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Calibrated Hot Box Tests
of Thermal Performance of Concrete Walls

M.G. Van Geem A.E. Fiorato 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 conditions 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 1lightweight, and Tlow density concretes were tested. These
concretes had unit weights ranging from approximately 50 to 145 pcf. Thermal conductivity of
the concretes, derived from calibrated hot box tests, ranged from approximately 1.5 to 12.0
Btu-in./hr f€- °F. Conductivities derived from calibrated hot box tests were compared with
results from guarded hot plate and hot wire tests. Hot wire tests were also used to evaluate
the influence of moisture on thermal conductivity. Data obtained from dynamic tests were
compared with steady-state calculations. In addition, data were compared with calculations of
dynamic response made using measured values of thermal properties.

INTRODUCTION

Tests were conducted to evaluate thermal performance of solid concrete walis 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 with those obtained in previous investigations.1s s

Objectives of the experimental investigation were to evaluate and compare thermal
performance of three concrete walls. Wall C1 was constructed of normal-weight concrete, wall
C2 of structural lightweight concrete, and wall C3 of low density concrete. This paper
summarizes experimental results for the three walls. Detailed results for each wall are
covered in separate reports.4’5’

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). A1l wall
construction, including concrete mixing and casting, was performed at CTL.
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Concrete Materials Research Department, and D. W. Musser, Director, Construction Methods
Department, Construction Technology Laboratories, a Division of the Portland Cement
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heat, and thermal diffysiy ¥ are not presented in this paper but are discussed in reports for
each individual wal1.1%,10

Guarded Hot Plate

For each wall, average apparent thermal conductivity of two 5.6 x 5.6 x 1.95-in.
(142 x 142 x 49.5-mm) samples was determined18 in accordance with ASTM:C177, Standard Test
Method for Steady-State Thermal Transmission Properties by Means of the Guarded Hot Plate.”
Specimens were cured for 7 days in molds and approximately one year at 73:5°F (23:3°C) and 451
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 thermocouples to be placed in surface contact
with the test sample. However, for tests conducted on these concrete specimens thenmocoup1es
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. (0.5] x 0.51-mm) grooves that had
been cut into the surfaces. According to Tye and Sp1nney20 if thermocouples are not
embedded in the specimen, a contact resistance can be introduced between the thermocouple
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
Tow.

Apparent thermal conductivities of oven-dried samples obtained by hot p1ate tests at a mean
specimen temperature of 70°F (21°C) were 16.1 Btu*in./hr-ft2:°F (2.32 Wém for wall C1,
4.49 Btu-in./hr-ft2-°F (0.647 W/mK) for wall C2, and 1.44 Btu-in./hr-ft2-°F (0.208 W/m-K)
for wall C3.

Hot Wire Method

The hot wire method2] 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 thermocouple 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.

Thermal 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
(23t3°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%1.7°C) 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 conductivity of the concrete walls was also derived from steady-state
calibrated 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

3.413 t°Qw

= 2
A'(tz-t]) (2)

where

2

k = thermal conductivity, Btu-in./hr-ft®-°F



t = wall thickness, in.

Q = heat transfer through test wall, W-hr/hr

A¥ = area of wall surface normal to heat flow, ft2
t2 = average temperature of outside wall surface, °F

average temperature of inside wall surface, °F
3.41} = conversion factor from W-hr/hr to Btu/hr

The amount of heat passing through the test wall, Q,, 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, tj, and the
outdoor wall surface temperature, tj.

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 conductivity.

Thermal 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 1ine proposed in Ref. 24. Wall C2 concrete generally shows a
smaller 1increase 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 range from approximately 1.0
Btu-in./hr-ft2-°F (0.14 W/mK) 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 (21°C), converted to oven-dry values. Values were calculated
assuming a 6% increase in thermal conductivity for each 1% increase in moisture content, by
weight, relative to oven-dry density.Z%

Thermal conductivity of oven-dry concrete has been estimated from26

IP units: k = 0.5¢0-02p (3)
SI units: k = 0.072e1250p
where.
k = thermal conductivity, Btu-in./hr-ft2-°F (W/m:K)
o = oven-dry unit weight 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.

Figure 7 shows that conductivities of oven-dry normal-weight concrete determined 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
thermocouple 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 resistance.é Surface-contact thermal resistance may be of the same
order of magnitude as the resistance of the normal-weight concrete wall.

For calibrated hot box tests, thermocouple 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 thermal contact with the surface using
materials of emittance close to that of the surface."




Apparent thermal conductivity results for normal-weight and structural 1lightweight
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 hot wire method, with embedded
thermocouples. These results are indicative of the influence of contact resistance on
determination of apparent thermal conductivity for walls C1 and C2. This influence is
negligible for wall C3.

As can be seen in Tab. 4, results from calibrated hot box tests jindicated 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 thermal resistance and heat storage capacity.
Dynamic tests are a means of evaluating thermal response under controlled conditions that
simulate temperature changes actually encountered in building envelopes. These tests provide
a comparative measure of response and also can be used to verify analytical models 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 determined
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 thermal performance of an experimental masonry bui1ding.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 cxc]e,
denoted NBS, was run to permit comparison of results with those from earlier tests.29,30,3

Two additional sol-air temperature cycles were run. The NBS+10 cycie was derived by
increasing hourly outdoor temperatures of the NBS cycle by 10°F (6°C). The NBS-10 cycle was
derived by decreasing hourly outdoor temperatures by 10°F (6°C).

For all tests, dynamic cycles 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. 32, 33, and 34.

Figures 8 (a}, 9 (a), and 10 (a) give measured air, surface, and internal wall temperatures
for the three walls. The following notation is used to designate average measured
temperatures:

t; = indoor chamber air temperature, °F (°C)

ty = wall surface temperature, indoor side, °F (°C)

t3 = internal wall temperature at approximate midthickness, °F (°C)
ty = wall surface temperature, outdoor side, °F (°C)

to, = outdoor chamber air temperature, °F (°C)

*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.



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 the inside surface of
the test wall, Qpfp, and those predicted by steady-state analysis, Qgg, are also shown.
Positive values represent heat flow from the outdoor to the indoor side of the wall. A1l 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, Q,, 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-Ce(t,-t,)
$s 3.413

where

heat transfer through test wall, W:hr/hr

area of wall surface normal to heat flgw, ftZ
average thermal conductance, Btu/hrefté°F
average temperature of outside wall surface, °F
average temperature of inside wall surface, °F
conversion factor from W-hr/hr to Btu/hr

Qsﬁ
C

t2

oo ou

t
3.413
Values of thermal conductance were determined from calibrated hot box test data.

Peaks in the measured heat flow curve, Q,, have smaller amplitudes and occur later than
thqse on the Qg4 curve.

Thermal Lag. Thermal lag is a measure of the response of inside and outside surface tem-
peratures and heat flow to fluctuations in outdoor temperature. Lag is indicative of both
thermal resistance and heat storage capacity of the test specimen.

Thermal lag is quantified by two measures in Tab. 5. In one measure, lag was calculated
as the time required for the maximum or minimum indoor surface temperature to be reached after
the maximum or 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, Q,, to be reached
after the maximum or minimum heat flow rate based on steady-state predictions, Qgq, was
attained. This is illustrated in Fig. 8 (b).

The two measures of lag give the same results for walls C1 and C2. For wall C3 the
average difference between the two measures is approximately one hour. Maximums and minimums
for wall C3 are less prominent than those for walls Cl1 and C2. Therefore, determination of the
exact lTocation of peaks is subject to more variability for wall C3 than for walls C1 and C2.

Heat flow meter data, denoted by Qufp in the figures, consistently show the same lag
time as measured heat flow data, Q.

The Tow 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

’ 2
_ L /a
Moo= (5)
where
L = wall thickness, ft (m)
P = length of dynamic cyc]eé hr
a = thermal diffusivity, ftZ/hr (m2/s)

(!=L (6)
p*C



where

k = thermal conductivity, gtu/hr'ft'°F (W/m*K)
o = unit weight, pcf (kg/m?)
c = specific heat, Btu/1b*°F (J/kg*K)

Wall thickness, length of dynamic cycle, and specific heat are approximately equal for walls
Cl, C2, and C3. Therefore, differences in thermal lag for the three walls are due to
differences 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 C1. Thermal lags for walls C2 and C3 are, respectively, 1.4 and 2.1 times
greater than the thermal lag for wall Cl. 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 Tlag. Both thermal resistance and heat storage
capacity affect damping. Reduction in amplitude is illustrated in Fig. 8 (b).

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

Q - O
A=|1-——_"|100 (7)
Us = O
where
_A = percent reduction in amplitude
QW = mean measured heat flow through wall
Qy = maximum or minimum measured heat flow through wall

Q¢ = 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 €2 and C3 that are, respectively, 1.33 and 1.67 times
greater than the value of M for wall C1.

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 thermal transmittance of each wall in a building envelope, influences
peak energy requirements.

Amplitudes for heat flow meter data, Quey, are less than amplitudes for measured heat
flow, Q,. This occurs for all walis and can be seen in Figs. 8, 9, and 10. Amplitudes for
Qnem anﬁ Qy 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 while 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 assemblies. As such, they are representative of only one component
of the building envelope.

The curves marked "Q," in Figs. 8 (b), 9 (b), and 10 (b) were used to determine total
energy expended. For each dynamic test, the sum of the absolute values of positive and
negative areas between the Q, 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.



A similar procedure was used to calculate total energy based on steady-state predictions
over a 24-hr period. This value, Q' in Tab. 5, is the sum of the absolute values of positive
and negative areas under the steady-state curves, Qgg.

Values of Q!, QB, and Q'/Q; for the NBS-10 test cycle are listed in Tab. 5 for each wall.
For all three wa71s, total miasfired energy, Qé, was considerably less than total energy based
based on steady-state predictions, Qg.

Thermal 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, 8.4 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 2.8 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:

m m
} C A’(t] - t2)°24

U = —=3 (8)
where
Q, = net energy based on steady-state predictions
C = average measured thermal conductance, Btu/hréft2-°F
é = area of wall surface normal to heat flow, ft
t31 = mean temperature of inside wall surface over 24-hr cycle, °F
t, = mean temperature of outside wall surface over 24-hr cycle, °F

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

A comparison of calculated and measured net energy data is given in Tab. 5. Measured and
calculated values agree to within 8%, indicating that measured data are reasonable.

SUMMARY AND CONCLUSIONS

This report presents vresults of an experimental investigation of heat transmission
characteristics of a normal-weight structural concrete wall, a structural lightweight concrete
wall, and a low density concrete wall under steady-state and dynamic temperature conditions.
Companion concrete control specimens were also tested to determine physical and thermal
properties. -

The following conclusions are based on results obtained in this investigation.

1. Unit _weights of walls C1, C2, and C3 were 144, 102, and 46 pcf (2300, 1630, and 740
kg/m3), respectively.

2. Moisture contents, expressed as percent relative to oven-dry weight, for walls C1,
€2, and C3 were 2.1, 8.5, and 9.5, respectively.

3. Apparent thermal conductivities derived from steady-state calibrated hot box tests for
walls C1, €2, and C3 were 11.7, 4.7, and 1.4 Btu-in./hr-ft2-°F (1.69, 0.68, and
0.20 W/m+K), 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 Bturin./hrefte:°F
(2.32, 0.647, and 0.208 W/m*K) for walls C1, C2, and C3, respectively.



5. Measured conductivities of air-dry goncrete determined from hot wire tests were
20.3, 6.03, and 3.05 Btu*in./hr-ft<-°F (2.93, 0.870, and 0.440 W/m'K) for walls
Cl, C2, and C3, respectively.

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 walls delayed heat flow through the specimen
(as indicated by thermal lag). Average thermal lags of walls C1, C2, and C3 were 4,
5.5, and 8.5 hours, respectively.

10. Heat storage capacity of the concrete walls reduced peak heat flows through the
specimen (as indicated by the damping effect). Average reductions in amplitude of
heat flow for walls C1, 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 described in this report provide data on thermal response of three concrete walls

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. Data 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 STump
Wall | Cement | A gre?ate Ag?regate Water ml/1b pcf3 Content, | in.
SSD)** SsSD) cement (kg/m*) % (mm)
C1 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 24 8% *** 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 (SSD).
***Air entraining agent.

****Dry weight of perlite.

TABLE 2

Apparent Thermal Conductivity of Air-Cured

Specimens, Hot Wire Method

Air Dry Oven Dry
Moisture
Age at Content, Thermal Thermal
Wall Time of | Density, % by Conductivity, Densijty, Conductivity,
Iest, pc¥3 oven-dry Btu-in./hr-ft¥-°F pc}3 Btu-in./hr-ft¥-°F
ays (kg/m ) wt. (W/mK) (kg/m ) (W/m+K)
C1 154 143 1.8 20.3 140 13.6
{2290) (2.93) (2240) (1.96)
c2 98 99 5.2 6.0 94 4,2
(1580) (0.87) (1500) (0.61)
C3 78 56 17.3 34 48 1.5
(900) (0.44) (770) (0.22)




TABLE 3

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

k
. . Thermal
Length Moisture Unit . -
of Time Content, |Weight, go1sture Conductivity, k(moist)
Wall : ” ontent, Btu-in. T R
Air Cured, | % oven-dry pcf3 % volume 5 k(ovendr )
days weight | (kg/m”) hr-ft“-°F Y
(W/m-K)
64+ 0 141 0 14.0 1
(2260) (2.02)
54 3.1 145 6.9 21.3 1.52
(2320) (3.07)
Ci* 26 3.8 146 8.5 23.7 1.69
(2340) (3.42)
7 4.4 147 9.9 21.5 1.54
(2350) (3.10)
0 5.3 148 11.9 25.7 1.84
{2370) (3.71)
63+ 0 93 0 5.14 1.00
(1490) (0.740)
54 9.5 102 14.1 6.85 1.33
‘ {1630) (0.987)
C2** 26 10.5 103 15.7 7.02 1.37
(1650) (1.012)
7 11.6 104 17.3 6.98 1.36
{1660) (1.007)
0 13.6 106 20.2 9.91 1.93
(1700) {1.429)
63+ 0 46 0 1.32 1
(740) (0.190)
54 28.9 59 21,2 3.12 2.36
(940) {0.450)
C3%** 26 34.6 62 25.4 3.18 2.41
{990) {0.459)
7 40.8 64 29.9 3.20 2.42
(1020) (0.461)
0 48.7 68 35.7 3.91 2.96
(1090) (0.564)
*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.
**%A171 specimens cured 24 hours in molds and 100 days at 733°F (23#1.7°C)
and 100% RH prior to air curing.

+0vendry




TABLE 4

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

Mean Thermal
Wall Conductivity,
Wall Temperature, Btu-in.
°F hr- £t °F
(°C) (W/m-K)
37.0 11.63
(2.8) (1.68)
C1 54.9 11.64
(12.7) (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.€88)
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
(37.7) (0.225)
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Figure 3.
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Discussion

R.J. Berg, Architect, Veterans Administration, Wgshington, DC: Publish results for walls
measured to show temperature outside--30F to 40 F versus inside temperature +75 F, Do you get
any appreciable effect to show temperature outside +80 F to +110 F. How much dynamic effect
occurs under these two conditions for time lag? Time lag appears to be significant where heat
and cooling loads occur alternately within a short period of time, but not for great extremes
of temperatures where either heating or cooling load would not alternate, i.e., midwinter and
midsummer.

A. E. Fiorato: Values of time lag were 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: Did you do any comparison of your measurements with the
response factor method, rather than steady-state method? Did you compare your time lag with
classical theory, e.g., Carslow and Jaegar?

A.E. Fiorato: 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 Natiomal 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, Ontatio: 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. Messured 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 ancd 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., Fiorato, A. E., and Julien, J. T., '"Heat Transfer Characteristics
of a Normal-Weight Concrete Wall,' Construction Technology Laboratores, Portland
Cememt Association, Skokie, 1983, 89 pages.

P.R. Achenbach, Conslt., McLean, VA: Presumably you inserted the various wall specimeis 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 103x103-in. Dimensions of the con-
crete walls ranged from 102-15/16-in. to 103-3/16-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 you run



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 temperature 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 significant reductions in total heat flow when
outdoor chamber temperatures fluctuated abcve and below indoor chamber temperatures to cause
reversal of heat flow through the test wall. These reductions relate to energy required to
maintain indoor chamber temperatures constant when compared to steady-state energy predictions.

For test in which temperature cycles were such that heat flow reversal did not occur,
total heat flow was proportional to wall U-value.



