19 mm). Elgin aggregates are dolomitic. 10 

Wall C2 was a structural lightweight concrete wall with an average thickness of 8.28 in. 
(210 mm). Expanded shale aggregate with a nominal maximum size of 3/4 in. (19 mm) was used. 

Wall C3 was a low density concrete wall with an average thickness of 8.52 in. (216 mm). 
Expanded perlite aggregate was used in the concrete; its maximum size was No. 8 (2.36 mm) 
mesh. Expanded perlite is produced by heating and, thereby, expanding perlfte, a volcanic 
gl ass. 

Reinforcement in walls C1 and C2 consisted of a single layer of No.5 bars spaced 12-in. 
(305 mm) .cefiter to. center in each direction as shown in Fig. 1. A single mesh of 6-mm 
diameter deformed bar reinforcement was used in wall C3. Walls were cast horizontally. 

Reinforcing bars were supported at a height of 4 in. (102 mm) off the formwork base by 
concrete chairs. Chair supports were constructed using the same concrete used for the wall. 
Concrete rather than steel or plastic, chairs were used since precise measurement of wall 
thermal properties required the elimination of possible thermal bridges. 

Walls Cl and C2 were allowed to cure in formwork for 7 days. Wall C3 was cured in 
formwork for 14 days. After removing formwork, the walls were allowed to air cure in the 
laboratory at an air temperature of 73±5°F (23±3"C) and 45±15% RH. Walls Cl and C2 were air 
cured for 5 months before testing. Wall C3 was air cured for 6 months. 

Wall faces were coated with a cementitious waterproofing material that seals minor surface 
imperfections. A textured~ white acrylic paint was used' as a finish coat. These coatings 
provided a uniform surface for both wall faces. Wall edges were left uncoated. 

Unit ~Jeight 

Weights of walls Cl, C2, and C3, and corresponding 6 x 12-in. (152 x 305-mm) control 
specimens were detenmined periodically while air drying. The volume of each wall was 
determined from average measured dimensions. Volume of each cylinder was calculated from 
cylinder weights in air and immersed in water. Unit weights were then calculated from 
measured weights and volumes. 

Unit weights for walls Cl, C2, and C3 and the 6 x 12-in. (152 x 30S-mm) cylinders are 
illustrated in Fig. 2. Unit weights decreased with time for the first two to three months and 
then remained fai,rly constant. The reduction in unit weight is due to evaporation of free 
water from concrete. Wall unit weights at the time of calibrated hot box tests were determined 
to bj 144 pcf (2300 kg/m3) for wall Cl, 102 pcf (1630 kg/m3) for wall C2, and 46 pcf (740 
kg/m ) for wall C3. 

Moisture Content 

Average moisture content of each wall at the time of' calibrated hot box tests was 
determined from air-dry unit weight of the wall and average oven-dry unit weight of selected 
control specimens. Average moisture contents relative to oven-dry weight at the time of test 
were 2.1% for wall Cl, 8.5% for wall C2, and 9.5% for wall C3. 

CALIBRATED HOT BOX TEST FACILITY 

Tests were conducted in the calibrated hot box facility shown in Fig. 3. This facility was 
developed to permit realistic evaluation of thermal performance of large wall assemblies under 
steady-state or dynamic temperature conditions. Tests were perfonned in accordance with 
ASTM:C976

j 
Test Method for Thermal Performance of Building Assemblies by Means of a Calibrated 

Hot Box.' 
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Description 

The following is a brief description of the calibrated hot box (details are available in 
Ref. 12). The facility consists of two highly insulated chambers, as shown in Fig. 4. Walls, 
ceiling, and floors of each chamber are insulated with foamed urethane sheets to obtain a 
final thickness of 12 in. (305 mm). During tests, the chambers are clamped tightly against an 
insulating frame that surrounds the test wall. Air in each chamber is conditioned by heating 
and cooling equipment to obtain desired temperatures on each side of the test wall. 

The outdoor chamber can be held at a constant temperature or cycled between -15 and 130°F 
(-26 and 54 °e). Temperature eyeT es can be programmed to obtain the des; red time-temperature 
relationship. The indoor chamber, which simulates an indoor environment~ can be maintained at 
a constant room temperature between 65 and BO°F (18 and 27°C). 

The facility was designed to accommodate walls with thermal resistance values ranging from 
1.5 to 20 hr'ftZ"F/Btu (0.26 to 3.52 K·m2/W). 

Instrumentation 

Instrumentation was designed to monitor temperatures inside and outside of the chambers~ 
air and surface temperatures on both sides of the test wall. interior temperatures within the 
test wall, laboratory air temperature. and heating energy input to the indoor chamber. 
Supplementary measurements monitor indoor cooling system performance as well as heat flux at 
selected locations on the specimen and chamber surfaces. Basically, the instrumentation 
provides a means of monitoring the energy required to maintain constant temperature in the 
indoor chamber while temperatures in the outdoor chamber are varied. This energy, when 
corrected for thermal losses, provides a measure of heat flow through the test wall. 

Calibration Procedure 

The following is a brief description of the calibration procedure used for determining 
heat flow through the test wall. Details are available in Ref. 13. 

Heat flow is determined from measurements of the' amount of energy input to the indoor 
chamber to maintain a constant temperature~ The measured energy, input must be adjusted for 
heat losses. Figure 5 shows sources of heat losses and gains by the indoor chamber 

where 
Qw = heat transfer through test wall i Btu/hr (W'hr/hr) 
Qc = heat removed by indoor chamber cooling, Btu/hr (W'hr/hr) 
Qh = heat supplied by indoor electrical resistance heaters, Btu/hr (W'hr/hr) 

Qfan = h.eat supplied by indoor circulation fan, Btu/hr (W'hr/hr) 
Q, = heat loss/gain f~o~. laboratory. Btu/hr (W'hr/hr) 
Of = heat loss/gain .fr.om flanking path.round specimen, Btu/hr (W'hr/hr) 

Since net energy into ,the 'control ,volume ~quals zero, heat transfer through the test wall can 
be expressed by the fo 11 owi ng energy balance equati on 

(1l 
A watt-hour transducer is used to measure Qh and Qfan' The value of Q~ is calculated 

from measured temperatures. Heat flux transducers are used to check calculations. 
Steady-state calibrated hot box tests of two "standard fl calibration specimens were used to 
refine calculations of Q, and Qc and to determine Qf. In addition to flanking losses, 
other miscellaneous losses from the indoor chamber are included in Qf.14 

For steady-state and dynamic tests performed on the concrete walls, the indoor-chamber air 
and laboratory air temperatures were maintained at the same naminal value, 72°F (22°C)t to 
minimize laboratory losses. Thus, the value af Q£. is small relative to other terms of the 
energy balance equation~ . 

STEADY-STATE THERMAL PROPERTIES OF THE CONCRETES 

Thennal conductivity of the concrete walls was derived from steady-state tests using the 
calibrated hot box. The guarded hot plate (ASTM:C177) and hot wire methods were also used to 
determine thermal conductivity of wall concrete. Values of thennal transmittance, specific 
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heat. and thermal diffusivity are not presented in this paper but are discussed in reports for 
each individual wall.15, 16, 17 

Guarded Hot Plate 

For each wall, average apparent thermal conductivi ty of two 5.6 x 5.6 x 1.95-; n. 
(J42 x 142 x 49.5-mm) samples was determined18 in accordance with ASTM:Cl77, Standard Test 
Method for Steady-State Thermal Transmission Properties by Means of the Guarded Hot Plate. l9 
Specimens were cured for 7 days in molds and approximately one year at 73±56 f (23±3°C) and 45± 
15% RH. Samples were cut to size from 16 x 16 x 2-in. (406 x 406 x 51-mm) specimens and were 
oven dried before testing. 

Common practice in hot plate tests is for thennocouples to be placed in surface contact 
with the test sample. However, for tests conducted on these concrete specimens thermocouples 
were embedded into surfaces of each concrete specimen. Fine wire thermocouples in silica 
protective tubes were fitted tightly into 0.020 x 0.020-in. (0.51 xO.51-mm) grooves that had 
been cut into the surfaces. According to Tye and Spi nney 20 if thermocouples are not 
embedded in the specimen" a contact resistance can be introduced between the thennocouple 
junction and the concrete surface and will result in an artificially large temperature 
difference across the specimen~ Consequently, the derived value of conductivity will be too 
low. 

Apparent thermal conductivities of oven-dried samples obtained by hot plate tests at a mean 
specimen temperature of 70'F (2l'C) were 16.1 Btu·in./hr·ft2··F (2.32 W~m·K) for wall Cl, 
4.49 Btu·in./hr·ft2··F (0.647 W/m·K) for wall C2, and 1.44 Btu·in./hr·ft .oF (0.208 W/m·K) 
for wall C3. 

Hot Wire Method 

The hot wire method21 was also used to determine apparent thermal conductivity of 
air-dry and oven-dry prisms. For these tests, concrete prisms were cast with a 
nickel-chromium constantan thermocouple embedded along their central longitudinal axis. 

To test a specimen using the hot wire method, a thennocouple reading is taken, electrical 
current is supplied to the wire, and additional temperature readings are made at selected 
intervals for a period of 10 minutes~ Apparent thermal conductivity is calCUlated from the 
measured current~ the resistance of the wire, and the thermocouple readings_ 

Thennal conductivity of each type of concrete was measured on two sets of specimens. A 
first set of three specimens was cured in molds for 7 days and then air cured at 73±5°F 
(23±3'C) and 45±15% RH. Conductivity of these speCimens was determined for the air-dry and 
oven-dry conditions. Average apparent thermal conductivities are given in Tab. 2. 

A second set of specimens was cured in molds for 24 hours and then moist cured at 73±3°F 
(23±1. rC) and 100% RH for a minimum of 3 months. Tests were performed on three specimens for 
walls C1 and C3 and one specimen for wall C2. Specimens were first tested immediately after 
removal from the moist cure room. Tests were then conducted after speCimens had been air 
dried for 7, 26, and 54 days. A final test was performed on specimens after they had been 
oven-dried. Hot wire test results for the moist-cured samples are shown in Tab. 3. 

Calibrated Hot Box 

Apparent thermal conducti vi ty of the concrete wall s was wal so derived from steady-state 
cal ibrated hot box tests,_ Steady-state tests are conducted by maintaining constant indoor and 
outdoor chamber temperatures. Conductivity values were calculated from data collected when 
speCimen temperatures reached equilibrium and the rate of heat flow through the test wall was 
constant. 

Apparent thermal conductivity was determined from the following relationship 

k 
3.413 t·Qw 

A·(trtl) 

k thermal conductivity~ Btu·in./hr-ft2.oF 

III 

( 2) 



t = wall thickness, in. 
Q = heat transfer through test wall, W·hr/hr 
AW = area of wall surface normal to heat flow, ft2 
t z = average temperature of outside wall surface, of 
t, = average temperature of inside wall surface, of 

3.413 = conversion factor from W·hr/hr to Btu/hr 

The amount of heat passing through the test wall, Qw' was calculated from Eq 1. 

Values of conductivity are reported in Tab. 4 for selected mean wall temperatures tested. 
Mean wall temperature is the average of the indoor wall surface temperature, tl, and the 
outdoor wall surface temperature, t2' 

Discussion of Results 

Figure 6 shows the ratio of conductivity of concrete at a particular moisture content to 
conductivity of the oven-dry concrete plotted as a function of moisture content. Data were 
obtained from hot wire tests listed 'in Table 3. Increased moisture content of the concrete 
increased conducti'vity. 

Thennal conductivity versus moisture content relationships proposed in Refs. 22, 23, and 
24 are also shown in Fig. 6. Hot wire test data for walls C1 and C3 lie between the curve 
proposed in Ref. 23 and the line proposed in Ref. 24. Wall C2 concrete generally shows a 
smaller increase in conductivity with moisture content than is predicted by any of the 
proposed relationships. 

Unit weight of concrete strongly influences thermal conductivity. Figure 7 illustrates 
that values of thermal conductivity for oven-dry concretes ran2e from approximately 1.0 
Btu·in./hr·ft2.oF (0.14 W/m·K) for wall C3 to 16 Btu·in./hr·ft2• F (2.3 W/m·K) for wall C1. 

Figure 7 also shows that measured values of thermal conductivity varied with the test 
method used. Guarded hot plate and hot wire test results are for air-cured oven-dry samples. 
Calibrated. hot box results were derived from thermal conductivity values of the walls at a 
mean temperature of 70°F ,(Zl Ge), converted to oven-dry val ues. Vallles were calcul ated 
assuming, a 6% increase in,thennal ,coriductjvity for each 1% increase in moisture content, by 
weight, re1ativeto.oven-dtydensity.25 

Thermal conductivity of oven-dry concrete has been estimated from 26 

IP units: k 0.5eO.02p 

SI units: k = 0.072e1250p 

k = thermal conductivity, Btu·in./hr·ft2.oF (W/m·K) 
p = oven-dry unit wei.ght of concrete, pcf (kg/cm3) 
e = base of the system of natural logarithms 

Estimated values of thermal conductivity calculated from Eq 3 are also plotted in Fig. 7. 

( 3) 

Figure 7 shows that conductivities of oven-dry nonnal-weight' concrete detennined using the 
guarded hot plate and hot wire methods are. substantially greater than estimated values. 
Results from calibrated hot box tests are closer to the values estimated from Eq 3. 

Results from hot wire and guarded hot plate tests are higher than those from calibrated 
hot box tests. This difference is attributed to contact-resistance .. temperature measurement 
error. A surface-contact thermal resistance results from any thin air gap between the 
thennocouple, wire and the concrete at their point of contact. This additional thermal 
resistance can occur when thermocouples are not embedded in the test material. For materials 
with high thermal conductivities" the surface-contact resistance can be a significant part of 
the total measured resi stance. ,,7 Surface-contact thennal resi stance may be of the same 
order of magnitude as the resistance of the normal-weight concrete wall. 

For calibrated hot box tests, thennocouple wires were applied to the walls in accordance 
with ASTM:C976, Section 5.7.1, which states that requirements of the standard are presumed to 
be met if wire is "taped. cemented or otherwise held in thennal contact with the surface using 
materials of emittance close to that of the surface." 
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Apparent thermal conductivity resul ts for nonnal-wei ght and structural 1 i ghtwei ght 
concrete walls tested in the calibrated hot box were lower than results determined using the 
guarded hot plate, with thermocouples placed in grooves, or the hat wire method, with embedded 
thenmocouples. These results are indicative of the influence of contact resistance on 
determination of apparent thermal conductivity for walls Cl and C2. This influence is 
negligible for wall C3. 

As can be seen in Tab. 4, results from calibrated hot box tests indicated an increase in 
thermal conductivity of concrete with temperature. 

DYNAMIC CALIBRATED HOT BOX TESTS 

Although steady-state tests provide a measure of resistance to heat flow, response of walls to 
temperature changes is a. function of both thenna1 resistance and heat storage capacity. 
Dynamic tests are a means of evaluating thermal response under controlled condittons that 
simulate temperature changes actually encountered in building envelopes. These tests provide 
a comparative measure of response and al so can be used to verify analytical model s for 
transient heat flow. 

Test Procedure 

Dynamic tests were conducted by maintaining calibrated hot box indoor air temperatures 
constant while outdoor air temperatures were cycled over a predetermined time-versus
temperature relationship. Energy required to maintain a constant indoor air temperature was 
monitored as a function of time~ The rate of heat flow through the test wall was detennined 
using Eq 1 for hourly averages.of data. 

Three 24-hr (diurnal} temperature cycles were used in this investigation. The first cycle 
applied to each wall was based on a simulated sol-air* cycle used by the National Bureau of 
Standards in evaluating dynamic thennal performance of an experimental masonry building. 28 
It represents a large variation in outdoor temperature over a 24-hr period. The mean outdoor 
temperature of the cycle was approximately equal to the mean indoor temperature. This (;yc1e, 
denoted NBS, was run to permit comparison of results with those from earlier tests. 29,30,31 

Two additional sol-air temperature cycles were ron. The NBS+1D 
increasing hourly outdoor temperatures of the NBS cycle by 10'F (6·C). 
derived by decreasing hourly outdoor temperatures by lD'F (6·C). 

cycle was derived by 
The NBS-l D cycle was 

For all tests, dynamiC ~yc1es were repeated until conditions of equilibrium were 
obtained. Equilibrium conditions were evaluated by consistency of applied temperatures and 
measured energy response. Each test required approximately four to six days for completion. 
After equilibrium conditions were reached, the test was continued for three days. Results are 
based on average readings for at least three consecutive 24-hr cycles. 

Dynamic Test Results 

Results for the NBS-10 cycle are given in Figs. 8 through 10. Results from the other two 
dynamic cycles are presented in Refs. 32J 33, and 34. 

Figures 8 (a). 9 (a). 
for the three wall s. 
temperatures: 

and 10 (a) give measured air, surface, and internal wall temperatures 
The following notation is used to designate average measured 

ti = indoor chamber air temperature, OF (OC) 
tl = wall surface temperature. indoor side. OF (OC) 
t3 = internal wall temperature at approximate midthickness, ftF (ftC) 
t2 = wall surface temperature, outdoor side, ftF (OC) 
to = outdoor chamber air temperature. ftF (GC) 

*Sol-air temperature is that temperature of outdoor air that, in the absence of all radiation 
exchanges, would give the same rate of heat entry into the surface as would exist with the 
actual combination of incident solar radiation, radiant energy exchange, and convective heat 
exchange with outdoor air. 3l 
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Figures 8 (b). 9 (b). and 10 (b) present measured heat flow rates. Q • through the walls 
calculated from Eq 1. Heat flow rates measured by a heat flow meter on t~e insirle surface of 
the test wall. Qhfm. and those predicted by steady-state analysis. 0S5' are also shown. 
Positive values represent heat flow from the outdoor to the indoor side ot the wall. All data 
are averages from three consecutive 24-hr cycles. 

Heat flow meter data were calibrated using results of steady-state calibrated hot box 
tests. Heat flow meter readings were plotted against measured heat flow rates, Ow. for the 
steady-state tests. A linear regression analysis of the data was used to obtain a calibration 
factor for the heat floW meter. 

Heat flow rates predicted by steady-state analysis were calculated on an hourly basis from 
wall surface temperatures using 

A·C·(t -t ) 
Q = 2 1 

ss 3.413 

Qss = heat transfer through test wall. W'hr/hr 
A = area of wall surface normal to heat fl~w. ft2 
C = average thermal conductance. Btu/hr'ft .of 

t2 = average temperature of outside wall surface, OF 
tl = average temperature of inside wall surface, OF 

3.413 = conversion factor from W'hr/hr to Btu/hr 

Values of thermal conductance were determined from calibrated hot box test data. 

(4) 

Peaks, in"',the measure,d heat flow curve, Qw' have smaller amplitudes and occur later than 
those on' the Qss curve. 

Thermal lag is a measure of the response of inside and outside surface tem
flowt,ofluctuations .in outdoor temperature. Lag is indicative of both 

th"rm,al "e,sistaneeand heat storage capacity of the test specimen. 

Thermal lag is qu~ntified by two measures in Tab. 5. In one measure. lag was calculated 
as the time required for,the'maximum or mini,mum indoor surface temperature to be reached after 
the max,imum 9r minimum outdoor air temperature was attained. In the second measure, lag was 
calculated as the time required for the maximum or minimum heat flow rate, Ow. to be reached 
after ,the maxi'l'Unl, or minimum heat flow rate based on steady-state predictions. Qss • was 
attained, This is,illustrated in Fig. 8 (b). 

The two me<lsuresof)ag giVeth" same results for walls Cl and C2. For wall C3 the 
average diffe'rence betwe,~'n t~e two measures is approximately one hour. Maximums and minimums 

'for wall C3 are less prominent than those for walls Cl and C2. Therefore. determination of the 
exact location of peaks is subject to,mor. variability for wall C3 than for walls Cl and C2. 

Heat flow meter data, denoted by Qhfm in the figures, consistently show the same lag 
time as measured heat flow data, Qw' 

The low density concrete, wall C3~ has the greatest lag time. This result is consistent 
with that indicated by thermo-phYsical properties of the concretes. 

Thermal lag increases with an increase in35 

M = ~L:/a 

L = >Jall thickness. ft (ml 
P = length of dynamic cycle hr 
a = thermal diffusivity. ft~/hr (m2/s) 

a = _k_ 
p'C 
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k = thermal conductivity, ~tu/hr'ft"F (W/moK) 
p = unit weight, pcf (kg!m ) 
c = specific heat, Btu/lb"F (J/kg'K) 

Wa 11 thi ckness, 1 ength of dynami c eye1 e, and specif; c heat are approximate 1y equal for wa 11 s 
p, C2, and C3. Therefore, differences in thermal lag for the three walls are due to 
aifferences in thermal conductivity and unit weight. 

Values of M for walls C2 and C3 are, respectively, 1.3 and 1.7 times greater than the 
value of M for wall Cl. Thermal lags for walls C2 and C3 are, respectively, 1.4 and 2.1 times 
greater than the thermal lag for wall C1. Thus. the measured increase in thermal lag is 
consistent with that indicated by theory. 

Thermal lag is of interest because the time of occurrence of peak heat flows will affect 
the overall response of the building envelope. If the envelope can be effectively used to 
delay the occurrence of peak loads. it may be possible to improve overall energy efficiency. 
The lag effect is also of interest in passive solar applications. 

Reduction in Amplitude. Reduction in amplitude? or damping? of heat flows is influenced 
by the same factors that affect thermal lag. Both thermal resistance and heat storage 
capacity affect damping. Reduction in amplitude is illustrated in Fig. 8 (b). 

Values of percent reduction in amplitude listed in Tab. 5 were calculated by 

(7) 

A = percent reduction in amplitude 
Q = mean measured heat flow through wall 
Q~ = maximum or minimum measured heat flow through wall 

Q~s = maximum or minimum heat flow through wall, predicted by steady-state analysis 

Reduction in amplitude also increases as M increases. 36 Reductions in amplitude 
(percent) for walls C2 and C3 are 1.2 and 1.4 times greater than that for wall Cl. This 
compares to values of M for walls C2 and C3 that are, respectively, 1.33 and 1.67 times 
greater than the value of M for wall Cl. 

Maximum heat flow through a wall is important in determining the peak energy load for a 
building. If peak heat flows are reduced, peak energy demands will decrease. Storage 
capacity, as well as thennal transmittance of each wall in a building envelope. influences 
peak energy requirements. 

Ampl itudes for heat flow meter data, Qhfm' are less than amplitudes for measured heat 
flow, Qw' This occurs for all walls and can be seen in Figs. 8, 9, and 10. Amplitudes for 
Qhfm and <lw differ because of the physical effect of a heat flow meter mounted on a wall. 
Heat flow paths are altered at the location of the heat flow meter. Calibration of the heat 
flow meter using steady-state results does not correct for dynamic effects at the meter 
location. 

Measured Energy. Results of dynamic tests were also compared using measures of energy 
expended in maintaining a constant indoor temperature whHe outdoor temperatures were varied. 
Energy expended is a measure of heat flow through the test wall. It should be noted that 
comparison of measured energy values for the test walls is limited to specimens and dynamic 
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 are 
for individual opaque wall assembl ies. As such, they are representative of only one component 
of the building envelope. 

The curves marked "Qw" in Figs. 8 (b), 9 (b), and 10 (0) were used to determine total 
energy expended. For each dynamic test, the sum of the absolute values of positive and 
negative areas between the Qw curve and the zero heat flow rate line was calculated to 
obtain total energy over a 24-hr period. This value is denoted as Q~ in Tab. 5. 
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A similar procedure was used to calculate total energy based on steady-state predictions 
over a 24-hr period. This value. Qh in Tab. 5~ is the sum of the absolute values of positive 
and negative areas under the steaoy-state curves? Qss ' 

Values of Q' J Qb' and Qf/Qh for the NBS-TO test cycle are listed in Tab. 5 for each wall. 
For all three wafls~ total m~asDred energy, Q', was considerably less than total energy based 
based on steady-state predictions, Qb, a 

Thennal conductivity and unit weight influence total measured energy. If total measured 
energy were dependent solely on thermal conductivity, the ratio of total energy for two walls 
would be equal to the ratio of conductivities of the walls. Conductivities for walls C1 and 
C2 are, respectively, B.4 and 3.4 times greater than the conductivity of wall C3. Values of 
total energy for walls C1 and C2 are, respectively, 5.1 and 2.B times greater than that for 
wall C3. Therefore, total measured energy is less than what would be predicted on the basis 
of conductivity of wall concrete. 

These results confirm data obtained in earlier investigations that indicate that thermal 
mass has a beneficial effect for diurnal cycles in which outdoor temperatures fluctuate above 
and below indoor temperatures to cause reversals of heat flow. 

Measured net energy for dynamic tests theoretically should be equal to net energy based on 
steady-state predictions. Measured net energy for a 24-hr periodic cycle is equal to the 
difference between positive and negative areas under the heat flOW-rate curves. Steady-state 
net energy was calculated according to the following equation: 

where 

m m 
C'A'Ct1 - t Z)·24 

Qn ' 3.4.13 

Qo ' net energy based on steady-state predictions 
c = average measured thermal conductance, Btu/hriftZ··F 
A 'area of wall surface. normal to heat flow, ft 

t m , meantemperature.of inside .wo11 surface over 24-hr cycle, 'F 
t~ = mean temperature of outside. wall surface over 24-hr cycle, 'F 

3.413' conversion factor from W;hrlhr to Btu/hr 

(B) 

A comparison of calculated and measured net energy data is given in Tab. 5. Measured and 
calculated values agree to within .all, indicating that measured data are reasonable. 

SUMMARY AND CONCLUSIONS 

Thi,s report presents ,re$ult~ of ,an e,xperimental investiga'tion of heat transmi ssion 
characteri stics of a n,o,nital""wei ght, 'structural concrete wall, a structura 1 1 i ghtwei ght concrete 
wall, and a low density concrete wall under steady-state and dynamic temperature conditions. 
Companion concrete control .. specimefls were alSo tested to determine physical and thermal 
properti es. 

The foHowing conclusions are based 0." results obtained in this investigation. 

1. Uni.t weights of walls C1, .£2, and C3 were 144,102, and 46 pcf (2300, 1630, and 740 
kg{m3), respectively. 

2. Moisture, 'contents',. ,~xpre-,$sed<as percent ,relative to oven ... dry weight, for wall s C1, 
C2, atid·C3 wer'e<Z·:l,B.5;<and 9.5, ~espectjve1y. 

3. Apparent thermalc(mductivities derived from steady,state ,calibrated hot box tests for 
walls Cl, C2, and C3 were 11.7, 4.7, and 1.4 Btu·in./hr·ft2··F (1.69,0.68, and 
0,20 W/m·Kl, respectively. 

4. Apparent thermal conductivities of oven-dry concrete obtained from guarded hot plate 
tests with embedded thermocouples were 16.1, 4.49, and 1.44 Btu·in./hr·ft2··F 
(2,32, 0.647, and 0,20B W/m'K) for wa11sC1, C2, and C3, respectively. 
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Sw Mea,sured conductivities of air-dry ~oncrete determined from hot wire tests were 
20.3, 6.03, and 3.05 Btu·in.!hr·ft .oF (2.93, 0.870, and 0.440 W!m'K) for walls 
C1, C2, and C3, respectivelY4 

6. Thermal conductivity of concrete increases with density. 

7. Values of apparent thermal conductivity vary with test method. Differences are most 
significant for normal-weight and structural lightweight concrete. 

8. An increase in moisture content of 'concrete increases thermal conductivity~ 

9. Heat storage capacity of the concrete wall s delayed heat flow through the specimen 
(as indicated by thermal lag). Average thermal lags of walls Cl, C2, and C3 were 4, 
5.5, and 8.5 hours, respectively. 

10. Heat storage capacity of the concrete .waHs reduced peak heat flows through the 
specimen (as indicated by the damping effect). Average reductions in amplitude of 
heat flow for walls Cl, C2, and C3 were 45, 54, and 63%, respectively. 

11. Energy requirements for a 24-hr period were lowest for the low density concrete 
wall. Total energy expended depends on concrete thermal conductivity and unit weight. 

Results descri bed in thi s report provide data on thermal response .of three concrete wall s 
subjected to steady-state and dynamic temperature cycles. A complete analysis of building 
energy requirements must include' consideration 'of" the entire building envelope, the building 
orientation and operation, and yearly weathEr conditions. Oata developed in this eXperimental 
program provide a quantitative basis for modeling the building envelope, which is part of the 
overall energy analysis process. 
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TABLE 1 

Concrete Mix Characteristics* 

Mix Proportions, 1b/yd3 (kg/m3) Fresh Concrete 
Vinsol 

Fine Coarse Resin.*** Unit wt. , Air Slump 
Wall Cement Aygre~ate Agyregate Water ml/1b W/C pcf Content, in. 

SSD ** SSD) cement (kg/m3) % (mm) 

Cl 463 1472 1746 280 1. 50 0.60 146.8 5.9 2.9 
(275) (873) (1036) (166) (2352) (74) 

C2 519 1150 780 340 1. 75 0.66 103.1 6.3 2.8 
(308) (682) (463) (202) (1652) (71 ) 

C3 721 248**** 0 538 4.72 0.75 56.1 - -
(428) (147) ( 319) (899) 

*Values given are average of 10 batches for walls C1 and C2, and three batches for 
wall C3. 

**Saturated surface dry (550). 
***Air entraining agent. 

****Ory weight of perlite. 

TABLE 2 

Apparent Thermal Conductivity of Air-Cured 
Specimens, Hot Wire Method 

Air Dry 

"of sture . 

Age at Content, Thermal 
Wall T:p:etof DenStty, $ by' Conductivit~, Dens}ty, es , pc oven-Hry pc 

days (kg/m3) 
Btu.jn./hr'ft .oF 

(kg/m3) wt. (W/m·K) 

C1 154 143 1.8 20.3 140 
(2290) (2.93) (2240) 

C2 98 99 5.2 6.0 94 
(1580) (0.87) (150,0 ) 

C3 78 56 17.3 3.1 48 
(900) (0.44) (770) 

120 

Oven Dry 

Thermal 
Conductivit~, 

Btu'in./hr'ft .oF 
(W/m'K) 

13.6 
(1.96) 

4.2 
(0.61 ) 

1.5 
(0.22) 



Wall 

C1* 

C2** 

C3*** 

TABLE 3 

Apparent Thermal Conductivity of Concretes 
At Different Moisture Contents, Hot Wire Method 

k 
Length Moisture Unit Thermal 

of Time Content, Weight, Moisture Conduct; vi ty, 

Air Cured, % oven-dry pcf3 
Content, Btu·in. 

days weight (kg/m ) % volume hr·ft2.oF 
(W/m·K) 

64+ 0 141 0 14.0 
(2260) (2.02) 

54 3.1 145 6.9 21. 3 
(2320) (3.07) 

26 3.8 146 8.5 23.7 . 
(2340) (3.42) 

7 4.4 147 9.9 21.5 
(2350) (3.10) 

0 5.3 148 11.9 25.7 
( 2370) (3.7]) 

63+ 0 93 0 5.14 
(]490) (0.740) 

54 9.5 102 14.1 6.85 
(1630) (0.987) 

26 10.5 103 15.7 7.02 
(1650) (]'012) 

7 11.6 104 17.3 6.98 
(] 660) (].007) 

0 13.6 106 20.2 9.91 
(1700) (1.429) 

63+ 0 46 0 1.32 
( 740) (0.190) 

54 28.9 59 21.2 3.12 
(940) (0.450) 

26 34.6 62 25.4 3.18 
(990) (0.459) 

7 40.8 64 29.9 3.20 
(1020) (0.46]) 

0 48.7 68 35.7 3.91 
(1090) (0.564) 

k(moist) 

k(ovendry) 

1 

1.52 

1.69 

]. 54 

1.84 

1.00 

1.33 

1.37 

1.36 

1.93 

1 

2.36 

2.41 

2.42 

2.96 

*A11 specimens cured 24 hours in molds and 174 days at 73±3°F (23±1.7°C) 
and 100% RH prior to air curing. • 

**A11 specimens cured 24 hours in molds and 119 days at 73±3°F (23±1.7°C) 
and 100% RH prior to air curing. 

***All specimens cured 24 hours in molds and 100 days at 73±3°F (23±1. 7°C) 
and 100% RH prior to air curing. 

+Ovendry 

J2J 



TABLE 4 

Apparent Thermal Conductivity Derived From 
Calibrated Hot Box Steady-State Test Results 

Mean Thenna1 
Wall Conduct; vi ty, 

Wall Temperature, Btu';n. 
of hr·ft2.oF 

( °C) (W/m'K) 

37.0 11.63 
(2.8) (1.68) 

C1 54.9 11.64 
(12.71 (1.65) 

101.0 11.79 
(38.3) (1. 70) 

33.9 4.66 
(1.1) (0.672) 

C2 51.9 4.69 
(11.1) (0.676) 

87.7 4.77 
(30.9) (0.688) 

99.0 4.83 
(37.2) (0.696) . 
52.6 1.38 

(11.4) (0.199) 

C3 89.5 1.50 
(31.9) (0.216) 

99.8 1.56 
(37.71 (0.225) 
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TABLE 5 

Summary of Dynamic Test Results For NBS-lO Test Cycle 

:; 

. Thermal Lag, hr Reduction in Total Net Energy, 
to vs ; 0ss vs Qw 

Amp1 itude, Energy, W'hr/hr 
Wall A.g. percent .w·hr/hr 

@ Max @ Min @ MaX @Min @ Max @ Min Avg. Q' Q' Q'/Q' Measured Calculated Meas. 
a b a b GaTe:' 

Wall C1 4.5 J 14.5, 3 4 50 40 45 4636 7074 0.66 -4342 -4330 1.00 I 

Wall C2 6 5, 6 . 5 5.5 57 50 54 2554 4282 0.60 -2510 -2636 0.95 

Wall C3 8.5 7 9 9 8.5 67 58 63 909 1717 0.53 -909· -989 0.92 
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Figure 3. Calibrated hot box test facility 
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Discussion 

R.J. Berg, Architect, Veterans- Administration J 'Washington. DC: Publish results for walls 
measured to show temperature outside~-30oF to 40°F vergus inside temperature +7SoF. Do you get 
any appreciable effect to show temperature oytside +80 F to +llOoP. How much dynamic effect 
occurs under these two con~itions for time l~g? Time lag appears to be significant where heat 
and cooling loads occur alternately wit~in a short period of time, but not for great extremes 
of temperatures where either heating or c'ooling- load would nnt alternate. Le .• midwinter and 
midsummer. 

A. E. Fiorato: Values of time lag we,re essentially Constant for all temperature cycles applied 
to each wall. Temperature cycles that caused, heat flow in only one direction gave the same 
time lag as those that caused reversals of heat flow through the wall. Time lag is dependent 
on thermophysical properties of the wall material. 

S. Jurovics, IBM, Los Angeles) CA: 
response factor method, rather than 
classical theory, e.g .• Carslow and 

Did you do any comparison of your measurements with the 
steady-state method? Did you compare your time lag with 
Jacgur? 

A.E. Piorato; This paper compares dynamic test results with theory presented in the draft re
port entitled "Thermal Mass Assessment" by K. W. Childs of Oak Ridge National Laboratory 
(ORNL). Dynamic test data are currently being compared to analytical results uSing the re
sponse factor method. This comparison is part of a joint project with ORNL. 

R.P. Bowent, Resch. Officer, Building Resch., NCR Canada, Ottawa, Ootatio: How were flanking 
losses established? Were temperatures near the perimeter monitored? 

A.E. Fiorato: Flanking losses were determined from steady-state calibrated hot box tests of 
standard calibration walls with known R Values. Measured values of heat flow through the wall 
were corrected for losses and compared to theoretical values. Flanking loss was taken as the 
difference between measured ane. theoretical values of heat flow. This "flanking loss" term 
thus includes other miscellaneous losses from the indoor chamber. A more detailed explanation 
is presented in the report for the normal-weight concrete wall: 

Van Geem M. G.~ Piorato, A. E.~ and .Julien, J. T., "Heat Transfer Characteristics 
of a Normal-Weight Concretc Wall," Construction TechnOlogy Laboratores, Portland 
Cememt Association, Skokic. 1983, R9 pages. 

P.R. Achenbach, Conslt., McLean, VA: Presumably you inserted the various wall specimens into 
the test frame. How much clearance was required and how did you seal the joint between the 
wall and the frame? 

A.E. Fiorato: The insultating frame is made up of our pieces that clamp together around the 
test wall. Interior faces in contact with the test specimen are covered with 1/4-in. poly
urethane foam material. Nominal test wall dimensions are 103xl03-in. Dimensions of the con
crete walls ranged from 102-l5/l6-in. to 103-3/l6-in. 

After each test specimen was mounted in the frame, joints between the wall and frame were 
caulked and taped. 

S.L. Matthews, Vice-Pres., Tech. Systems, Rockwool Industries, Inc., Denver, CO: Have yo~ run 
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a test without the flywheel effect, that is. where outdoor temperature is never as low or as 
high as indoor'? 

You can then say that without flywheel there is no lag value or energy savings. There
fore, it does not work without flYwheel. 

A.E. Fiorato: Time lag remains essentially constant for different temperature cycles applied 
to a wall. All temFeratore cycles will result in the same time lag regardless of whether or 
not the outdoor chamber temperature fluctuates above and below the indoor chamber temperatures. 
Time lag is dependent on the material properties. 

Dynamic tests of massive walls indicated 
outdoor chamber temperatures fluctuated above 
reversal of heat flow through the test,wall. 
maintain indoor chamber temperatures constant 

significant reductions in total heat flow when 
and below indoor chamber temperatures to cause 
These reductions relate to energy required to 

when compared to steady-state energy predictions. 

For test in which temperature cyCles, were such that heat flow reversal did not occur. 
total heat flo~ was proportionai to wall U-value. 
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