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STRUCTURAL THERMAL BREAK SYSTEMS FOR BUILDINGS -
HEAT TRANSFER CHARACTERISTICS OF LIGHTWEIGHT STRUCTURAL CONCRETE WALLS

by

Martha G. Van Geem*

ABSTRACT

A lightweight structural concrete was developed for use in exterior walls
of low-rise residential and commercial buildings. The lightweight concrete

. has a unit weight of 50 pcf (800 kg/m3), a compressive strength of 2000 psi

(13.8 MPa) and a thermal conductivity of 1.6 Btuein./hr-ft2-°F (0.23 W/m<K).
Lightweight concretes have not been previously developed with this combination
of low density and moderate compressive strength.

The portland cement concrete developed for this project can be used to
combine structural, thermal insulation, and heat storage capacity functions of
exterior walls in one element. For many climates this concrete can be used
without additional insulation as a complete wall system in low-rise buildings.

Heat transfer characteristics of two 8-in. (200-mm thick), full-size wall
assemblies were evaluated using a calibrated hot box (ASTM Designation: C 976).
One test specimen, designated Wall L, was an 8-in. (200-mm) thick wall
constructed entirely of the newly developed 1ightweight structural concrete.
The second specimen, designated Wall S, was the same as the first except for a
6-in. (150-mm) high normal weight concrete strip running horizontally across
the wall at mid-height. The horizontal strip simulates a floor slab extending
through an exterior wall.

Overall thermal resistances of Walls L and S, respectively, are 5.2 and
4.7 hreft2.°F/Btu (0.92 and 0.83 mz-K/H) at 75°F (24°C). Thermal resistance
of Wall S 1s 11% less than that for Wall L.

Thermal conductivities of concrete used to construct Walls L and S were
measured using a guarded hot plate (ASTM Designation: C 177). Average
measured thermal conductivity of the lightweight concrete developed for this
project is about 1/9th that for normal weight concrete.

Tests for dynamic temperature conditions provide a measure of thermal
response for selected temperature ranges. Results from three 24-hour period,
sol-air temperature cycles showed that heat storage capacity of the 1ight-
weight concrete delayed heat flow through the test specimen. Average thermal
lag for the 8-in. (200-mm) thick 1ightweight concrete wall was 6 hours.

A dynamic cycle composed of three sinusoidal temperature functions was
applied to Wall L to investigate an alternative analysis technique. The
analysis technique uses hot box test data to determine a time constant and
thermal diffusivity of the homogeneous 1ightweight structural concrete wall.

*Senior Research Engineer, Fire/Thermal Technology Section, Construction
Technology Laboratories, Inc., Skokie, I11inois 60077 (312) 965-7500
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EXECUTIVE SUMMARY

Scope

A significant amount of energy is lost from conditioned environments of
buildings through thermal bridges. Reductlon of energy loss can be achieved
by providing thermal break materials in place of high conductivity materials

that create thermal bridges. The purpose of this project is to investigate

" Tightweight concrete systems for potential use as structural thermal breaks in

buildings.

The program was conducted at Construction Technology Laboratories, Inc.
(CTL). The project is sponsored jointly by the U.S. Department of Energy
(DOE) Office of Buildings and Community Systems, and the Portland Cement
Association. It 1s part of the Bu\iding Thermal Envelope Systems and
Materials Program (BTESM) 1n the Energy Division of Oak Ridge National
Laboratory (ORNL).

A thermal break is an element made of a material with a high thermal
resistance used in place of a material with a lower thermal resistance to
reduce energy losses through a building envelope. A thermal break may range
in size from a small plastic nail used in place of a metal nail, to a large
sheet of insulation used to prevent energy losses through a building founda-
tion. The term “"structural" used as an adjective to “thermal break" implies
the material has load-bearing capabilities.

The primary objective of this project was to develop a portland cement
concrete with sufficient thermal resistance and strength properties to serve
as an effective structura) thermal break in building envelopes. A concrete
was developed with an air-dry unit weight of 50 pcf (800 kg/m3), a compressive
strength of approximately 2000 psi (13.8 MPa), and a thermal conductivity of

1.6 Btu-1n./hr-ft2-°F (0.23 W/m+K). The most commonly used concrete,

~viii-
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normal weight concrete, has a density of approximately 145 pcf (2320 kg/mg), a
compressive strength in the range of 2500 to 6000 psi (17 to41 MPa), and a
thermal conductivity of 12 to 16 Btu-in./hr-ft2-°F (1.7 to 2.3 H/m-K). Light-
weight concretes have not been previously developed with the combination of
Tow density and moderate strength proposed for this project.

Although it 1s envisioned that the proposed 1ightweight concrete could be

used for many building components, project emphasis is to evaluate the concrete

for use in exterior walls for low-rise buildings. The portland cement concrete
developed for this project will combine the structural, thermal insulation, and
heat storage capacity functions of exterior walls in one element. For many
c11mates the concrete develaped can be used without additional insulation as a
complete wall system in low-rise buildings.

The project is divided into five major tasks. This is the third of three
project reports. The first report* summarized results of Task 1, which was a
feaﬁ\bility study to identify uses for the proposed 1ightweight portland cement
concrete in buildings.

The second project report** summarized resuits from Tasks 2 through 4.
Task 2 included work to select materials and mix designs for the 1ightweight
portland cemenf concrefe and a lightweight polymer concrete. Physical and
thermal propeft1es of candidate concretes were determined in Task 3. Casting

and surface finishing techniques for the most desirable mixes were developed

in Task 4.

*Larson, S. €. and Van Geem, M. G., "Structural Thermal Break Systems for
Buildings - Feasibility Study," Oak Ridge National Laboratory Report No.
ORNL/Sub/84-21006/1, Construction Technology Laboratories, Inc., Skokie,
1987, 88 pages.

**L 1tvin, A. and Van Geem, M. G., "Structural Thermal Break Systems for
Buildings - Development and Properties of Lightwelight Concrete Systems," 0ak
Ridge National Laboratory Report No. ORNL/Sub/84-21006/2, Construction
Technology lLaboratories, Inc., Skokie, 1988, 91 pages.
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This report describes Task 5 work, which was heat transfer measurements of
two full-size wall assemblies constructed of the developed portland cement
concrete. One test specimen, designated Wall L, was an 8-in. (200-mm) thick
wall constructed entirely of the newly developed 1ightweight structural
concrete. The second specimen, designated Wall S, was the same as the first
except for a 6-in. (150-mm) high normal weight concrete strip running
horizontally across the wall at mid-height. The horizontal strip simulates a

floor slab extending through an exterior wall.

Steady-State Temperature Test Results

Thermal resistances of Walls L and S and thermal conductivity of Wall L
were measured using a calibrated hot box test facility (ASTM: C 976) at CTL.
Test specimens were 8-ft 7-in. (2.6 m) sq and 8-in. (200-mm) thick. Wall

thermal resistances were measured at mean temperatures of approximately 37°F

temperature differentials across the walls were approximately 68°F (38°C),
32°F (18°C), 25°F (14°C), and 59°F (33°C). Total thermal resistances, RT’
for Walls L and S, respectively, were 5.2 and 4.7 hr-ft2-°F/Btu (0.92 and
0.83 mz-K/w). Resistances are for a wall mean temperature of 75°F (24°C)
and were interpolated from steady-state calibrated hot box test results.
Values include design surface fiIm resistances.

A comparison of steady-state calibrated hot box test results for Walls L
and S shows that the 6-in. (150-mm) thick normal weight concrete strip of Wall
S decreased wall resistance by 11%. Normal weight concrete is 5.8% of Wall
S's total surface area.

Thermal conductivity of Wall L concrete measured by the calibrated hot box

(ASTM Designation: C 976) at a mean temperature of 75°F (24°C) was 1.86

X

(3°C), 56°F (13°C), 86°F (30°C), and 104°F (40°C). Corresponding air-to-air Il
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Btu-1n./hr-ft2°F (0.27 W/m+K). This value was 1nterpolat§d from
steady-state test results.

Calibrated hot box ajir temperatures, wall surface temperatures, and
concrete temperature at approximate wall mid-thickness were measured using 16
thermocouples in each of the five planes. Additional thermocouples were used
to evaluate the effects of the normal weight concrete strip in Wall S. Wall
temperature profiles are presented for steady-state tests.

A guarded hot plate was used to measure thermal resistances of the
concrete used to construct Walls L and S. Thermal conductivities were
determined at CTL in accordance with ASTM Designation: C 177 "Steady-State
Thermal Transmission Properties by Means of the Guarded Hot Plate." Nominal
specimen dimensions were 2x12x12 1h. (50x300x300 mm). Specimens were
ovendried before testing. Thermal resistances were determined at specimen
mean temperatures ranging from approximately 40 to 110°F (4 to 43°C).
Concrete thermal resistances at a specimen mean temperature of 75°F (24°C)
were interpolated from measured values. Thermal conductivities of Wall L,
Wall S Tightweight, and Wall S normal weight specimens were 1.43, 1.48, and
12.7 Btu-1n./hr-ft2-°F (0.21, 0.21, and 1.82 W/m+K), respectively,
at a specimen mean temperature of 75°F (24°C).

Based on guarded hot plate test results, average measured thermal
conductivity of the lightweight concrete developed for this project is about
1/9th that for hormal weight concrete.

Thermal resistances of Walls L and S were predicted using calculation

procedures from the ASHRAE Handbook - 1985 Fundamentals, results from guarded

hot plate tests on ovendry specimens, and measured wall thicknesses.

Predicted thermal resistance of Wall S was 17% less than that for Wall L.

-Xi-
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This compares to an 11% decrease in measured thermal resistance for Wall S
compared to Wall L.

Thermal conductivity of a lightweight concrete portion of Wall S was
measured using heat flux transducers (ASTM Designation: C 1046). Thermal
conductivity at a mean temperature of 75°F (24°C), interpolated from
steady-state test results, was 1.75 Btu-in./hr-ft2-°F (0.25 W/meK).

Thermal conductivities from calibrated hot box and heat flux transducer
measurements are greater than those from guarded hot plate tests because
guarded hot plate specimens were ovendried to remove moisture, while wall
specimens were air-dried. An increase in specimen moisture content increases

thermal conductivity.

Dynamic Temperature Test Results

Dynamic calibrated hot box tests were performed on Wall L, the homogeneous
Tightweight concrete wall. Dynamic tests are a means of evaluating thermal
response under controlled conditions that simulate temperature changes
actually encountered by building envelopes. For these tests, the calibrated
hot box indoor air temperatures were held constant while outdoor air
temperatures were cycled over a pre-determ1ped temperature versus time
relationship.

Three 24-hour (diurnal) temperature cycles were applied to Wall L in this
investigation. The cycles had mean temperatures of approximately 58, 68, and
78°F (14, 20, and 26°C) and temperature swings of about 60°F (33°C). Average
indoor air temperature over the 24-hour period for each cycle was
approximately 72°F (22°C).

Dynamic calibrated hot hox tests were used to determine dynamic thermal

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

-x¥i-
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As indicated by thermal lag, heat storage capacity of the lightweight concrete
wall delayed heat flow through the specimens. Average thermal lag values
ranged from 5.5 to 6.5 hours for the three diurnal temperature cycles applied
to Wall L.

As indicated by the damping effect, heat storage capacities of Wall L
reduced peak heat flows through the specimen for dynamic temperature
conditions when compared to predictions based on steady-state thermal
resistances (R-values). Reduction in amplitude values ranged from 47 to 53%
for the three diurnal temperature cycles applied to Wall L.

For the three diurnal temperature cycles applied to Wall L, total heat
flow for a 24-hour period was less than would be predicted by steady-state
R-values. Total measured heat flows for the 24-hour cycles ranged from 44 to
54% of those predicted using steady-state equations. These reductions in
total heat flow are attributed to wall thermal storage capacity and reversals
in heat flow.

A fourth dynamic cycle, composed of three sinusoidal temperature
functions, was applied to Wall L to investigate an alternative analysis
technique. The analysis technique uses calibrated hot box test data to
determine a time constant and thermal diffusivity of the homogeneous
lightweight structural concrete wall. The test approach was suggested by Mr.
Mark P. Modera, Lawrence Berkeley Laboratory. Calibrated hot box tests and
data reduction were performed at CTL. Mr. Modera performed the data analysis
and presented results in a paper included in this report as Appendix C.

Transient test data were collected during calibrated hot box testing of
Walls L and S. Results of a transient test are determined from data collected
in the period of time between two steady-state tests. After a wall is in a

steady-state condition, the outdoor chamber temperature setting is changed.

~x111-
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The transient test continues until the wall reaches equilibrium heat flow for
the new outdoor chamber air temperature. The initial wall mean temperature
for the tests was 72°F (22°C) for Wall L and 73°F (23°C) for Wall S. The
final wall mean temperature was approximately 36°F (2°C) for Wall L and 37°F
(3°C) for Wall S.

Transient test results indicated that heat storage capacities of the three
insulated concrete sandwich panel walls delayed heat flow through the
specimens. The amount of time required for both walls to reach 63% of a final
heat flow were approximately six times greater than predicted by steady-state
calculations based on measured surface temperatures.

Test results presented in this report are lYimited to the specimens and
temperature cycles used in this investigation. Results may be different for
alternative materials and temperature cycles. This report provides data on
thermal response of two 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, building orientation,
building 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.

The concrete heat transmission test results presented in this report show
that the newly developed l1ightweight structural concrete meets the project
objectives as a potential structural thermal break material for use in
buildings. Test results for the wall constructed using the newly developed
concrete are compared to test results for other concrete walls. The
comparison shows the newly developed concrete exhibits beneficial thermal

properties and adequate structural capacity for Toad-bearing wails.
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STRUCTURAL THERMAL BREAK SYSTEMS FOR BUILDINGS -
HEAT TRANSFER CHARACTERISTICS OF LIGHTWEIGHT STRUCTURAL CONCRETE WALLS

by

Martha G. Van Geem*

INTRODUCTION

This report i1s the third of three for a project to investigate 1ightweight
concrete systems for potential use as structural thermal breaks in buildings.
This report presents results from tests conducted to evaluate heat transfer
characteristics of two walls constructed of a newly developed lightweight
concrete.

A thermal break is an exterior building element made of a material with a
relatively high thermal resistance used in place of a material with a lower
thermal resistance to reduce energy losses through a building envelope. A
thermal break may range in size from a small plastic nail used in place of a
metal nail, to a large sheet of insulation used to prevent energy losses
through a building foundation. The term "structural" used as an adjective to
“thermal break" implies the material has load bearing capabilities.

The overall project objective was to develop portland cement concrete with
sufficient thermal resistance and strength properties to serve as an effective
structural thermal break in building envelopes. A concrete was developed with
an air-dry unit weight of 50 pcf (800 kg/ma), a compressive strength of
approximately 2000 psi (13.8 MPa), and a thermal conductivity of about 1.6
Btusin./hreft?°F (0.23 W/mK). Although it is envisioned that concrete

with these properties could be used for many building components, project

*Senjor Research Engineer, Fire/Thermal Technology Section, Construction
Technology Laboratories, Inc., Skokie, I11inois 60077 (312) 965-7500
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emphasis 1s to evaluate the concrete for use in exterior walls for low-rise
buildings.

The portland cement concrete developed for this project combines the
structural, thermal insulation, and heat storage capacity functions of
exterior walls in one element. Based on BLAST analyses and ANSI/ASHRAE/ISE
Standard 90A-1980 building standard requirements considered in Reference 1, an
8-in. (200-mm) thick wall of the newly developed concrete exceeds minimum
thermal performance criteria for commercial and residential buildings in most

regions of the continental United States.

OBJECTIVES AND SCOPE

The project was divided into five major tasks. This is the third of three
project reports. The first report(1)* summarized results of Task 1, which
was a feasibility study to identify uses for the proposed 1ightweight portland
cement concrete in buildings.

The second project report(z) summarized results from Tasks 2 through 4.
Task 2 included work to select materials and mix designs for the lightweight
portland cement and lightweight polymer concretes. Physical and thermal
properties of candidate concretes were determined in Task 3. Casting and
surface finishing techniques for the most desirable mixes were developed in
Task 4.

This report describes Task 5 work, which was heat transfer measurements of
two full-size wall assemblies constructed of the developed portiand cement

concrete. Heat flow through the walls was measured in the calibrated hot box

*Superscript numbers in parentheses refer to references 1isted at the end of
this report.
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test facility (ASTM Designation: C 976)(3) at Construction Technology
Laboratories, Inc. (CTL). One test specimen, designated Wall L, was an 8-1in.
(200-mm) thick wall constructed entirely of the newly developed 1ightweight
structural concrete. The second specimen, designated Wall S, was the same as
the first except for a 6-in. (150-mm) high normal weight concrete strip

running horizontally across the wall at mid-height, as shown in Fig. 1. The

 horizontal strip simulates a floor slab extending through an exterior wall.

Walls were tested for steady-state temperature conditions to obtain
average heat transmission coefficients, including total thermal resistance
(RT) and thermal transmittance (U). A comparison of test resu]ts\for’the
two walls shows the effect of the normal weight concrete strip.

Hail L, the homogeneous concrete wall, was also tested for dynamic
temperature conditions. Dynamic tests provided a measure of thermal response
for seiected temperature ranges. Three simulated sol-air dynamic cycles were
seIectéd to permit comparison of results with those obtained in previous

(4-12) A fourth cycle, a combination of sinusoidal

investigations.
temperature functions, was used to investigate an alternative analysis
technique.

The program was conducted at Construction Technology Laboratories, Inc.
(CTL). The project is sponsored jointly by the U.S. Department of Energy
(DOE) Office of Buildings and Community Systems, and the Portland Cement
Association. It 1s part of the Building Thermal Envelope Systems and
Materials Program (BTESM), Energy Division, at Oak Ridge National Laboratory
(ORNL). Work was authorized by a contract signed September 25, 1984 by Walker

K. Love. The DOE Project Manager is Dr. George E. Courville, ORNL.
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Fig. 1 Lightweight Concrete Wall with
Normal Weight Concrete Strip
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TEST SPECIMENS

Two lightweight structural concrete walls were constructed by CTL and
subsequently tested in a calibrated hot box. Walls were cast horizontally and

have overall nominal dimensions of 103x103 in. (2.62x2.62 m).

Wall Construction

Wall L is a 1ightweight structural concrete wall with an average thickness
- of 8.00 in. (203 mm). Wall S is similar to Wall L except for a 6-in. (150-mm)
high normal weight concrete strip running horizontally aéross the wall at
mid-height. Average thickness of Wall S is 8.13 in. (206 mm).

The concrete mix for Wall L and the lightweight portion of Wall S utilized
a newly developed aggregate from 3M called HacroHteTH Ceramic Spheres.
Reference 2 presents the concrete mix development. The mix design is repeated
in Table 1 of this report for convenience.

Reinforcement representative of actual wall construction was placed within
Walls L and S. Reinforcement consisted of a single layer of No. 4 (13 mm)
bars spaced 12 in. (305 mm) center-to-center in each direction detailed as
shown in Fig. 2. The reinforcement was located at the walls approximate
mid-thickness.

Threaded concrete inserts were cast into the walls at mid-thickness to aid
in transporting walls after concrete had attained the necessary strength.

Thermocouples were cast into the concrete walls at the same level as the
reinforcing bars. A detailed discussion of thermocouple placement and
instrumentation is included in the "Instrumentation" section.

Ten 5-1/2 cu ft (0.156 m3) batches were made for casting each of the two
wall panels. Average fresh unit weight of the 10 batches for each of the two
walls was 50.4 pcf (806 kg/m3). Unit weights ranged from 48.1 to 55.9 pcf
(770 to 894 kg/ms) for Wall No. 1 and from 48.4 to 52.8 pcf (774 to BA5

kg/m°) for Wall No. 2.

construction technology laboratoties, inc.
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TABLE 1 - LIGHTWEIGHT STRUCTURAL CONCRETE MIX DESIGN

Quantities per 1.0 cubic gard
(Quantities per 1.0 m?)
Absolute Weight,
Material Volume, 1b
cu ft (kg)
(m3)
Wall L Wall s
Portland Cement 2.16 425 425
(0.080) (252) (252)
Silica Fume 0.33 43 43
(0.012) (26.1) (26.1)
Water 4,01 250 250
(0.149) (149) (149)
Air content 1.62% —-— -
( 0.060)
3M Macrolite
172" to #4 9.25 293 327
(12.7 to 4.75 mm) (0.342) (174) (195)
#4 to #50 8.88 459 466
(4.75 to 0.30 mm) (0.329) (273) (277)
Fil1ite? 0.76 33 33
30 to 300 uym ( 0.028) (20) (20)
Vinsol Resin,** 1275-1488 ml 2.81 3.28
2% Solution (1670-1950 m1) (1.7) (2.0)
WRDA,*** J0z/100 1b 888 m 1.96 1.96
cement (1160 mi) (1.2) (1.2)
(4.55 ml/kg cement)

+Air content estimated at 6%.
*Hollow alumina silica microspheres furnished by Fillite USA, Inc.,
Huntington, West Virginia.

**Air-entraining agent.

***Water-reducing admixture.

b=
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Fig. 2 Reinforcement Details for Lightweight Concrete Walls L and S
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Concrete for each wall was mixed using a 6 cu ft (0.1Im3) mixer and was
transported, as each batch was made, in a 6 cu ft (0.17m3), plastic
container to the form location, Shovels were used to place the concrete in
the formwork. A 4 in. (100-mm) layer of concrete was placed in the formwork,
working from one side of the formwork to the opposite side. The concrete was
consolidated using a plate vibrator as shown in Fig. 3. Reinforcement and
thermocouples were placed on top of the 4. in. (100-mm) layer before the next
4-in. (100-mm) of concrete were added. After the full concrete thickness was
consolidated with a plate vibrator, the top surface was struck off, floated,
and trowelled. Plastic sheets were used to cover the top surface of the walls
for curing.

To construct Wall S a fi11 material was placed in the proposed location of
the normal weight concrete while the lightweight concrete was cast. Figure 4
shows the expanded polystyrene fill material in the formwork before concrete
was cast. Reinforcement placed on the first 4-4n. (100-mm) layer of concrete
is shown in Fig. 5. The fill material was removed after the lightweight

concrete hardened as shown in Fig. 6. Normal weight concrete was placed in

the strip, as shown in Fig. 7, one day after the lightweight concrete was cast.

Walls L and S were allowed to cure in the formwork for approximately 2
weeks. After removing from formwork, Wall L was allowed to air dry in the
laboratory at a temperature of 65+10°F (18+6°C) for approximately 3 months.
Wall S was air dried in the laboratory at a temperature of 70+10°F (21+6°C)
for approximately 4 months.

Prior to testing, the faces of Walls L and S were coated with a
cementitious waterproofing material to seal minor surface imperfections. A

textured, noncementitious paint was subsequently used as a finish coat. These
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Fig. 3 Consolidation of Concrete in Wall Panel Using a Plate Vibrator
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Fig. 4 Wall S Formwork with Fi11 Material in Place of Normal
Weight Concrete Strip

Fig. 5 Reinforcement

Placed over First Layer of Concrete for Wall S
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Fig. 6 Wall S after Lightweight Concrete Cast and Befare
Normal Weight Concrete Cast

%

Fig. 7 Normal Weight Concrete Cast for Wall S
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coatings provided a white, uniform surface for both faces of each wall. Wall

edges were left uncoated.

Physical Properties of Walls

Measured weights, thicknesses, surface areas, and estimated moisture
contents of Walls L and S are summarized in Table 2. Wall weights immediately

before and after calibrated hot box tests are presented.

Instrumentation

Eighty, 20 gauge, Type T thermocouples, corresponding to ASTM
Designation: E 230, "Standard Temperature-Electromotive Force (EMF) Tables

u(3) were used to measure temperatures during thermal

for Thermocouples,
testing. For each test wall, 16 thermocoup1es were located in the air space
on each side of the test specimen, 16 on each face of the test wall, and 16 at
the approximate concrete mid-thickness. The 16 thermocouples in each plane
were spaced 20-3/5-in. (525-mm) apart in a 4x4 grid over the wall area, as
shown in Figs. 8 and 9.

An additional four thermocouples were located on each wall surface and at
concrete mid-thickness along the centerline of the normal weight concrete
strip of Wall S, as shown in Fig. 9.

Thermocouples measuring temperatures in the air space of each chamber of
the calibrated hot box were located approximately 3 in. (75 mm) from the face
of the test wall.

Surface thermocouples were securely attached to the wall with duct tape
for a length of approximately 4 in. (100 mm). The tape covering the sensors
was painted the same color as the test wall surface. Thermocouples attached
to indoor and outdoor surfaces of Walls L and S are shown in Figs. 10 through

13. Indoor and outdoor surfaces face the metering chamber and climatic

chamber, respectively, during calibrated hot box tests.
-12-
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TABLE 2 - SUMMARY OF PHYSICAL PROPERTIES FOR WALLS L and S

Measured Value

% ovendry weight

Property Wall L Wall s
Weight of Wall, 1b (kg)
Before testing 2760 2910
(1250) (1320)
After testing 2120 2890
(1240) (1310)
Unit Weight of wall,* 1b/ft2 (kg/m?) 37.4 39, 4%
(182) (192)
Average Wall Thickness, in. (mm) 8.00 8.13
- (203) (207)
Wall Area, ft2, (m2) 73.88 73.92
(6.86) (6.87)
Estimated Moisture Content**, 2 2

*Before calibrated hot box tests.

**Estimated from air dry and ovendry weights of thermal conductivity specimens.
k**Average unit weight of wall including normal weight concrete strip.

13-
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Thermocouple Wall ¢
Location (Typ.) \

4 in. (100 mm) on each side of centerline

| |
+ + + —_
4in. (100 mm) sq.
heat flux transducer
(HFT) on metering | cle
chamber side of wall ~ -+ <4 + + — &"; o
\ - ';;_. c:li
Wall € - - +4 —— - S|g
Y
ol8
+ + !+ + — §©
4in. (100 mm) sq. ®|®
HFT on climatic | ==
chamber side of wall ~
+ + + + —
{

5@203/5in. =103 in. -
[~ (5@ 523 mMm=2.62 m) ‘

Fig. 8 Wall L Air, Surface, and Internal Thermocouple Locations
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wall ¢

4 in. (100 mm) on each side of centerline

Thermocouple
Location (Typ.) =

4in. (100 mm) sq.
heat flux transducer
(HFT) on metering
chamber side of wall =

wall ¢

4 in. (100 mm) sq.
HFET on climatic
chamber side of wall

6 in. (152 mm)
Normal Weight ,
Concrete Strip

d

31in.
(790 mm)

|

5@ 20 3/5in. = 103 in.

(5@ 523 mm=2.62m)

5@203/5in. =103 in,

(5 @ 523 mm = 2.62 m)

Fig. 9 Wall S Air, Surface, and Internal Thermocouple Locations
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Fig. 10 1Indoor Surface of Wall L Before Calibrated Hot Box Testing

Fig. 11 Outdoor Surface of Wall L Before Calibrated Hot Box Testing
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Fig. 12 1Indoor Surface of Wall S Before Calibrated Hot Box Testing

Fig. 13 Outdoor Surface of Wall S Before Calibrated Hot Box Testing
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Internal thermocouples were placed at wall mid-thickness on top of the
first 4-in. (100-mm) concrete layer. To secure their location, thermocouples
were taped to reinforcement, as shown in Fig. 14, or suspended by wire between
reinforcement, as shown in Fig. 15. Note in Fig. 14 that the thermocouple
Jjunction was not placed in contact with the reinforcement. This was done for
all internal thermocouples to avoid any influence by internal heat flow
through reinforcement. Thermocouples were wired to form a thermopile such
that an electrical average of four thermocouple junctions, located along a
horizontal 1ine across the grid, was obtained. Wires for internal
thermocouples were routed through side formwork prior to casting the second
4-in. (100-mm) concrete layer.

One heat flux transducer measuring 4x4-in. (100x100-mm) was mounted on

each of the indoor and outdoor surfaces of the test walls. Sensors were

of the heat flux transducer in contact with a wall surface was coated with a
thin layer of high-conductivity silicon grease. The silicon grease provided
uniform contact between the heat flux transducer and wall surface. Duct tape
was used to secure heat flux transducers to the wall surfaces. The duct tape
was painted the same color as the test wall surface. Heat flux transducers
were calibrated using results from steady-state calibrated hot box tests on

wWall L.

CALIBRATED HOT BOX TEST FACILITY

Heat flow through Walls L and S was measured for steady-state and dynamic
temperature conditions. Tests were conducted in the calibrated hot box
facility shown in ngs. 16 and 17. Tests were performed in accordance with
ASTM Designation: C 976, "Thermal Performance of Building Assemblies by Means
of a Calibrated Hot Box."(3)

_18-
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Fig. 14 Mounting of Internal Thermocouple Using Reinforcement as Support

=

Fig. 15 Mounting of Internal Thermocouple Within Reinforcement Grid
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The following is a brief description of the calibrated hot box.
Instrumentation and calibration details are described in Appendix A and
Reference 13.

The facility consists of two highly insulated chambers as shown in Fig.
17. Walls, ceiling, and floors of each chamber are insulated with foamed
urethane sheets to obtain a nominal thickness of 12 in. (300 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 (ctimatic) chamber can be held at a constant temperature or
cycled within the range -15 to 130°F (-26 to 54°C). Temperatures can be
programmed for a 24-hour cycle to obtain the desired temperature-time
relationship. The indoor (metering) chamber, which simulates an indoor
environment, can be maintained at a constant room temperature between 65 and
80°F (18 and 27°C).

The specimen is oriented vertically in the CTL calibrated hot box.
Therefore, heat flows horizontally through the wall. The facility was
designed to accommodate walls with thermal resistance values ranging from 1.5
to 20 hreft2.°F/Btu (0.26 to 3.52 m>+K/W).

The pressure in both the metering and climatic chambers is atmospheric.

THERMAL PROPERTIES OF CONCRETE FOR STEADY-STATE TEMPERATURE CONDITIONS

Thermal resistances of Walls L and S were measured using the calibrated
hot box. Thermal conductivity of the 1ightweight concrete portion of Wall S
was measured using heat flux transducers. Thermal conductivities of specimens
made from concrete mixes used to make Walls L and S were measured using a

guarded hot plate.

21~
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Calibrated Hot Box Test Results

Four calibrated hot box tests for steady-state temperature conditions were
performed on each wall. Heat flow and temperature measurements were used to

determine average overall thermal resistance (RT) and thermal conductivity

(k).

Test Procedures

Steady-state calibrated hot box tests were conducted by maintaining
constant metering andlﬁlimatﬂc chamber air temperatures. Results are
calculated from data collected when specimen temperatures reach equilibrium
and the rate of heat flow through the test wall is constant.

Hot box tests on Wall L were performed in April 1986. Tests on Wall S

were performed in July and August 1986.

Thermal Resistance and Conductivity

Steady-state results from calibrated hot box tests on Walls L and S are
summarized in Table 3. Data are averages for 16 consecutive hours of
testing. Wall mean temperature, heat flow, and overall thermal resistance are
listed for each steady-state test condition applied to the walls. Thermal
conductivity 45 also listed for Wall L.

The first column of Table 3 1ists the wall mean temperature during each
steady-state test. Wall mean temperature is determined from the average of
the metering and climatic wall surface temperatures. Average temperatures for
Wall S, with the normal weight concrete strip, are the area-weighted averages
of the lightweight and normal weight concrete temperatures.

Table 3 presents climatic and metering chamber air temperatures, and wall
surface-to-surface temperature differentials. Additional measured
temperatures are presented in the "Steady-State Temperatures Profiles" section
of this report.
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TABLE 3 - STEADY-STATE RESULTS FROM CALIBRATED HOT BOX TESTS
tc . tm At 21l k Relative Laboratory Ajr
Wall Wall Climatic Metering | Surface-to- q* Thermal Themal Hurmidity Temperature
Designation Mean Chamber Chamber Surface Heat Hesistance, | Conductivity,
Temp.,* Temp., Temp., Temp. Diff., Flow, hresq fte°F Btusin,

°F °F °F °F Biushresg ft Btu hresq fte°F | Metering Climatic Max., Min.,

(°C) {C) £C) rC) Wisgm) | (sq mKW) {W/m-K) Chamber, | Chamber, °F °F
% % ©C}) C)

L 36.9 0.9 70.4 58.2 12.2 5.6 1.68 35 20 75 74
2.7 (-17.3) {(21.3) (32.3) (38.5) (0.99) (0.24) (23.9) (23.3)

L 55.7 38.6 71.4 271 55 5.8 1.61 34 17 75 72
(13.2) (3.7) (21.9) (15.1) (17.2) (1.02) (0.23) (23.9) (22.2)

L 85.6 97.2 72.8 22.2 5.5 4.9 1.99 33 11 74 72
(29.8) (36.2) (22.7) (12.3) (17.4) {0.88) {0.29) {23.3) (22.2)

L 103.7 132.5 73.7 51.6 12.7 4.9 1.97 33 10 75 73
(39.8) (55.8) (23.2) (28.7) {40.2) (0.86) (0.28) {23.9) {22.8)

S 37.9 3.3 70.7 56.3 14.2 4.8 - 55 21 74 74
(3.3) (-15.9) (21.5) (31.3) (44.9) {0.85) (23.3) {23.3}

S 56.7 40.3 71.8 25.9 6.9 4.6 - 53 i8 74 74
{(13.7) (4.6) (22.0) (14.4) (21.8) (0.81) {23.3) (23.3)

S 87.0 899.5 73.4 22.4 5.7 4.8 - 51 12 79 75
{30.6) {37.5) {23.0) (12.4) {18.1) (0.85) (26.1) (23.9)

S 105.1 134.3 74.7 51.0 13.9 4.5 - 51 10 80 78
(40.6) {56.8) {23.7) (28.3) (43.8) (0.79) (26.7) {25.6)

° Average of metering and climatic wall surface temperatures.
** Heat flow through waill measured by calibrated hot box (ASTM Designation: C976}.
*** Overall thermal resistance calculated using design surface coefficients of 0.85 hresq ft=°F/Btu and measured values of heat flow.




Overall thermal resistances were calculated using heat flow measured by
the calibrated hot box and design surface resistance coefficients of 0.68
hroftz-’F/Btu (0.12 mZ-K/N) for still indoor atr and 0.17 hroft2-°F/Btu
(0.03 m2+K/W) for 15 mph (24 km/h) outdoor atr.(!®)

Thermal conductivity is listed only for the homogeneous specimen, Wall L.
Measured relative humidity within the metering and climatic chambers of
" the CTL calibrated hot box is l1isted in Table 3.

Maximum and minimum laboratory ajir temperatures obtained during each
steady-state test are also Tisted in Table 3. The laboratory acts as a guard
for the metering chamber during tests conducted in CTL's calibrated hot box.

Wall thermal resistances from Table 3 are shown as a function of wall mean
temperature in Fig. 18.

Thermal conductivity of Wall L and thermal resistances of Walis L and S at
a specimen mean temperature of 75°F (24°C) were interpolated from measured
values. Thermal conductivity of Wall L is 1.86 Btu-1n./hr-ft2-°F (0.27
W/m-K) at 75°F (24°C). Overall thermal resistances of Walls L and S are 5.2
and 4.7 hroft2-°F/Btu (0.92 and 0.83 m2-K/N), respectively, at 75°F (24°C).
Thermal resistance of Wall S 1s 11% less than that for Wall L at 75°F (24°C).

Normal weight concrete comprises 5.8% of Wall S's total surface area.

Steady-State Temperature Profiles

Temperature profiles across Walls L and S for the steady-state tests are
i1lustrated in Figures 19 and 20. The following notation is used to designate

average measured temperatures:

tec = climatic chamber air temperature

tcs = wall surface temperature, climatic chamber side

tmd = internal wall temperature at approximate mid-thickness of concrete
tms = wall surface temperature, metering chamber side

tm = metering chamber air temperature
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For Wall S air temperatures and all Wall L temperatures, values presented
are averages from the 16 thermocouples located in each plane as previously
described in the "Instrumentation" section of this report. Figure 20 shows
Wall S surface and internal wall temperatures for:

. the lightweight concrete portion of the wall (average of 16

thermocouple readings), denoted (1twt)

. the normal weight concrete portion of the wall (average of four

thermocouple readings), denoted (nw)

. the area-weighted average of the lightweight and normal weight

concrete temperatures, denoted (avg)

The normal weight concrete strip s 5.8% of the total wall area.

Guarded Hot Plate Test Results

Walls L and S were measured using a quarded hot plate. Tests were conducted
at CTL 1in accordance with ASTM Designation: C 177, “"Steady-State Heat Flux
Measurements and Thermal Transmission Properties by Means of the Guarded Hot
Plate," and ASTM Designation: C 1045, "Calculating Thermal Transmission

Properties from Steady-State Heat Flux Measurements."(a)

Test Specimens

Two specimens were tested from the lightweight concrete for Wall L, the
1ightweight concrete for Wall S, and the normal weight concrete for Wall S.
Nominal specimen dimensions were 2x12x12 in. (50x300x300 mm). Specimens were
moist-cured at 73.4+3°F (23+1.7°C) and 100% RH for seven days, and then
atr-dried at 73+5°F (23+3°F) and 45+15% RH. Specimens were ovendried before
testing to eliminate effects of moisture migration during testing. Measured

specimen dimensions and unit weights are given in Table 4.
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TABLE 4 - MEASURED PROPERTIES OF GUARDED HOT PLATE TEST SPECIMENS

Ovendry
Qverall Average Unit
Specimen Dimensions, Thickness, Weight,
in, in. pcf
(mm) (mm) (kg/cu m)
Top 12.2x 121 1.98 48.1
Wal G7 {310 x 306) (50) (771)
Lightweight
Concrete Bottom 121 x 121 2.03 46.8
(306 x 307) (52) (750)
Top 12.0 x 12.0 1.99 50.2
wal C8 (305 x 305) (51) (805)
Lightweight
" Concrete Bottom 12.0x 12.0 1.99 50.0
(305 x 305) (50) (801)
Top 12.0x 12.0 2.00 141
Wal C8 (305 x 305) (51) (2260)
Normal Weight
Concrete Bottom 12.0x 12.0 2.02 142
(305 x 305) (51) (2270)
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Test Procedures

Using a guarded hot plate, two identical samples of the material to be
tested are placed on either side of a horizontal flat plate heater assembly
consisting of a 5.88-in. (149-mm) square inner (main) heater surrounded by a
separately controlled guard heater to form a 12-in. (305-mm) assembly. The
function of the gquard heater is to eliminate lateral heat flow to or from the
- main heater thereby forcing all heat generated in the main heater to flow in
the direction of the two test samples. Liquid cooled heat sinks are also
placed 1n contact with the samples producihg a uniform and constant
temperature on the outside of each sample. The apparatus is surrounded by a
container filled with expanded perlite insulation. The perlite insulation
serves as a secondary guard.

The guarded hot plate apparatus is located in a laboratory maintained at
73.4+3°F (23.0+1.7°C), and 50+5% relative humidity.

The rate of heat flow through the specimens 4s determined by measuring

minutes.

Thermal conductivity was calculated using:

_ (Q/A)

k = Ta1/80) | (1)
where:

k = average thermal conductivity of 2 specimens

) = power dissipation in the main heater

A = the metering surface area taken twice

Ax = total thickness of both test specimens

AT = the total temperature difference across both specimens
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Test specimen temperatures are measured by chromel/alumel thermocouples
embed&ed near the spec1mén surfaces. Thermocouples were placed in previously
sawed grooves. A cement paste was used to f111 the groove flush with the
specimen surface.and to secure thermocouples in place. A cement paste was
also used to f4111 small holes in the specimen surface. The cement paste for
Tightweight concrete specimens had lightweight aggregate fines.

For each of the two surfaces of the two specimens, three thermocouples
were located in the region of the main heater, and two were located in the
region of the guard heater.

Embedded thermocouples reduce the effects of thermal contact resistance,
which 1s due to the influence of any thin air gap between thermcouple wire and
concrete. More information on embedding thermocouple wires and thermal

contact resistance is given in Reference 15.

Test Results

Thermal conductivity was determined for each set of specimens at 3 or 4
mean temperatures. Thermal conductivity test results are given in Table 5.
Results are averages for 3 consecutive data readings obtained after
steady-state equilibrium was achieved. Test duration is the time lapsed from
the first to the third reading. The average temperature gradient s the
temperature gradient across each specimen, averaged for the two specimens.
Other terms used in Table 5 are defined in ASTM Designation: C 1045,
"Calculating Thermal Transmission Properties from Steady-State Heat Flux
Measurements."(s)

Thermal conductivity as a function of mean specimen temperature is
presented in Fig. 21 for Wall L and S lightweight concrete specimens and

Fig. 22 for Wall S normal weight concrete specimens. Thermal conductivity
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TABLE 5 - STEADY-STATE RESULTS FROM GUARDED HOT PLATE TESTS®

AT t k
Specimen Hot Plate Cold Plate Temperature q Effective Thermal
Specimen Test Test Mean Temp,, Temp., Temp.,, Differential, Heat Flux, | Thickness,** Conductivity,
Dascription Date Duration, F ¥ ¥ ¥ Btu/hresq ft in. Btusin./hresq ft«°F
hrs:min (°C) °C) °C) {¢C) {Wisq m) {mm) {(W/m-K)
Wall L 6/19/86 2:40 38.7 48.6 28.8 19.8 14.21 1.90 1.36
(3.7) {9.2) {-1.8) (11.0) (44.8) (48) (0.20)
Walll 6/23/86 1:50 80.8 90.1 71.4 18.7 14.14 1.90 1.44
(27.1) (32.3) (21.9) (10.4) (44.6) (48) (0.21)
Wall L 6/25/86 18:50 109.4 118.8 100.2 18.5 14.07 1.90 1.44
{43.0) {48.2) {37.9) {(10.3) {44.4) (48) (0.21)
Wall S 11/4/86 3:35 51.4 54.8 48,0 6.8 45.4 1.91 12.82
NW {10.8) (12.7) {8.9) (3.8) {143.3) (48) (1.85)
< wals | 117788 4:20 82.2 85.8 785 7.4 482 1.91 12.61
i NW (27.9) {29.9) {25.9) {4.1) {(152.2) {48) (1.82)
WallS 11/12/886 2:35 112.8 119.4 106.2 13.3 86.4 1.91 12.45
NW {44.9) {48.6) {41.2) (7.4) (273.0) {48) {1.80}
Wall S 12/18/86 2:00 40.7 50.3 311 19.2 15.9 1.79 1.48
Liwt (4.8) (10.2) (-0.5) {(10.7) {50.2) (45) (0.21)
wall S 12117/86 2:00 55.0 67.8 422 2586 21.0 1.79 1.47
Ltwt {12.8) (19.9) (5.7 {14.2) (66.4) (45) (0.21)
Wall S 12/20/86 2:00 80.6 90.1 71.0 191 15.8 1.79 1.48
Liwt (27.0) (32.3) (21.7 {(10.6) {49.9) (45) (0.21)
wallS 12/23/86 2:00 108.9 118.1 99.8 18.3 15.8 1.79 1.54
Ltwt (42.7) (47.8) (37.7) {(10.2) (49.7) {45) (0.22)

* Measured in accordance with ASTM Designation: G177 using a guarded hot plate
** Average effective thickness is the average distance between hot and cold surface thermocouples for the two specimens.




“auy ‘sauoleI0qe] ABOjOULYIB] LOHINIISUOD

-98_

ASTM: C177
E Walll
O WallS
20 p v 0.30
ASTM: C177 °C=(°F-32)/1.8
u Walll
1.8 }
o Wal$ 4 0.26
Measured 16 L
Thermal
Conductivity, o 4 0.22 Measured
Btuein./ = » g - Thermal
hrsqfteF 14T Conductivity,
u Wim-K
4 0.18
1.2 F
1.0 . 4 . A 0.14
20 40 60 80 100 120
tm, Wall Mean Temperature, °F
Fig. 21 Thermal Conductivity of Lightweight Concrete Specimens



13.0 p

a
a 4 1.8
125 ¢ o
Q Measured Measured
' Thermal 41 1.7 Thermal
Conductivity, 12.0 | Conductivity,
Btu-in./ W/m-K
hresq ft-°F
115 } 1"
ASTM: C177
11.0 A A . 1.6
40 60 80 100 120

tm, Wall Mean Temperature, °F

2ui 'saioleIOoqE] ABOIOUYID] LORINIISUOD

_ Fig. 22 Thermal Conductivity of Normal Weight Concrete Specimens |
I BN EE WS BN pn By B G AR D B am By B D EE aE .



generally increases with increasing mean temperature for lightweight concrete
and decreases with increasing mean temperature for normal weight
concrete.(16)

Thermal conductivities at a specimen mean temperature of 75°F (24°C) were
interpolated from measured values. Thermal conductivities for Wall L, Wall S
1ightweight, and Wall S normal weight specimens are 1.43, 1.48, and 12.7
Btu-in./hr-ft2-°F (0.21, 0.21, and 1.82 W/m<K), respectively, at a specimen
mean temperature of 75°F (24°C).

Average measured thermal conductivity of the 1ightweight concrete

developed for this project is about 1/9th that for normal weight concrete.

Heat Flux Transducer Test Results

Test Procedures

Two heat flux transducers (HFT's) were mounted on each wall specimen as
shown in Figs. 8 and 9 and previously described in the "Instrumentation"
section. Sensors were attached near the center of Wall L and on the
Tightweight concrete portion of Wall S.

Wall L calibrated hot box test results were used to calibrate the HFT's
for Wall S. Heat flow through Wall S as measured by the HFT's was determined
in accordance with ASTM Designation: C 1046, "Standard Practice for In-Situ

Measurement of Heat Flux and Temperature on Building Envelope Components.“(3)

Test Results

Heat flux and thermal conductivity of a lightweight concrete portion of
Wall S are presented in Table 6. Results are averages for 16 consecutive
hours of testing during steady-state temperature conditions. Data were
collected during steady-state calibrated hot box tests.

Results are similar for the heat flux transducers mounted on the climatic
chamber and metering chamber sides of the wall.
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TABLE 6 - STEADY-STATE RESULTS FOR WALL S MEASURED USING HEAT FLUX TRANSDUCERS (ASTM: C1046)

q k
tcs tms Heat Flux, Thermat Conductivity,
Wall Surf, Wall Surt. At Btuwhresq ft Btuein./hresq ft=°F
Wall Temp.,* Temp.,* Surface-to- (Wisqm) (W/imrK)
Mean Climatic Metering Surface
Temp.,* Side, Side, Temp. Diff.,*

F F F °F HFT @ HFT @ HFT @ HFT @
°C) (°C) (°C) (°C) Climatic Side | Metering Side | Climatic Side | Metering Side
395 12.8 66.2 53.4 10.4 10.2 1.59 1.56
(4.2) {-10.7) {19.0) (29.7) (33) (32) {(0.23) {0.22)
57.4 451 69.6 245 4.6 4.5 1.52 1.48

(14.1) (7.3) (20.9) (13.6) (15) (14) (0.22) (0.21)
86.5 97.4 755 21.9 52 52 1.92 1.92
(30.3) {36.3) (24.2) (12.2) (16) (16) (0.28) (0.28)
104.2 129.0 79.3 49.7 11.9 11.3 1.94 1.85
(40.1) (53.9) (26.3) (27.6) (33) (32) (0.28) (0.27)

* Temperatures measured by HFT's on lightweight concrete portion of Wall S.




Thermal conductivity of Wall S lightweight concrete at a mean specimen
temperature of 75°F (24°C), interpolated from measured values, is 1.75

Btuein./hr-ft%+°F (0.25 W/meK).

Discussion of Results

Figure 23 presents thermal conductfvities of the lightweight concrete
measured by the calibrated hot box (ASTM: € 976), the guarded hot plate
(ASTM: C 177), and heat flux transducers (ASTM: C 1046). Thermal
conductivities from calibrated hot box and HFT measurements are greater than
those from guarded hot plate tests because guarded hot plate specimens were
ovendried to remove moisture, while the wall specimens were air-dried. An
increase in specimen moisture content increases thermal conduc-
tivity.(7+8:9.16)

Predicted thermal resistances of Walls L and S are presented in Table 7.
Values are calculated using results from guarded hot plate tests on ovendry
specimens and measured wall thicknesses. Calculation procedures are from the

ASHRAE Handbook - 1985 Fundamentals.(1%)

Predicted thermal resistance of Wall S 1s 17% less than that for Wall L.
This compares to an 11% decrease in measured thermal resistance for wall S
compared to Wall L. A percent reduction comparison is used because predicted
values are based on ovendry specimens and measured values are based on

air-dried specimens,

DYNAMIC (24-HR PERIODIC) CALIBRATED HOT BOX TESTS

Exterior building walls are seldom subjected to steady-state thermal
conditions. Outdoor air temperatures and solar effects cause cyclic changes
in outdoor surface temperatures. Generally, indoor surface temperatures are

relatively constant compared to outdoor surface temperatures.
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TABLE 7 - PREDICTED THERMAL RESISTANCE OF WALLS L AND S

R
Thermal Resistance,
hr-sq ft«°F/Btu
(sq m-K/W)
Layer
Wall L wall s Wall S
Ltwt Concrete NW Concrete
Outside Air Film 0.17 0.17 0.17
(0.03) (0.03) (0.03)
8-in. Thick Concrete Wall 559" 5.49* 0.64*
(200-mm) (0.98) (0.97) (0.11)
Inside Air Film 0.68 0.68 0.68
(0.12) (0.12) (0.12)
Total R 6.44 6.34 1.49
(1.13) (1.12) (0.26)

* Calculated from guarded hot plate thermal conductivities of ovendry specimens at
75°F (24°C) and measured wall thickness.

Wall § R-value calculated using ASHRAE parallel path method (Ref. 14):

U=(1/1.49)+(6/103)+(1/6.34)+(97/103)

=0.188 Btu/hresq ft«°F
(1.07 W/sq rmeK)

R=1/U = 5.33 hresq ft-°F/Btu
(0.94 5G MeK/W)
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Dynamic tests are a means of evaluating thermal response under controlled
conditions that simulate temperature changes actually encountered in building
envelopes. The heat flow through walls as a response to temperature changes

is a function of both thermal resistance and thermal storage capacity.

Test Procedures

The Tightweight concrete wall, designated Wall L, was subjected to four
dynamic temperature cycles using the CTL calibrated hot box. For these tests,
the calibrated hot box metering chamber air temperatures were held constant
while climatic chamber air temperatures were cycled over a pre-determined time
versus temperature relationship. The rate of heat flow through a test
specimen was determined from hourly averages of data.

Three 24-hour (diurnal) temperature cycles were applied to Wall L in this
investigation. The first cycle, denoted the NBS Test Cycle, has been used in

(4-12,15,17,18)  44¢ periodic cycle

previous CTL calibrated hot box studies.
is based on a simulated sol-air* cycle used by the National Bureau of
Standards in their evaluation of dynamic thermal performance of an

(19) .1t represents a large variation in

experimental masonry building.
outdoor temperature over a 24-hour period. For the NBS Test Cycle, the mean
air temperature of the climatic chamber is approximately equal to the mean air
temperature of the metering chamber.

Two additional sol-air temperature cycles were run with climatic chamber

mean air temperatures approximately 10°F (6°C) above and 10°F (6°C) below the

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
rad1a%%g?, radiant energy exchange, and convective heat exchange with outdoor
air.
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metering chamber mean air temperature. The test cycle designated "NBS+10" was
derived by increasing hourly climatic chamber air temperétures of the NBS Test
Cycle by 10°F (6°C). The test cycle designated “NBS-10" was derived by
decreasing hourly climatic chamber air temperatures by 10°F (6°C).

Climatic chamber air temperatures for the three sol-air test cycles
appiied to Wall L are 11lustrated in Fig. 24. Climatic chamber air
temperatures represent the average from the 16 thermocouples located 3 in. (75
mm) from the test specimen surface in the climatic chamber. Average metering
chamber air temperature over the 24-hour period for each cycle was
approximately 72°F (22°C).

The fourth dynamic temperature cycle applied to Wall L was composed of 3
time-dependent temperature patterns. Test procedures and results for this
test cycle, denoted the Sine Cycle, are presented in the "Dynamic
(3-Frequency) Calibrated Hot Box Test" section of this report.

For all tests, dynamic cycles were repeated until conditions of
equ111br1uh were obtained. Equilibrium conditions were evaluated by
consistency of applied temperatures and measured heat flow. After equilibrium
conditions were reached, each test was continued for a period of three days.
Results are based on average readings for three consecutive 24-hour cycles.
Each test required a total of approximately eight days for completion.

Dynamic¢ calibrated hot box tests were performed in May and June 1986.

Test Results

Measured temperatures, temperature differentials, and heat flow for
dynamic temperature cycles applied to wall L are presented in Appendix B.
Brief descriptions of symbols used in test result figures and tables are
l1isted in Table 8. Symbols are described in detail in the following

paragraphs.
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Fig. 24 Climatic Chamber Air Temperatures for Dynamic Sol-Air
Temperature Cycles
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TABLE 8 - ABBREVIATIONS FOR HEAT FLOW AND TEMPERATURE

ghft = heat flow measured by heat flux transducer mounted on metering
chamber wall surface (ASTM: C 1046)

qﬁft = heat flow measured by heat flux transducer mounted on climatic
chamber wall surface (ASTM: C 1046)

ass = heat flow predicted using steady-state equations and measured
surface temperatures

qaw = heat flow measured by calibrated hot box (ASTM: C 976)

tm = metering chamber air temperature

tms = wall surface temperature, metering chamber side

tmd = concrete temperature at wall mid-thickness

tcs = wall surface temperature, climatic chamber side

tc = climatic chamber air temperature

tavg = average of wall surface temperatures on metering and climatic

chamber sides
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Measured Temperatures and Temperature Differentials

Climatic chamber air (tc), metering chamber air (tm), climatic surface
(tcs), metering surface (tms), and internal wall (tmd) temperatures are
average readings of the 16 thermocouples placed as described in the
"Instrumentation" section of this report, and are presented in Appendix B.

Air-to-air (tc-tm), surface-to-surface (tcs-tms), and surface-to-air

(tc-tcs, tms-tm) temperature differentials are also presented in Appendix B.

Heat Flow

Heat flow 1s designated positive when heat flows from the calibrated hot
box climatic chamber to the metering chamber. Heat flow determined from
calibrated hot box tests (ASTM: C 976) is denoted gw.

Heat flow measurements from heat flux transducers (ASTM: C 1046) located
on the metering and climatic chamber sides of the test specimen surface are

]
denoted ghft and ghft, respectively. Heat flux transducer data were

calibrated using results from steady-state calibrated hot box tests on Wall L.

Heat flow predicted using steady-state equations is denoted gss. Values
were calculated on an hourly basis from wall surface temperatures using the
following equation:

gss = (tms-tcs)/R (2)
where

qss

heat flow through wall predicted using steady-state equations,
Btu/hreft2 (W/m?)

average thermal resistance of wall, hr-ft2-°F/Btu

R =

(m oK /W)
tcs = average temperature of wall surface, climatic chamber side, °F (°C)
tms = average temperature of wall surface, metering chamber side, °F (°C)
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Thermal resistances are dependent on wall mean temperature and were derived
from steady-state calibrated hot box test results.

Appendix B tables also footnotes calibrated hot box metering and ciimatic
chamber relative humidities, and maximum and minimum laboratory air

temperatures measured during tests.

Discussion of Test Results

Heat Flow Comparisons

Figure 25 shows measured and calculated heat flows through Wall L for the
NBS, NBS+10, and NBS-10 Temperature Cycles. Heat flows measured by the
calibrated hot box, qw, and calculated from steady-state resistances using Eq.
2, qss, are shown.

Measured heat flow curves, qw, show significantly reduced and delayed
peaks compared to calculated heat flows, gqss, for all three temperature
cycles. Differences between the measured and calculated heat flows are due to

the thermal storage capacity of the concrete wall.

Thermal Lag

One measure of dynamic thermal performance is thermal lag. Thermal lag is
a measure of the response of indoor surface temperatures and heat flow to
fluctuations in outdoor air temperatures. Lag is dependent on thermal
resistance and heat storage capacity of the test specimen, since both of these
factors influence the rate of heat flow.

For each sol-air test cycle, Table 9 lists thermal lags determined from
calibrated hot box test results and measured heat flux transducer readings.
Calibrated hot box thermal lag is quantified by two methods. In one measure,
denoted "tc vs tms," lag is calculated as the time required for the maximum or
minimum specimen surface temperature on the metering chamber side to be

reached after the maximum or minimum climatic chamber air temperature is
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Fig. 25 Heat Flow for NBS, NBS+10, and NBS-10 Test Cycles
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TABLE 9 - MEASURED THERMAL LAG FOR WALL L

Measured Thermal Lag, hrs

Test
Cycle Calibrated Hot Box Heat Flux Transducer
cvstms gssvsqw qss vs ghit
Avg. Avg.
@ Max. @ Min. @ Max. @ Min. @ Max. @ Min,

NBS 6.5 6.5 6 6 6.5 6.5 6 6.5
NBS+10 6.5 55 6.5 6 6 7 6 6.5
NBS-10 5.5 4.5 6 5 5.5 6.5 5 6

-49-

construction technology laboratories. inc.

e




attained. In the second measure, denoted "qss vs qw," lag is calculated as
the time required for the maximum or minimum heat flow rate, qw, to be reached
after the maximum or minimum heat flow rate based on steady-state predictions,
gss, is attained. The second measure is 1l1lustrated in Figure 26 for the NBS
Test Cycle applied to Wail L. Both measures give similar results. The second
measure was used to determine thermal lag for heat flux transducer data.

Average thermal lag values range from 5.5 to 6.5 hours. Thermal lag
values are relatively constant regardless of the temperature cycle applied to
the wall. Vvalues determined using heat flux transducer data are similar to
those determined from calibrated hot box test results.

Lag times of 3 to 15 hours are generally beneficial for exterior walls.
Walls with these lag times delay peak afternoon heat loads until cooler night
hours. Thermal lags as low as 3 hours are beneficial in delaying peak
afternoon loads until cooler evening hours. These lower lag times are
especially beneficial in commercial and industrial buildings that are vacated
in the evening hours. The "lag effect” is also beneficial for passive solar

applications.

Reduction in Amplitude

Reduction in amplitude is 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 is dependent on the temperature cycle applied to the test specimen.
Reduction in amplitude is defined as the percent reduction in peak heat
flow when compared to peak heat flow calculated using steady-state equations.
Reduction in amplitude 1s also illustrated in Fig. 26. Values for reduction

in amplitude were calculated using the following equation:
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Fig. 26 Definition of Thermal Lag and Reduction in Amplitude
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A= [1-(q - d)/(qss—gss)] « 100 (3)

where
A = reduction in amplitude, %

q' = maximum or minimum measured heat flow through wall
q = mean measured heat flow through wall
gss = maximum or minimum heat flow through wall predicted using

steady-state equations (Eq. 2)
qss = Tgan gﬁat flow through wall predicted using steady-state equations
q.

Table 10 1ists reduction in amplitude values for each sol-air temperature
cycle applied to Wall L. Average reduction in amplitude values for heat flow
measured by the calibrated hot box, qw, range from 47 to 53% for the three
temperature cycles. Average reduction in amplitude values from heat flux
transducer measurements range from 58 to 60% for the three walls,

Amplitudes for heat flux transducer data, qhft, are generally more reduced
or "dampened" compared to calibrated hot box measurements, qw. Heat flow
amplitudes differ because of the physical presence of the instrument mounted
on a wall. A wall's thermal properties are locally altered by the heat flux
transducer. The heat flux transducer adds mass and therefore "dampens" heat
flows. 1In addition, heat fiux transducer calibration using steady-state
results may not fully correct for dynamic effects of the instrument location.

Actual maximum heat flow through a wall is important in determining the
peak energy load for a building envelope. Data in Table 10 and Appendix B
show anticipated peak energy demands based on actual heat flow will be less
than those based on steady-state predictions for walls with thermal storage
capacity. Calculations based on steady-state equations overestimate peak heat

flow for the three sol-air temperature cycles applied to Wall L.
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TABLE 10 - MEASURED REDUCTION IN AMPLITUDE FOR WALL L

Measured, %
Test
Cycle Calibrated Hot Box Heat Flux Transducer
@ Max. @ Min. Avg. @ Max. @ Min. Avg.
Heat Flow Heat Flow Heat Flow Heat Flow

NBS 53 41 47 63 53 58
NBS+10 59 46 53 66 54 60
NBS-10 56 46 51 63 52 58
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Total Heat Flow

Results of dynamic tests are also compared using measures of total heat
flow through a specimen for a 24-hr temperature cycle. Total measured heat
flow is i1lustrated in Fig. 27 for the NBS Test Cycle applied to Wall L. The
curve marked "qw" is heat flow through the test wall measured by the
calibrated hot box. Areas enclosed by the measured heat flow curve and the
1ine for zero heat flow are total heat flow through a wall. The sum of the
areas above and below the horizontal axis is total measured heat flow for
a 24-hour period, denoted as qy

A similar procedure is used to calculate total heat flow for a 24-hour
period from measured heat flux transducer data, ghft, and predictions based on
steady-state equations, gss.

Table 11 1ists total heat flow values for the NBS, NBS+10, and NBS-10 Test
Cycles applied to Wall L. Values measured by the calibrated hot box, measured
by heat flux transducers, and calculated using steady-state thermal
resistances are denoted qJ, qfl¢t, and qls, respectively. "Total Heat Flow
Comparisons" Tisted in Table 11 show measured total heat flow as a percentage
of predicted heat fiow based on steady-state equations (Eq. 2).

As shown in the "Total Heat Flow Comparisons" column of Table 11, total
heat flow measured by the calibrated hot box ranges from 44 to 54% of total
heat flow calculated using steady-state analysis. The ratio of total measured
heat flow to steady-state predictions depends on the climatic chamber air
temperature cycle applied to the wall. Particularly for massive walls,
greater reductions in actual heat flow, compared to steady-state predictions,
occur for temperature cycles which produce heat flow reversals through a wall.

It should be noted that comparison of total measured heat flow values are

Timited to the specimen and dynamic cycles evaluated in this program. Results
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Fig. 27 Definition of Total Measured Heat Flow




TABLE 11 - TOTAL HEAT FLOW FOR WALL L l
Total Heat Flow, Total Heat Flow l
Btu/sq ft Comparisions,
(Wehr/sq m) % l
Test
Cycle
Measured Calculated
T/T T /T '
qw/ gss ghft / qss
T T T
qw ghft gss l
NBS 40.9 33.8 93.3 44 36
(129) (107) (294)
NBS+10 42.0 42.0 88.5 47 47
(132) (132) (279) '
NBS-10 56.5 45.9 97.8 54 47
(178) (145) (308) I
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are for three particular diurnal test cycles and should not be extrapolated to
represent annual heating and cooling loads. In additions, results are for
individual opaque wall assemblies. As such, they are representative of only

one component of the building envelope.

Comparisons with Other Concrete Walls

Dynamic heat transmission coefficients of thermal lag, reduction in
amplitude, and total heat flow ratio are used to compare dynamic thermal
response of alternative wall systems.

Thermal lag and reduction in amplitude are dependent on both thermal
resistance, R, and heat storage capacity,

pecl
where
p = wall density, pcf (kg/m)
¢ = wall specific heat, Btu/ibeF (J/kg-K)
L = wall thickness, ft (m)
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 increase

with an increase in M.(20)

2, /2 172
M- L—%E - (R)e(pcl) (4)

where
L = wall thickness, ft (m)
a = thermal diffusivity, k/pc, ft2/hr (mzls)
k = thermal conductivity of wall, Btu/hreft«°F (W/meK)
p = wall density, pcf (kg/m3)

¢ = wall specific heat, Btu/1b-°F (J/kg+K)
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R wall resistance, hr-ft2-°F/Btu (mZ-K/w)

P

period of dynamic cycle, hr

Table 12 presents values of M and dynamic heat transmission coefficients
for Wall L and three other homogeneous concrete walls. Thermal lag, reduction
in amplitude, and total heat flow ratic are for the NBS Temperature Cycle
applied to each wall using a calibrated hot box. Thermal resistances used in
Eq. 4 to calculate M are for a wall mean temperature of 75°F (24°C) and are
from measurements using CTL's calibrated hot box. Surface film resistances
are not included in resistances used in Eq. 4. The dynamic cycle period, P,
is 24 hrs.

Specific heat values were measured using U.S. Army Corps of Engineers
Method CRD-C124-73, "Method of Test for Specific Heat of Aggregates, Concrete,
and Other Materials (Method of Mixtures)." (21} Table 12 specific heat
values are for air-dried concrete. Values for Wall L are from Reference 2.

Figures 28 and 29, respectively, show that thermal lag and reduction in
amplitude generally increase as M increases. Figure 30 shows that total heat
flow ratio generally decreases with an increase in M.

Wall C3, low density concrete, has the greatest lag time, equal to 8.5
hours. Concretes in Walls L and C3 have less mass but much higher resistances
than most concrete and masonry materials. Equation 4 shows that M varies with
the square root of both mass and resistance.

The newly developed Wall L concrete exhibits beneficial thermal and
structural properties. Compared to the low density concrete of Wall C3, the
newly developed Wall L concrete has 80% of the resistance, 80% of the thermal
lag, 120% of the mass, but 230% of the compressive strength. Twenty-eight day
compressive strengths for Wall C3 and Wall L concretes, respectively, are 880

psi (6.1 MPa){?) and 2000 psi (13.8 MPa).¢?) The concrete for Wall L can

be used as a load-bearing wall whereas the concrete for Wall C3 cannot.
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TABLE 12 - CONCRETE WALL COMPARISONS

.’4"“: ’
Measured Properties
Wal Wal Calculated
Dasignation Type Reference P Estimated R* c* M
L Unit Moisture Thermal Specific Thermal Amplitude Thermal
Thickness, | Weight, Content, | Resistance, Heat, Lag,*”* [Reduction,***| Heat Flow
in. pef % ovendry |hresq ft-°F/Btu| BiuAbe°F hr % Ratio,***
{mm) {kg/cu m) wt. (sqmKW) | (JkgeK) %

c1 Normal weight structural 7 8.3t 144 2 0.71 0.19 4.0 45 53 0.75
concrete with sand and (2t1) (2310) {0.12) (810)
gravel aggregate

c2 Lightweight structura) 8 8.28 102 9 1.75 0.23 5.5 54 48 - 1.09
concrete with expanded (210) {1630) {0.31) (960)
shale aggregate

cfn L Lightweight structural - 8.00 58 2 4.4 o1 6.5 47 44 0.87
O concrete with Macrolite™ {203) {900) {0.77) (460}
! aggregate

Cc3 Low density concrete 9 8.52 46 10 59 0.18 8.5 61 39 1.20
with expanded periite (216) {740) (1.00) (750)
aggregate

* From calibrated hot box (ASTM: C976) test results at a wall mean temperature of 75°F {24°C).
Values do not include surface fiim resistances.

** For air dry concrete, measured using U.S. Army Corps of Engineers Method CRD-C124-73. See Ref. 2,
*** Measured using the NBS Dynamic Temperature Cyde.
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DYNAMIC (3-FREQUENCY) CALIBRATED HOT BOX TEST

A fourth dynamic cycle composed of three sinusoidal temperature functions
was applied to Wall L to investigate an alternative analysis technique. The
analysis technique uses calibrated hot box test data to determine a time
constant and thermal diffusivity of the homogeneous lightweight structural
concrete wall. The test approach was suggested by Mr. Mark P. Modera,*
Lawrence Berkeley Laboratory. Calibrated hot box tests and data reduction
were performed at CTL. Mr. Modera performed the data analysis and presented

results in a paper(az) included in this report as Appendix C.

Test Cycle
The sinusoidal temperature cycle applied to Wall L is denoted the Sine

Cycle and is the sum of three sine functions with differing periods. Three
functions were chosen so that a thermal diffusivity and time constant could be
determined from data for each function. The resulting diffusivities and time
constants are theoretically equal. If they are not experimentally equal,
their trends are a means of evaluating the accuracy of the dynamic technique.

The Sine Cycle 1s composed of sine functions with 6, 12, and 24-hr periods
and 15°F (8.33°C) amplitudes, as shown in Fig. 31.

The Sine Cycle can be expressed as:

F =30+ 1551n':‘3~'t + 1551ngt + 1551n.|—12'-t (1P) (5)
F = -1.11 + 8.33sin3t + 8.3351n%t + 8.33sin77t (SI)
where
F = temperature, °F (°C)
t = time, hr

*Energy Performance of Buildings Group, Applied Science Division, Lawrence
Berkeley Laboratory, Berkeley, CA 94720
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Fig. 31 Sine Functions with 6, 12, and 24-hr Periods
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The Sine Cycle has a 24-hr period and an amplitude of 67°F (37.2°C). The
amplitude was determined based on climatic chamber temperature Timitations and
a desire to have no reversals in heat flow through the wall. The climatic
chamber air temperature is currently limited to a minimum of -15°F (-26°C).

To provide no reversal in the heat flow through Wall L, the maximum cycle
temperature had to be less than 71°C g?2°C), the metering chamber air
temperature.

The climatic chamber air temperature followed the Sine Cycle. The
metering chamber air temperature was maintained at 71° (22°C). The cycle was
repeated until conditions of equilibrium were obtained. Equilibrium conditions
were evaluated by consistency of applied temperatures and measured heat flow.

Figure 32 presents the theoret1éa1 Sine Cycle from Eq. 5 and the actual
climatic chamber air temperature for the 24-hr period selected for data

analysis.

Data Collection

For the Sine Cycle, test data channels were scanned every two minutes.
Average temperature and supplementary data were obtained from average readings
for 12 minutes. The cumulative watt-hour- transducer output was scanned every

12 minutes.

Test Results

Measured temperatures and heat flow for the Sine Cycle applied to Wall L
are presented in Figs. 33 and 34, respectively. Brief descriptions of symbols
used in test results figures and tables are listed in Table 8. Symbols are
described in detail in the "Test Results" portion of the "Dynamic (24-hr
Periodic) Calibrated Hot Box Tests" section of this report.

Heat flow measured by the calibrated hot box is denoted qw in Fig. 34 and

has been smoothed by averaging five 12-min. increments for each data point.
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Fig. 32 Climatic Chamber Air Temperature for Sine Temperature Cycle
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Fig. 34 Heat Flow for Sine Cycle
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The calibrated hot box metering and climatic chambers had average relative
humidities of 19 and 48%, respectively, during the time of reported Sine Cycle
data. The maximum and minimum laboratory air temperatures for the same time
period were 73°F (23°C) and 72°F (22°F), respectively.

Data analysis was performed using wall surface temperatures and heat flow
data from heat flux transducers mounted on each side of the wall. Surface
temperatures used for data analysis were averages from a cluster of five
thermocouples located along the horizontal centeriine of the wall at point 20
in. (0.50 m) from the vertical centerline of the wall. Each cluster had five
thermocouples within a 4 in. (100 mm) sq area. Heat flux transducer locations
are shown in Fig. 8. It was anticipated that thermocouple cluster and heat
flux transducer data would contain less noise than the average surface
temperature data and heat flow data measured by the calibrated hot box.

Figure 35 presents comparisons of wall surface temperature measurements
from thermocouple clusters and overall averages from 16 thermocouples.
Measurements using the two methods were similar. The average temperature from
the thermocouple cluster on the climatic chamber side of the wall, denoted
tcs(5), was 0.7°F (0.4°C) greater than the overall average, denoted tcs(16).
The average temperature from the thermocouple cluster on the metering chamber
side of the wall, denoted tms(5) was 0.8°F (0.5°C) less than the overall
average, denoted tms(16).

Figure 36 presents comparisons of heat flow through Wall L measured using
an energy balance of the hot box metering chamber, denoted qw, and a heat flux
transducer on the wall surface, metering chamber side, denoted ghft. The
figure also presents actual and smoothed hot box data, denoted qw,raw, and
qw,smoothed. Average heat flow measured by the hot box was 0.09 Btu/hr-ft2
(0.3 H/mz) less than that from the heat flux transducer. Measurements using

the two methods were similar.
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Analysis

Wall surface temperature and heat flow digitized data were reduced to
Fourier coefficient form using the HP9825 math subroutine "Foure". This
routine produces fourier series coefficients for equally spaced data points.
Results were obtained for wall surface temperatures measured using a
five-thermocouple cluster and heat flow measured on the metering chamber side
of the wall surface using a heat flux transducer. Data from the Sine Cycle
test was accumulated at and analyzed for 12-min. intervals.

Fourier transformations are presented in Table 13. These results were
used by Mr. Modera to perform further data analysis. The wall's time constant
and thermal diffusivity were calculated. Mr. Modera's results are presented

in Reference 22 and included in this report as Appendix C.

TRANSIENT TEMPERATURE TESTS

Time required for a wall to reach a steady-state condition can be
determined from transient tests. This time is affected by both thermal

resistance and thermal storage capacity of the test wall.

Test Procedures

Results of a transient test are determined from data collected in the
period of time between two steady-state tests. After a wall is in a
steady-state condition, denoted time 0, the outdoor chamber temperature
setting i1s changed. The transient test continues until the wall reaches
equilibrium heat flow for the new outdoor chamber air temperature. The rate
of heat flow through a test specimen is determined from hourly averages of
data.

Transient test data were collected during calibrated hot box testing of

Walls L and S. The initial wall mean temperature for the tests was 72°F
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TABLE 13 - FOURIER TRANSFORMATIONS FOR SIKE CYCLE DATA

2wt
a+ b151"(T§ﬁ+c1) + bzs1n(

At
1207¢2)

temperature or heat flow function
time, in 12-min. increments, for a 24-hr period

Brt 10+t
+ bas’in(120+c3)+bas1n(120 +c4}

Units

Besignation

Description

h

b

<3

€2

€3

Cy

°F

_ZL..

°f

W/me

tecs(cluster)

tms(cluster)

qhft

Wall surface
temperature,
climatic
chamber side,
measured by
thermocouple
cluster

Wall surface
temperature,
metering
chamber side,
measured by
thermocouple
cluster

Heat flow
through wall
measured by
heat flux
transducer
mounted on
metering
chamber side
of wall

35.58

67.89

-22.12

12.25

0.5686

3.360

11.07

0.273

1.330

10.214

0.48

0.0671 0

0.3512 0

-0.0785

4.260

4.196

-0.0886

3.306

3.027

-0.0294

4.248

1.542
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(22°C) for Wall L and 73°F (23°C) for Wall S. The final wall mean temperature

was 36°F (2°C) for Wall L and 37°F (3°F) for Wall S.

Test Results

Results from transient tests are presented in Appendix D. Values are
shown as a function of time. Table 8 in the "Test Results" portion of the
“Dynamic Calibrated Hot Box Tests" section 1ists brief descriptions of symbols
used in test data figures and tables.

Heat flows through Walls L and S for the transient tests are illustrated
in Appendix D Figs. D3 and D6, respectively. Heat flows measured by the
calibrated hot box, denoted qw, are delayed compared to heat flows calculated
from steady-state resistances, qss. Calculated heat flows, qss, were
determined using Eq. (2). Values of gss change dramatically during the first
portion of a transient test because of changes in outdoor surface temperatures.

Table 14 1ists time required to reach 99.5, 95, 90, and 63% of the final
steady-state heat flow achieved during the transient tests for Walls L and S.
Table 14(a) 1ists values measured by the calibrated hot box. Table 14(b)
1ists values predicted using steady-state equations.

Steady-state analysis predicted that 63% of the final heat flow would be
reached after 2 hours. Calibrated hot box test results show that 63% of the
final heat flow is reached after 12 hours for Walls L and S. The time
required for Walls L and S to reach 63% of the final heat flow were 6 times
greater than steady-state predictions. Similarly, the times required for
Walls L and S to reach 90% of the final heat flow were 8.6 and 7.0 times,
respectivg]y, greater than steady-state predictions.

As shown by the data, massive walls, such as Walls L and S, “"damp out"

effects of a sudden change in temperature.
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TABLE 14 - SUMMARY OF TRANSIENT TEST RESULTS FOR WALLS L AND S I
(a) Results Measured by the Calibrated Hot Box l
Wall L Wall s '
Heat Flow qw, Time to qw, Time to
Btu/hreft2 Reach qw, Btu/hreft2 Reach qw,
(W/m2) hr (W/m2) hr I
99.5% of Final -12.14 32 -14.24 42 .
Heat Flow (-38.3) (-44.9)
95% of Final -11.59 29 -13.59 21 l
Heat Flow (-36.6) (-42.9)
90% of Final -10.98 26 -12.88 21 '
Heat Flow (-34.6) (-40.6) l
63% of Final -7.69 12 -9.02 12
Heat Flow (-24.3) (-28.5) '
(b) Results Calculated Using Steady-State Equations .
Wall L Walil s l
Heat Flow qss, Time to gss, Time to
Btu/hreft2 Reach gss, Btu/hreft2 Reach gss, l
(W/m2) hr (W/m2) hr
99.5% of Final -11.70 6 -14.29 1 l
Heat Flow (-36.9) (-45.08)
95% of Final -11.17 4 ~-13.64 \ 4 l
Heat Flow (-35.2) (-43.04) '
90% of Final -10.58 3 -12.92 3
Heat Flow (-33.4) (-40.76) '
63% of Final -7.41 2 -9.05 2
Heat Flow (-23.4) (-28.54) I
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SUMMARY AND CONCLUSIONS

fh1s report presents results of an experimental investigation of heat
transmission characteristics of two concrete walls. One test specimen,
designated Wall L, was an 8-in. (200-mm) thick wall constructed entirely of a
newly developed 1ightweight structural concrete. The second specimen,
designated Wall S, was the same as the first except for a 6-in. (150-mm) high
normal weight concrete strip running horizontally across the wall at
mid-height. |

The following conclusions are based on results obtained in this

investigation.

Steady-State Temperature Conditions

1. Thermal conductivity of Wall L concrete measured by the calibrated hot box
(ASTM Designation: C 976) at a mean temperature of 75°F (24°C) was
1.86 Btu-1n./hr-ft2-°F (0.27 W/m-K). This value was interpolated
from steady-state test results.

2. Total thermal resistances, RT’ for Walls L and S were 5.2 and 4.7
hr-ft2-°F/Btu (0.92 and 0.83 mz-K/N), respectively. Resistances
are for a wall mean temperature of 75°F (24°C) and were interpolated from
steady-state calibrated hot box test results. Values include standard
surface f1lm resistances.

3. A comparison of steady-state calibrated hot box test results from Walls L
and S shows that the 6-in. (150-mm) thick normal weight concrete strip of
Wall S decreased wall resistance by 11%. Normal weight concrete is 5.8%
of Wall S's total surface area.

4, Thermal conductivities of Wall L, Wall S lightweight, and Wall S norma)

weight specimens measured using a guarded hot plate (ASTM Designation:
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€ 177), were 1.43, 1.48, and 12.7 Btu-in./hr-ft2-°F (0.21, 0.21,

and 1.82 W/m-K), respectively, at a specimen mean temperature of 75°F
(24°C). Values were interpolated from steady-state test results. Guarded
hot plate specimens were ovendried before testing.

Based on guarded hot plate test results, average measured thermal
conductivity of the 1ightweight concrete developed for this project is
about 1/9th that for normal weight concrete.

Thermal conductivity of Wall S lightweight concrete measured using heat
flux transducers (ASTM Designation: C 1046) was 1.75 Btu-1n./hr-ft2-°F
(0.25 W/m+K) at a specimen mean temperature of 75°F (24°C). This value
was interpolated from steady-state test results.

Predicted thermal resistance of Wall S was 17% less than that for Wall L.
This compares to an 11% decrease in measured thermal resistance for Wall S
compared to Wall L. Predicted values were based on results from guarded
hot plate tests on ovendry specimens and measured wall thicknesses.

Calculation procedures are from the ASHRAE Handbook - 1985 Fundamentals.

Thermal conductivities from calibrated hot box and heat flux transducer
measurements are greater than those from guarded hot plate tests because
guarded hot plate specimens were ovendried to remove moisture, while wall
specimens were air-dried. An increase in specimen moisture content

increases thermal conductivity.

Dynamic Temperature Conditions

As indicated by thermal lag, thermal storage capacity of the newly
developed lightweight concrete delayed heat flow through a specimen.
Average thermal lag values ranged from 5.5 to 6.5 hours for three diurnal

temperature cycles applied to Wall L.
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2. As indicated by the damping effect, thermal storage capacity of Wall L
reduced peak heat flows through the specimen for dynamic temperature
conditions when_compared to steady-state predictions. Reduction in
amplitude values ranged from 47 to 53% for the three diurnal temperature
cycles applied to Wall L.

3. For the three diurnal temperature cycles applied to Wall L, total heat
flow for a 24-hr period were less than would be predicted by steady-state
equations. Total measured heat flows for the 24-hour cycles ranged from
44 to 54% of those predicted by steady-state equations. These reductions
in total heat flow are attributed to wall thermal storage capacity and
reversals in heat flow.

4, A dynamic cycle composed of three sinusoidal temperature functions was
applied to Wall L to investigate an alternative analysis technique. The
analysis technique uses hot box test data to determine a time constant and
thermal diffusivity of the homogeneous lightweight structural concrete
wall.

5. Transient test results indicated that thermal storage capacity of Walls L
and S delay heat flow through the specimens. The amount of time required
for Walls L and S to reach 63% of a final heat flow were approximately six
times greater than predicted by steady-state equations using measured
surface temperatures.

6. The newly developed concrete exhibits beneficial thermal properties and

adequate structural capacity for load-bearing walls,

Limitations
Test results presented in this report are 1imited to the test specimens
and temperature cycles used in this investigation. Results may be different

for alternative materials and temperature cycles. This report provides data
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on thermal response of two 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,
building orientation, building 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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APPENDIX A — CALIBRATED HOT BOX INSTRUMENTATION AND CALIBRATION
Calibrated hot box tests were performed according to ASTM Designation:
C 976, "Thermal Performance of Building Assemblies by Means of a Calibrated

Hot Box."(s)

Instrumentation

Instrumentation was designed to monitor temperatures inside and outside
the metering chamber, air and surface temperatures on both sides of the test
wall, internal wall temperatures, and heating energy input to the metering
chamber. Additional measurements monitor metering chamber cooling system
performance. Basically, the instrumentation provides a means of monitoring
the energy required to maintain constant temperature in the metering chamber
while temperatures in the climatic chamber are held constant or are varied.
This energy, when corrected for thermal losses, provides a measure of heat
flow through the test wall.

Thermocouples used to measure air and test specimen temperatures are
described in the "Instrumentation" portion of the "Test Specimens" section of
this report.

Laboratory and interior surface temperatures of the metering chamber sides
were measured. These temperatures provided data for evaluating heat transfer
between the chamber and the laboratory. Temperature data were supplemented
with heat flux transducer measurements on chamber surfaces.

A digital humidity and temperature measurement system was used to measure
relative humidity and temperature in air streams on each side of the test
wall. Probes were located in the air streams approximately at the specimen
mid-point.

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

input to the metering chamber.
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Measurements were monitored with a programmable digital data acquisition
system capable of sampling and recording up to 124 independent channels of
data at preselected time intervals. The data acquisition system is interfaced
with a microcomputer that is programmed to reduce and store data. Channels
were scanned every two minutes. Average temperature and supplementary data
were obtained from average readings for one hour. The cumulative watt-hour
transducer output was scanned every hour.

Air flow rates in each chamber were measured with air flow meters located
approximately at the wall geometric center. Fach flow rate meter was mounted
perpendicular to the air flow. Air flow i1s vertical on both sides of the
specimen. Air velocity is uniform and averages 20 ft/min. (0.10 m/s). Data
for air flow meters were monitored‘per1od1ca11y and were not part of the
automated data acquisition apparatus. Reference 13 gives more information on

fnstrumentation of CTL's calibrated hot box.

Calibration Procedure

Heat flow through a test wall is determined from measurements of the
amount of energy input to the metering chamber to maintain a constant

temperature. The measured energy input must be adjusted for heat losses.

Figure Al shows sources of heat losses and gains by the metering chamber where:

Qw = heat transfer through test wall

Qc = heat removed by metering chamber cooling

Qh = heat supplied by metering chamber electrical resistance heaters
Qfan heat supplied by metering chamber circulation fan

02 = heat loss/gain from laboratory

Qf = heat loss/gain from flanking path around specimen
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Fig. Al Indoor (Metering) Chamber Energy Balance
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The directions of arrows in Fig. Al 1nd1cate'p051t1ve heat flow.
Since net energy into the control volume of the metering chamber equals
zero, heat transfer through the test wall can be expressed by the following

energy balance equation:

O = 0~ Oy = Qg - O - O (A1)

The need for cooling in the metering chamber results from requirements for
dynamic tests. 1In cases where outdoor temperatures exceed indoor
temperatures, cooling capacity is required to maintain indoor temperature
control.

Heter1ng.chamber cooling equipment operates continuously and is designed
to remove heat at a constant rate. Control of metering chamber temperature is
obtained by varying the amount of input heat required to balance the amount of
heat removed by the refrigeration system, the amount of heat that flows
through the test specimen, and the amount of heat lost to laboratory space.

Steady-state calibrated hot box tests on two "standard" calibration
specimens were used to refine calculations of heat removed by metering chamber
cooling, Qc, and flanking losses, Qf. The first calibration specimen, S1,
has a relatively low thermal resistance of 6.8 hr-ft2-°F/Btu (1.2
mZ-K/N). It consists of 1-3/8-in. (35-mm) thick fiberglass and was
specially fabricated to insure uniformity.

The second calibration wall, S2, has a relatively high thermal resistance
of 16.8 hr-ft2-°F/Btu (3.0 mz-K/H). Material for specimen S2 was
selected as part of the ASTM Committee C16 Hot Box Round Robin program.(za)
It consists of expanded polystyrene board that is specially produced and cut

to insure uniformity. Board faces are coated to provide surfaces suitable for

attachment of instrumentation.
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Heat removed by metering chamber cooling,'Qc, was calculated from
refrigerant enthalpy and mass flow rate, assuming an ideal basic vapor
compression refrigeration cycle. Results from steady-state calibrated hot box
tests on the two "standard" calibration specimens were used to adjust for
inefficiencies in the actual refrigeration cycle.

Losses from the metering chamber to the laboratory, Q!, were calculated
from thermal properties of component materials making up walls and ceiiings of
the metering chamber and temperature conditions on the inner and outer surfaces
of the metering chamber. Heat flux transducers mounted on the inside surface

of the metering chamber were used to check calculations. Metering chamber air

. and laboratory air temperatures were generally maintained at the same nominal

value, 72°F (22°C), to minimize laboratory losses. Thus, the value of Q!
is small relative to other terms of the energy balance equation.

A watt-hour transducer was used to measure heat supplied to the metering
chamber by heaters and a fan, Qh + Qfan'

Heat loss or gain from flanking around the test specimen, Qf, was
determined from steady-state tests of the "standard" calibration 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:

Q, = ACe(t, - t,) (A2)
where

Qw = heat transfer through test wall, Btu/hr (Wehr/hr)

A = area of wall surface normal to heat flow, ft2 (m)

C = average thermal conductance, Btu/hr-ft2-°F (W/mz-K)

t2 = average temperature of wall surface, climatic cﬁamber side,
°F (°C)

t] = average temperature of wall surface, metering chamber side,
°F (°C)
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Thus, Qf was determined from Eq. (A1) using calculated values of Qw’ Qc'
and Qt' and measured values of Qh and Qfan'
For both standard calibration walls, values of Qf were observed to

follow the empirical relationship:

Qf = 0.802 (tcs - tms) U.S. units (A3)
Qf = 0.1 (tcs - tms) (SI units)
where
Qf = heat loss or gain from flanking around test specimen,

Btu/hr (Wehr/hr)
tcs = average temperature of wall surface, climatic chamber
side, °F (°C)
tms = average temperaturé of wall surface, metering chamber
side, °F (°C)
Since Qf is the residual from Eq. (A1), it may include other undetermined
losses from the metering chamber.
A round robin including six calibrated (ASTM Designation: C 976) and 15
quarded (ASTM Designation: C 236) hot boxes was conducted under the
jurisdiction of ASTM Subcommittee C16.30. Reference 23, which contains

results of the round robin, provides additional information on the precision

of the calibrated hot box test method.
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APPENDIX B - (24-HR PERIODIC) DYNAMIC TEMPERATURE TEST RESULTS FOR WALL L

Measured temperatures, temperature differentials, and heat flow for
dynamic temperature cycles applied to Wall L are presented in Figs. B1 through
B9 and listed in Tables B1 through B3. Data for the NBS Test Cycle are
presented first, followed by results for the NBS+10 Test Cycle and the NBS-10
Test Cycle.

Tables B1 through B3 denoted (a) and (b), respectively, 1ist hourly test
data in IP and SI units.

Symbols used in these figures and tables are described in detail in the
*Test Results® portion of the "Dynamic (24-Hr Periodic) Calibrated Hot Box
Tests" section of this report.

Measured temperatures are listed in Tables B1, B2, and B3 and shown as a
function of time in Figs. B1, B4, and B7. Air-to-air (tc-tm),
surface-to-surface (tcs-tms), and surface-to-air (tc-tcs, tms-tm) temperature
differentials are 11lustrated in Figs. B2, B5, and B8. Measured and
calculated heat flows are 1isted in Tables B1, B2, and B3, and shown as a

function of time in Figs. B3, B6, and B9.
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TABLE B1(a) - DYNAMIC (PERIODIC) TEST RESULTS FOR NBS TEMPERATURE CYCLE

Calculated
Measured Temperaturas, Measurad Heat Flow, Heat Flow
Time, F Btu/hresq ft Btu/hresq ft
hr
tc tes tmd tms m qw qhft ghft’ gss
Climatic Climatic Internal Metering Mataring Calib. HFT® HFT @ Steady-
Chamber | Surface Therm. Surface Chamber | Hot Box Metering Climatic State
Air Air Surface Surface
1 443 5.2 €9.7 722 72.1 079 0.53 -10.28 -4.80
2 439 495 684 720 720 0.12 0.34 9,64 494
3 4.1 492 674 "7 7ne 048 017 862 -4.98
4 452 498 664 ns 719 0.99 0.64 -7.16 4.84
5 485 515 656 73 [al:] -1.37 -1.07 394 -4.46
6 80.6 @6 650 nia rak: -1.95 147 542 -272
7 7.2 68.1 650 709 ns 224 -1.82 11.06 043
8 78.7 747 656 708 nz 260 205 13.39 0.69
9 86.2 81.1 6s8.7 708 7 282 2.19 16.35 217
10 4.7 88.7 682 7098 78 262 214 19.76 395
11 986 3.1 700 714 718 223 192 1866 5.01
12 1002 954 720 a3 719 -1.99 -1.62 1691 5.54
13 101.7 97.2 740 nit 720 -1.29 -1.12 16.01 597
14 1014 98.0 7.7 720 724 063 057 13.70 6.14
15 o978 8.1 773 723 722 0.00 0.03 043 565
16 014 1.8 m7 728 723 0.96 063 385 459
17 811 84.5 ne 728 724 1.56 1.20 4,11 2.81
18 65.0 727 798 73.2 725 215 1.7 -15.74 0.06
19 53.0 2.1 79.2 734 725 272 213 -19.92 233
20 494 576 778 734 725 297 2.38 -16.87 -3.32
21 464 542 76.0 733 725 279 239 1555 404
22 463 £3.1 743 731 724 245 218 -1260 -4.26
23 451 51.8 726 729 723 1.69 181 -12.16 452
24 49 509 711 725 722 1.40 1.34 -1068 468
Maan €83 700 e 720 721 0,06 0.01 0.11 034
Calibrated Hot Box Relative Humidity:
Matering Chamber - 41%
Climatic Chamber - 15%
Laboratory Air Temperature:
Max, - 73 °F
Min. - 70°F
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TABLE B1(b) - DYNAMIC (PERIODIC) TEST RESULTS FOR NBS TEST CYCLE, Sl UNITS

Calculated
Measured Temperaturas Measured Heat Flow, Heat Flow
Tirme, < Wisqm Wisqm
hr
tc 1cs trnd tms tm qw qhft qhft’ qss
Climatic Climatic Internal Metering | Metering Calib. HFT @ HFT @ Steady-
Chamber | Surface Them. Surface Chamber { HotBox | Metering Climatic State
Alr Alr Surface Surface
1 69 10.1 209 24 23 248 261 3243 -15.16
2 66 9.7 202 222 22 0.37 1.07 3042 -15.57
3 6.7 9.6 196 221 22 -1.50 0.53 -27.19 -158.71
4 74 29 19,1 29 22 312 203 -22.58 -15.27
5 92 108 18.7 218 221 4.32 -3.38 -12.43 -14.09
€ 159 153 184 217 221 6.16 -4.64 1710 -8.59
7 218 20.1 183 216 21 -7.07 573 34.88 -262
8 2.0 37 188 216 221 -8.20 647 42,25 218
9 0.1 273 193 216 21 -8.88 891 51.59 6.85
10 349 315 0.1 218 21 8.27 8.76 62.24 1248
11 370 a3e 211 1.7 21 -7.03 £.07 £8.88 15,82
12 379 362 22 219 22 6.27 -5.10 53.35 1747
13 a7 3*k.2 23 20 22 4.08 3.54 50.50 18.84
14 385 36.7 43 22 223 -1.98 -1.79 4322 19.37
15 %6 356 252 24 23 0.00 0.10 29.77 17.82
16 30 332 259 2286 24 2.70 1.99 12.14 14,
17 273 2.1 264 27 24 4.93 3.78 -12.97 8
18 18.3 26 286 29 25 6.79 540 -49.65 0.19
19 1.7 16.7 2.2 30 25 8.57 873 62.85 -7.35
20 08 14.2 . 254 230 225 9.36 7.52 -£3.23 -1047
21 80 123 245 230 25 8.79 7.55 -49.05 -12.74
22 80 "7 235 29 2.5 7.73 6.89 -39.76 -13.44
23 73 1.0 28 227 24 597 571 -38.36 -14.26
24 72 10.5 2.7 25 24 442 4.22 -33.69 -14.78
Mean 202 211 222 22 23 0.20 0.03 .36 -1.07
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TABLE B2(a) - DYNAMIC (PERIODIC) TEST RESULTS FOR NBS+10 TEMPERATURE CYCLE

Calculated
Measured Temperatures, Measured Heat Flow, Heat Flow
Time, * Btu/hresq ft Btu/hresq ft
hr
tc tcs tmd tms tm qw qhft ghft' gss
Climatic Climatic Internal Metering | Metering Calib. HFT @ HFT @ Steady-
Chamber | Surface Therm. Surface | Chamber | HotBox | Metering Climatic State
Air Air Surface Surface
1 547 5.1 743 731 723 20 257 -7.81 -295
2 544 588 73.1 729 723 1.48 206 781 -299
3 538 58.1 720 726 722 1.00 157 -7.38 -3.15
4 538 578 A 724 721 Q.52 1.09 6.50 -3.19
5 568 58.7 702 722 724 0.01 0.68 413 -297
6 850 644 €05 720 720 045 0.32 3.88 -1.70
7 763 732 .2 ns 720 083 0.03 1073 0.27
8 a59 812 605 ns 720 -1.15 0.20 15.31 212
9 912 868 06 n7 e -1.31 047 15.52 348
10 28.1 g24 720 nz7 79 -1.30 049 18.33 481
11 90.9 95.5 736 neg 720 -1.10 035 15.80 5.55
12 106.2 100.5 752 721 720 068 -0.05 19.61 8.77
13 109.3 104.2 772 724 721 0.22 0.40 18.69 767
14 1103 1059 00 727 722 044 0.86 17.03 8.08
15 1071 104.5 0.8 730 723 1.0 141 1224 7.71
16 101.0 1004 822 733 724 1.74 200 644 6.66
17 2.1 4.0 83.2 736 725 248 258 0.25 5,07
18 775 832 8.7 739 726 3.07 3.12 -11.11 247
19 642 723 833 740 728 367 357 -17.79 -0.08
20 80.2 670 822 741 726 3.9 384 -14.51 -1.28
21 584 846 805 741 7286 391 392 -12.38 -1.81
22 56.8 62.5 78.7 739 725 3.72 am -11.22 -2.24
23 554 60.9 770 73.7 725 .16 347 -10.54 -2.59
24 540 503 755 734 724 268 305 -10.04 -2.92
Mean %7 777 760 728 722 116 181 1.35 137
Calibrated Hot Box Relative Humidity:
Metaring Chamber - 46%
Climatic Chamber - 16%
, Laboratory Alr Temperature:
! Max. - 73 °F
Min. - 72 °F
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TABLE B2(b) - DYNAMIC (PERIODIC) TEST RESULTS FOR NBS+10 TEST CYCLE, SI UNITS
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Calculated
Measured Termperatures Measured Heat Flow, Heat Flow
Time, < Wisqm Wisgm
hr
tc tes tmd tms tm qw ghft qhft' qss
Climatic Climatic internal Matering | Metering Calib. HFT @ HFT @ Steady-
Chamber Surface Thearm. Surface Chamber | Hot Box Metering Climatic State
Alr Air Surface Surface
1 126 15.0 235 28 24 641 8.10 -24.65 -9.30
2 125 149 28 27 24 4.68 6.51 24,02 945
3 121 14.5 22 26 23 3.15 494 -23.28 -9.52
4 121 143 217 24 23 1.65 345 20,52 -10.08
5 13.2 148 212 223 23 0,04 215 -13.03 -9.38
6 18.3 180 208 22 22 -143 1.00 12.26 -5.36
7 246 29 2.7 21 22 263 .09 3384 0.86
8 30.0 273 209 241 22 -3.62 0.92 48.30 6.69
9 329 04 214 20 22 4.12 -149 4898 1091
10 387 3386 22 21 22 4.1 -1.55 57.85 15.19
1t 377 353 231 22 22 348 -1.10 50.16 17.51
12 41.2 38.0 240 23 22 215 0.16 61.87 2135
13 430 401 2541 24 23 069 126 5897 24.18
14 43.5 44 26.1 256 23 1.40 2.1 53.72 25.50
41.7 40.3 2741 28 24 an 4.46 3863 2433
383 380 279 2.0 24 550 6.30 2033 21.01
334 344 285 231 25 7.84 8.13 0.79 15.98
18 p K 25 287 233 25 9.70 9.84 35.04 7.79
19 179 24 285 2.4 25 11.59 1.27 -56.13 -0.24
20 156 194 279 284 26 1244 1211 45.78 -4.04
21 147 18.1 29 24 28 1233 12.37 -39.06 -5.70
22 138 17.0 260 233 25 11.75 11.96 3541 =707
23 13.0 160 2650 23.1 25 9.98 1095 -33.26 8.16
24 122 15.2 4.2 230 24 8.46 .62 31.67 9.22
Mean 248 254 244 27 24 367 5.08 426 431
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TABLE B3(a) - DYNAMIC (PERIODIC) TEST RESULTS FOR NBS-10 TEMPERATURE CYCLE

Calculated
Measurad Temperatures, Measured Heat Flow, Heat Flow
Time, * Btwhr-sq ft Btu/hresq ft
kr
tc tcs tmd tms tm qw ghft qhft’ qss
Climatic Climatic Internal Metering | Metering Calib. HFT @ HFT @ Steady-
Charnber Surface Therm. Surface | Chamber | Hot Box Metering Climatic State
Alr Air Surface Surface
1 359 422 852 714 718 -1.62 0.99 -1143 -8.41
2 354 415 840 7a n7 211 -1.49 -11.01 -8.54
3 348 40.7 63.0 709 n -2.56 -196 -10.84 -6.68
4 U6 402 621 07 Me -3.05 -242 1012 -6.77
5 395 429 61.2 05 ns 342 -2.82 504 -8.20
6 51.0 508 608 703 ns 3901 322 3.31 -4.55
7 618 04 606 701 714 423 354 9.00 -269
8 0.5 668 61.1 700 n4 -4.51 378 1241 -1.03
9 78.1 734 623 00 4 467 -3.91 15.09 045
10 845 795 638 701 5 461 -3.88 1642 1.85
11 870 827 65.6 703 s 435 363 14.98 259
12 88.7 848 675 05 ns -3.93 -333 13.84 3.07
13 @21 880 63 708 e 43s 284 1466 < §:1]
14 924 89.3 ni 72 ny -2.83 -2.31 1257 412
18 875 88.7 728 ns 78 218 -1.72 6.86 347
16 02 808 74.1 ns ne -1.43 1.1 0.19 2.06
17 696 739 748 721 720 0.76 0.54 £.83 043
18 552 634 749 724 721 0142 0.03 -16.85 -1.94
19 432 53.0 744 725 72.1 0.40 0.36 -20.74 -4.22
20 40.7 403 730 725 721 0.57 0.57 -17.16 -5.00
21 384 464 N3 724 721 0.51 0.57 -1583 -5.59
22 374 4.3 606 722 720 0.15 0.34 -14.29 -5.93
23 370 438 67.9 720 ne 0.39 0.02 -12.74 €10
24 365 430 6.5 nu ns 0.83 049 -12.03 -£.26
Mean 58.8 61.1 674 n2 n7 2.2 -1.78 -1.91 225

Calibrated Hot Box Relative Humidity:
Metering Chamber - 41%
Climatic Chamber - 15%

Laboratory Air Temperature:
Max. - 75°F
Min, - 72°F
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TABLE B3(b) - DYNAMIC (PERIODIC) TEST RESULTS FOR NBS-10 TEST CYCLE, SI UNITS

Calculated
Measured Temperatures Measured Heat Flow, Heat Flow
Time, < Wisqm W/sq m
hr
tc tcs tmd tms tm qw qhft qhft* qss
Climatic Climatic internal Metering | Metering Calib. HFT & HFT @ Steady-
Chamber Surface Therm. Surface Chamber | Hot Box Metering Climatic State
Air Alr Surface Surface
1 22 58 184 219 21 4.79 3.1 -36.05 -20.23
2 19 53 178 2.7 21 £.67 4.70 -34.73 -20.62
3 1.5 49 172 2186 220 -8.06 6.19 34.20 21.08
4 14 48 16.7 215 20 .62 -7.63 -31.82 -21.37
5 42 6.1 16.2 214 20 -10.80 8.90 -15.91 -19.57
6 105 104 159 213 218 -12.35 -10.16 10.44 -14.35
7 166 15.2 159 212 219 -13.36 -11.17 28.40 -8.48
8 214 194 16.2 211 219 -14.24 -11.83 39.15 -3.25
9 256 2.0 168 214 219 -14.73 -12.34 47.60 142
10 2.2 264 177 22 219 -14.56 1224 51.79 543
11 A5 28.1 186 213 219 -13.72 1147 47.28 8.17
12 315 293 19.7 214 20 1241 -10.50 43.67 9,69
13 334 311 2.7 216 20 -10,57 -8.96 46.26 12.03
14 336 319 217 218 241 8.92 -1.28 30.65 12.99
15 08 304 227 20 221 -£.87 -5.42 2165 10.94
18 %2 271 234 21 22 -4.52 -3.51 -0.61 6.49
17 200 233 38 23 22 2.38 -1.70 -21.56 1.35
18 129 17.5 29 24 23 0.37 0.09 -53.15 £.13
19 6.2 1.7 236 25 23 125 1.14 -£5.44 -13.31
20 49 0.6 28 25 23 1.79 1.80 -54.13 -16.78
21 36 80 218 24 23 1.60 1.79 -49.95 -17.64
22 30 74 09 23 22 048 1.08 -45.08 -18.70
23 28 66 2.0 22 22 1.22 0.08 -40.19 -19.26
24 25 6.1 19.1 20 221 -2.95 -1.55 374 -19.76
Mean 149 162 198 218 221 -7.00 -5.56 .04 -7.11
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CHARACTERIZING THE DYNAMIC THERMAL

PERFORMANCE OF A WALL USING PERIODIC EXCITATION

Mark P. Modera
Energy Performance of Buildings Group
Applied Science Division
Lawrence Berkeley Laboratory
Berkeley, CA 94720

October 1987

ABSTRACT

The determination of the dynamic thermal performance of walls from labora-
tory measurements has recently attracted interest as a result of hot-box research
at the National Research Council (NRC) in Canada and the National Bureau of
Standards (NBS) in the U.S.. This paper describes an alternative
measurement/analysis technique for multilayer walls based upon periodic excita-
tion functions, and presents the results of a multi-frequency dynamic test of a
single-layer wall performed in a calibrated hot box. The issues surrounding the
use of periodic excitations are addressed, as are some of the limitations of hot
boxes based upon the data analysis for the single-layer wall. It is shown that even
walls with relatively short time constants (=~ 3 h) require either low frequencies
(periods longer than 24 h) or high accuracy temperature measurements to extract
the dynamic characteristics of a wall using periodic excitations. The interface
between different dynamic measurement/analysis techniques and potential yardst-
icks for comparing dynamic thermal performance is also discussed.

This work was supported by the Assistant Secretary for Conservation and Renewable Energy, Office of Building and Com-
munity Systems, Building Systems Division of the U.S. Department of Energy under Contract No. DE-AC03-76SF 00008,
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INTRODUCTION

The dynamic thermal performance of walls is a subject which has recently
evoked interest from several points of view. At present, the three principal points
of view are: 1) the prediction of dynamic thermal performance from known
material properties and construction details, 2) the verification of predicted per-
formance or characterization of actual performance with laboratory measure-

ments, and 3) the measurement and characterization of dynamic performance in
the field.

Concerning the prediction of performance from materials and construction,
the theory of dynamic one-dimensional conduction of heat through solids has
remained relatively unchanged for the past fifty years, while practical models for
incorporating dynamic wall performance into building simulation programs have
been in existence for at least ten years. The principal problems remaining in this
area are to develop usable models that take into account the multi-dimensional
nature of conduction in wall systems, the convection and radiation in wall cavities
and insulation, and the interaction between moisture transport and heat transfer
through walls,

The determination of thermal performance from laboratory measurements has
recently attracted interest for several reasons. First, as the issue of thermal
bridges in wall systems has attracted attention, the possibility of measuring the
overall performance of a wall system in a hot box has been discussed. Secondly,
research at the National Research Council (NRC) in Canada (Stephenson 1987)
and at the National Bureau of Standards (NBS) in the U.S. (Burch 1987), has
significantly increased interest in dynamic measurements on wall systems in hot
boxes. The laboratory measurements are an attempt to examine the validity of
applying standard one-dimensional heat conduction algorithms to actual walls,
~ and to develop a means for comparing the performance of wall systems with ther-
- mal bridges or non-conductive heat transfer, as well as novel wall systems, with
that of simple multilayer walls. :

The third point of view, that of characterizing dynamic performance from
field measurements stems from a desire to verify the performance of actual field
installations, and to characterize the performance of installations of unknown
construction. This problem is similar to that posed in the laboratory, except that
these measurements suffer from the additional difficulties associated with any field
measurements.

This paper focuses on the second point of view, laboratory characterization of
dynamic performance, describing an alternative measurement/analysis technique
for multilayer walls based upon periodic excitation functions and non-intrusive
measurements, as well as the results of a dynamic test of a single-layer wall in a
calibrated hot box. The objectives of the paper are to examine the use of periodic
excitations to extract the dynamic thermal characteristics of a wall, to provide a
feel for some of the limitations of hot boxes based upon data analysis for a simple
single-layer wall, and to discuss the interface between different
measurement /analysis techniques and potential yardsticks for comparing dynamic
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thermal performance. As recent publications contain detailed descriptions of
techniques developed by NRC Canada and NBS for high-accuracy hot boxes, the
use of periodic driving functions in these techniques is not discussed in detail. To
narrow the scope of the discussion, complications resulting from thermal bridges
and/or non-conductive heat transfer, although important issues, are not dis-
cussed.

MEASUREMENT /ANALYSIS TECHNIQUES FOR DYNAMIC THER-
MAL PERFORMANCE

Exact solutions to the differential equation for one-dimensional thermal con-
duction between parallel planes are well known (Carslaw and Jaeger, 1959). The
solutions for transient and periodic boundary conditions completely characterize
the heat transfer through a single-layer wall with only two parameters, the con-
ductance (V) and time constant (7). For periodic boundary conditions, the solu-
tion is:

L
1 —sinh(inwr)?
cosh(im®wr)® 1 (1)
[J1]= what U (ix°wr)? [Jz]
T, 1 1 1|1,
—U (i7%wr) 2 sinh(s72wr) 2 cosh(indwr)?

where the time constant r in Equation 1 is defined as:
2
e )

o
and:

a is the thermal diffusivity of the material [m2 /sl
! is the thickness of the material [m], and
w is the excitation frequency [rad/s].

To obtain the dynamic thermal characteristics of 2 wall from measured sur-
face fluxes and temperatures, Equation 1 has to be solved for U and r. This can
be accomplished using the fourier transform of the measured flux and tempera-
ture data, the amplitude and phase relationship at each frequency expressed as:

wi + @,l(w)

Ti(w) = A (w)e

it + & (w)
Jow) = Ay (w)e 2

iwt + & (w) (3)
Ty(w) = Ag (w)e '

it +¢7-2(w) .

Tyw) = Agfw)e
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Substituting two temperatures and one flux from Equation 2 into either the top
or bottom half of Equation 1 and equating the real and imaginary parts yields an
equation for 7 in terms of the two measured surface temperatures, and an addi-
tional equation involving U, r, the measured temperatures, and the measured flux.
However, to avoid introducing the error in 7 into the computation of U, it should
be determined directly from the average temperature difference across the wall
and the average heat flux through the wall. Thus, the wall can be completely
characterized from measured data by calculating U from the DC component (i.e.,
w=0) of the heat transfer, and r at a single frequency.

The time constant can be determined by searching for the single parameter
to optimize:

sinh(a)cos(a)+sin(a)cosh(a) T, cosh(a)cos(a)+ T sin(a)sinh(a)— T,
&inh(a)cos(a)—sin(a)cosh(a) = T\ cosh(a)cos(a)—T" sin(a)sinh(a)—T, (4)

where:
o=\ 22 (5)
and:
Tj(w)=-| T{w)| sin(4 ;(w))
T;(w) = | T,(w) | con($ () (6)
where:

T;(w) is the imaginary component of the temperature on side j
at frequency w [K],

T;(w) is the real component of the temperature on side j
at frequency w [K], and

¢; is the phase angle of the temperature on side j relative to
the flux on side 1 at frequency w, or~%;, [rad).

From the point of view of signal-to-noise, the choice of frequency at which to
determine r can be rather important (Modera 1984). There will be very little
phase lag or amplitude reduction at frequencies (w) much lower than 4/2%r, imply-
ing that the signal-to-noise ratio will be reduced significantly at those frequencies.
Similarly, at frequencies much higher than 4/x%r, the amplitude ratio across the
wall tends to zero. For this reason the chosen wall excitation frequency should be
close to 4/7%.

Multi-layer Walls

The exact solution for surface heat transfer on a multilayer wall submitted to
periodic boundary conditions is often expressed in a matrix formalism similar to
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Equation 1:

[11]_ [albl][azbz] [a,b, J. )
Tt lerdylleeds| 7 |endn|| Ta

In Equation 7, the a’s, b’s, ¢'s and d’s are the transfer functions involving hyper-
bolic trigonometric functions in U and r found in Equation 1, where subscripts
refer to the wall layer. However, the frequency domain analysis of measured data
is not so straightforward for a multilayer wall. Although Equation 7 could
theoretically be solved for the U’s and r's for each layer, the number of layers is
unknown. An approximate technique for characterizing multilayered walls from
measured data was examined by Sherman. This technique involves adding some
additional parameters into the transfer functions for a single layer wall (Sherman
1981). These additional parameters were intended to account for the non-
uniform distribution of mass in a multilayer wall. The parameters must be deter-
mined with a non-linear search routine, which was found to be susceptible to
error (Modera 1984).

Another means of using Equation 7 to characterize a multilayer wall from
measured temperature and flux data is to approximate the number of layers in
the wall. The argument for assuming that all walls can be approximated by three
layers is as follows. First, few walls have more than three functional layers, three
functional layers being a very common wall construction. Furthermore, if a wall
which has less than three layers is measured, the three layer model can collapse
directly into a two- or even one-layer model. This occurs simply by the analysis
program assigning the same U and r (corrected for dimensions) to two or three
layers. If a wall with four layers were measured, some blurring of wall layer pro-
perties would have to occur in the analysis of the measured data. The resulting
parameters would depend to a certain extent on the choice of driving side. How-
ever, unlike the problem of modeling a three-layer wall with two layers, the
characteristics of the two surfaces could be separated from the characteristics of
the center of the wall.

Assuming that a three-layer model is an adequate approximation for most
walls, a measurement and analysis technique based on Equation 7 can be
developed. First, substituting the a, b, ¢ and d for each of the three layers into
Equation 7, two equations relating the measured heat fluxes and surface tempera-
tures can be obtained by performing the matrix multiplication. These two equa-
tions are actually four equations, as both the real and imaginary parts of each
equation must be equal. This implies four equations in six unknowns,
Uy, 1, Up, 79, Uy 5. One means of treating this situation is to excite the wall at
multiple frequencies and use a x* minimization routine to find the best-fitting
parameters, an analysis technique similar to that used by Sherman.

To improve this analysis, a direct ¢ ermination of overall conductance of the
wall from the DC components of the temperatures and fluxes can be performed,
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where:
1

1 1 1 (8)
TATARA

The best-fit solution can be improved further by performing an additional meas-
urement. This measurement would determine the overall thermal mass of the
wall, and thereby provide a further constraint on the x* minimization routine.
One means of making this measurement is by integrating the heat flux leaving the
wall on both sides after changing the temperature of the entire wall. This can be
accomplished by holding both sides of the wall at equal temperature until the
heat flux into or out of the wall goes to zero, and then changing the temperature
on both sides of the wall and integrating the resulting heat flux. This implies:

tﬁuul

tin

11Uy 4 71Uy + 13U = lpyey + lypyeg + lgpgeq = —=
Tﬁnul _Tim't

The final set of six equations to be solved includes Equations 8, 9 and 10.

JlﬂA J2+B T2
T1=OJ2+D T2 (10)

where:

A = aja5a5+bicqagta bocgtbiaocy
B = alagbs+blcgba+albga3+bla2a3
C == c1a2a3+a1c2a3+clbzcs+ala2c3

D = cla2b3+a1c2b3+c152a3+a1a2a3

1
e j=cosh(ir?wr;)*?

1
—sinh(in’wr;)?

j 1
U, (ir%wr;)?

L i
¢ ;=—U; (in%wr ;)% sink(in%wr ;)2

There are two major disadvantages in attempting to characterize a wall from
measured data via Equations 8, 9, and 10. The first is the sheer complexity of
Equation 10, which precludes separating the variables algebraically. The second
is that the wall will have to be excited over a large range of frequencies, as Equa-
tion 10 does not provide any direct guidance on choice of frequency. In summary,
using a simplified model for a multilayer wall based upon three layers is a poten-
tial means for characterizing the dynamic thermal performance of a wall from
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surface measurements, although the analysis error propagation and the robustness
of the parameters determined will have to be investigated.

EXPERIMENTAL INVESTIGATION — A SINGLE-LAYER WALL

To test the use of periodic excitations to determine wall characteristics in a
commercial calibrated hot box, a single-layer lightweight concrete wall was tested.
The experiment was performed at Construction Technologies Laboratory (CTL)
in Skokie, IL. The wall tested was a 2.6 m (8.6 ft,)fﬁ;/?uare section of 20 cm (8
inch) thick lightweight structural concrete (Macrolite™™ ceramic spheres) wall.

For the CTL facility, the cold side operating temperature range is -23°C to
54 °C and the hot side operating range is 18-27 °C. For this test the warm side
was maintained at 19.9 C, while the cold side was driven at three frequencies
around a steady-state temperature of 2.0 C. The three frequencies were 0.26
rad/h (one cycle every 24 hours), 0.52 rad/h (one cycle every 12 hours), and 1.05
rad/h (one cycle every 6 hours). The surface temperature, measured with ther-
mocouples, has a specified uncertainty of +0.03°C. The heat flux on the warm
side surface of the wall is determined from a heat bzlance on the warm-side box.
The specbﬁed precision of the heat flux is 0.15 W/m*, and the specified accuracy
22W/m

The DC temperature difference and the DC component %f the heat flux were
used to compute the U-value of the wall to be 1.23 W/m* °C. This value is
within 9% of 1.13, the value computed from the thermal conductivity measured
at CTL according to ASTM standard C177. The temperature amplitudes at each
frequency, the phase lag between the warm and cold side temperatures, and the
results of the analysis based upon the solution of Equation 4 are presented in
Table 1.

Table 1. Results of Three-Frequency Excitation of Single-Layer Wall at CTL.

Cycle

Period Teotd(w) Twarm(w) D warm—cold T o
o] K] K] [degrees] ] [m®/1)
24 12.25 0.569 -109.4 2.94 0.0014
12 11.07 0.273 -165.5 4.99 0.00084
6 10.21 0.067 -241.7 1.04 0.0040

Looking first at the temperature amplitudes at each of the frequencies in
Table 1, it is clear that very little of the cold-side temperature oscillations is pro-
pagated across to the warm side of the wall. As expected, the amplitude fraction
traversing the wall decreases as the frequency increases. However, all frequencies
seem to be too high, as even for the 24 hour cycle the amplitude ratio is very
small. This result indicates that even for a wall with a 3 h time constant, fre-
quencies longer than diurnal are required to accurately extract the dynamic

-C7-




characteristics.

Considering the minimal amplitudes of the temperature fluctuations on the
warm side at higher frequencies, the 24-hour cycle is likely to provide the most
accurate estimate of the time constant. Assuming this to be the case, the 12-hour
value is 70% high, and the 6-hour value 65% low. As a check on these values,
the diffusivities computed from the wall time constants can be compared with
values based upon laboratory tests of the material properties. These measure-
ments, made by CTL, resulted in two distinct values for two different measure-
ment techniques. Direct diffusivity measurements based upon U.S. Army Corpg
of Engineers Specification CRD-C36-73 (U.S. Army) yielded a value of 0.96 x 10°
m“/h, whereas diffusities determined fré)m measured c??ndélctivities, specific heats
and densities ranged between 2.4 x 10™° and 3.4 x 10° m“/h. Although the best
estimate of diffusivity based upon the wall tests falls in between the laboratory
estimates, this comparison is not confidence inspiring, as the laboratory values
differ from each other by more than a factor of three.

Another check on the time constants in Table 1 can be made by assuming
that the dynamic heat fluxes on the warm side are negligible. This is not an
unrealistic assumption, as the measured dynamic temperature variations and heat
fluxes on the warm side were both extremely small. Based on this assumption, a
solution for r based solely upon the phase difference between the dynamic tem-
perature variations can be used. This solution is obtained from the solution in
Carslaw and Jaeger for a single-layer wall submitted to symmetric periodic boun-
dary conditions on both faces. In this case the phase difference between the
center (where the heat flux is zero) and surfaces of the wall is:

¢ =arg 1 -

cosh{(141) wl? ]E (12)

In Equation 12, ! is half the width of the wall, which corresponds to the entire
thickness of our wall, so that Equation 12 can be rewritten as:

tanh(a)tan(a) = tan(—¢ yerm—cotd) (13)

Thus Equation (13) can be solved for the time constant of the wall from ¢,epm—coq
at each frequency. The results of this computation are presented in Table 2.
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Table 2. Phase-Angle Analysis of Single-Layer Wall.

Cycle

Period D warm—cold T o
[h] [degrees] [b] [m2 /h]
24 -109.4 2.79 0.0015
12 -165.5 3.23 0.0013
6 -241.7 3.44 0.0012

The time-constant and diffusivity results for different frequencies are surpris-
ingly consistent in Table 2, and are on average within 7% of the value obtained
in the above analysis for the 24-hour cycle. The interpretation of this result is
that although the accuracy at which the amplitudes of the measured tempera-
tures on the warm side of the wall is not sufficient at higher frequencies, the phase
relationship between the surface temperatures is measured relatively accurately at
these frequencies.

DISCUSSION

Having derived a potential methodology for extracting the dynamic thermal
characteristics of a wall from its measured response to periodic excitation, and
having tested the simplest use of periodic excitation to extract the dynamic ther-
mal characteristics of a single-layer wall, several observations can be made.

First, the use of periodic excitations to extract the dynamic characteristics of
a wall seems to require either very long test times, or prohibitively accurate meas-
urements. From the single-layer wall test, it is clear that very long test periods
are required to obtain measurable temperature data for the time constant. For a
wall with a three-hour time constant, a 24-hour cycle induced warm-side tempera-
ture variations with barely enough amplitude to provide an accurate measure of
the time constant. This result has important ramifications for any tests using
periodic excitation to obtain dynamic characterization parameters for walls,
including those employed by Stephenson. This effect is also illustrated in Figures
1 and 2 (from Burch 1987), in which a outdoor cycle with a 24-hour component
of approximately 10°C (Figure 1) induces an inside surface heat flux of only 15
Watts for a 14 m” insulated concrete wall section (Figure 2).

The second observation concerns the comparison of measured wall response
with that predicted from measured material properties. The most surprising
results are the large discrepancy between the material diffusivities measured using
two different laboratory measurement techniques, and the consistency of the
diffusivity determined from the three different wall excitation frequencies (Table
2). The first result implies a large uncertainty associated with using laboratory-
measured material properties for predicting the dynamic thermal performance of
lightweight concrete walls. This result, if confirmed, indicates a need for develop-
ing a standard methodology for measuring the diffusivity of materials such as
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lightweight concrete. The second result, although preliminary, could be used to
develop an alternative technique for estimating diffusivity.

Before closing this discussion, some attention should be given to the question
of how to compare the dynamic performance of wall systems based on either
measured or predicted performance. Intuitively, one would like to have a single
parameter similar to the U-value (or R-value) to characterize the dynamic ther-
mal performance of a wall. In fact, no such analogous parameter exists. Thus
one is posed with the problem of either using a single intuitive parameter as a
yardstick for comparing dynamic thermal performance, or to use the requisite
number of parameters required to completely describe the performance of the
wall. The 7’s for each layer used to characterize the wall from periodic excita-
tions, despite the fact that they should provide a complete description of the wall
performance, do not lend themselves readily to use as yardsticks for comparing
walls. Similarly, the transfer function coefficients or response factors determined
by Burch or Stephenson provide a relatively complete description of the wall per-
formance (depending upon the time-step used), but do not readily lend themselves
to use as yardsticks of performance.

Two potential yardsticks which have been suggested as a means for compar-
ing walls are the phase relationship and the amplitude ratio at some characteristic
frequency (Subbarao 1985, Subbarao 1985a). One advantage of this characteriza-
tion is that it does not require extensive experimental effort or equipment. The
parameters in this type of characterization are easy to determine experimentally,
both in the laboratory and in the field. In the lab, the wall need simply be sub-
mitted to a sinusoidal boundary condition on one side while measuring the
response on both sides. In the field, the measured surface temperatures and fluxes
must be fourier transformed, after which the phase lag and amplitude ratio at
any of the existing frequencies can be determined directly. Another argument in
favor of this type of characterization is that in most applications a single fre-
quency, the diurnal (24-hour) cycle, is clearly the dominant excitation at which
dynamic response is desired.

CONCLUSIONS

There are two conclusions that can be drawn from the experimental study of
a single-layer wall. The first conclusion stems from the quantification of the exci-
tation frequencies required to extract the dynamic characteristics of the wall. The
fact that exciting a three-hour-time-constant wall with a 24-h cycle gives a tem-
perature amplitude reduction of more than 20 implies that hot boxes will have to
be cycled very slowly to extract the dynamic characteristics of many walls. This
implies that any standardization of the methodologies developed at NRC Canada
or NBS should take the implied test-period/sensor-accuracy considerations into
account. In particular, the NRC procedure (Stephenson, 1987) is directly affected
by such considerations. The second conclusion concerns the observed reduction in
uncertainty associated with using phase angle rather than amplitude ratio to
extract the wall characteristics with periodic excitations. This result suggests that
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the test-period/sensor-accuracy constraints described above could be relaxed if
phase angle were used instead of amplitude ratio or complete response. Consider-
ing the potential reductions in experimental effort associated with such a substitu-
tion, it appears that a more careful examination of this possibility is warranted.
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APPENDIX D - TRANSIENT TEMPERATURE TEST RESULTS

Measured temperatures, temperature differentials, and heat flow for
transient temperature tests on Walls L and S are presented in Figs. D1 through
D6 and 1isted in Tables D1 and D2. Data for Wall L are presented first,
followed by data for Wall S.

Tables D1 and D2 denoted (a) and (b), respectively, 1ist hourly test data
in IP and SI units.

Symbols used in these figures and tables are described in detail in the
"Test Results" portion of the "Dynamic (24-Hr Periodic) Calibrated Hot Box
Tests" section of this report.

Measured temperatures for Walls L and S, respectively, are listed 1in
Tables D1 and D2, and shown as a function of time in Figs. D1 and D4.
Air-to-air (tc-tm), surface-to-surface (tcs-tms), and surface-to-air
(tc-tcs, tms-tm) temperature differentials for Walls L and S, respectively,
are illustrated in Figs. D2 and D5. Measured and calculated heat flows for
Wails L and S, respectively, are listed in Tables D1 and D2, and shown as a

function of time in Figs. D3 and D6.
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Fig. D1 Measured Temperatures for Transient Test on Wall L

-D2-

construction technology laboratories, inc.



Climatic Metering
(Outdoor) (Indoor)
Chamber Chamber
LI
i ltmd  im
c® hcs#-__._ T s.tm
.P . - -
Legend
80T waiL °C=°F/1.8
40

AT,

tms-tm
Al S e

...........
------------------ » . o . -

rrrrrrrrrrrrrrrrrrrr

cs-tms te-
K“MWMNWMAQK”' / e-tm - essasasarstamssnn
—80 11 1] n A i ] i - 3 L Y n B il = 1 Il " B 1 EY B [ — a - - | I — I3 » 1 - ]
4] 12 24 36 48 60 72
Time, hr

Fig. D2 Temperature Differentials for Transient Test on Wall L

-D3-

construction technology laboratories, inc.




10 { Wall L W/sq. m=(Btu/hresq f1)/3.15
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Fig. D3 Heat Flow for Transient Test on Wall L
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TABLE D1(a) - TRANSIENT TEST RESULYS FOR WALL L

Calculated
Measured Temperatures, Measured Heat Flow, Heat Flow,
Time, * Btu/hr-aq ft Btwhresq ft
hr
e tcs tmd tms m qw ghft qhit’ qss
Outdoar Qutdoor Internal Indoor irdoor Calib. HT@ HWTe Steady-
Air Surface indoor Surface Air Hot Box In. Surf. Out. Surf, State
0 721 733 738 723 721 0.19 0.60 062 o
1 344 51.2 735 723 721 0.28 070 -35.74 -4.85
2 74 264 727 723 721 082 0.70 -44 50 0.69
3 44 200 699 723 720 05 065 3481 -10.91
4 as 17.2 865 721 720 028 0.35 -29.89 -11.40
5 29 154 632 e 719 137 029 -26.20 -11.63
8 28 141 602 711 Mz -2.42 117 -24.089 -11.78
7 23 131 877 706 Fat:] 355 -2.18 -2220 -11.80
8 21 125 855 701 s 435 3.19 -20.86 -11.81
] 1.9 1.8 535 608 713 -5.36 4 -19.720 +11.82
10 18 113 57 692 n2 812 510 -18.66 -11.82
11 17 108 50.1 688 7 £.88 553 -17.98 -11.82
12 16 105 488 684 710 -769 668 -17.34 -11.81
13 15 10.1 478 68.1 709 -7.96 -7.36 -16.68 -11.80
14 14 938 468 678 708 839 -7.90 -16.29 -11.79
15 13 o5 457 875 707 881 838 -15.58 -11.78
16 12 93 448 673 707 817 8490 -15.39 -11.78
17 12 82 442 672 707 949 923 -1517 -11.77
18 12 80 438 670 707 -5.80 o568 -14,63 -11.77
19 1.1 88 430 88.7 037 HA2 -10.03 -14.47 -11.74
20 10 86 426 867 708 .85 -1021 -14.19 -11.78
21 10 85 422 866 706 -10.12 -10.54 -13.85 -11.76
22 09 84 418 s 705 -10.14 -1087 -13.54 -11.75
23 09 83 “s5 a6A 705 -10.45 -10.90 -13.53 -11.78
24 09 82 o2 64 705 -1069 -11.14 -13.30 -11.76
26 08 80 407 662 704 -10.85 -11.32 -13.36 -11.77
28 o7 79 404 6.1 703 -10.70 -11,52 -12.83 -11.78
30 08 79 40.1 062 704 -11.84 -11.87 -12.84 177
32 09 79 400 682 705 -12.11 -11.85 -12.79 -11.77
34 09 79 399 861 705 1221 -12.09 -12.85 1177
36 08 79 8 66.1 705 -12.04 -12156 -12.56 -11.76
as 08 78 307 88,1 705 -11.83 -12.25 -12.43 11,76
40 08 78 1.3 860 704 -11.82 -12.30 -1224 -11.75
42 08 78 s a80 704 -11.75 -12.27 -12.48 -11.76
44 0.7 77 396 659 704 -11.49 -12.23 -12.35 -11.76
46 07 77 S5 659 703 -11.34 -12.33 -12.51 -11.76
48 07 77 »’s 669 703 -12.04 -12.43 -1224 -11.76
50 08 76 394 659 704 -12.02 -1243 -12.33 -1.77
52 08 17 304 659 704 -1205 1248 -12.38 1176
54 08 77 394 660 704 -12.36 -12.43 -12.35 1177
58 09 78 305 660 705 -12.63 -12.42 -12.27 177
58 08 78 5 660 704 -12.42 -1240 1227 -11.76
80 08 78 85 66.0 704 -12.19 -1239 -1232 -11.76
62 08 17 304 858 704 -11.85 -12.40 -12.30 -11.76
B84 08 77 385 659 704 -11.95 -12.48 -12.48 -11.78
66 08 77 305 ) 704 -11.91 -12.44 -12.46 -11.76
68 07 17 304 659 704 -11.77 -1237 1243 -11.75
70 08 77 05 680 704 -11.77 -12.40 -11.95 -11.76
72 08 77 4 860 704 -1212 -12.44 -12,30 -11.77
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TABLE D1(b) - TRANSIENT TEST RESULTS FORWALL L, SI UNITS

Calculated
Measured Temperatures, Measured Heat Flow, Heat Flow,
Tima, c Wrsqm Wraq m
hr
te tes tmd tms tm qw ghft ghft’ qss
Outdoor Outdoor Intemal Indoor Indoor Calib. HFT @ HFT @ Steady-
Alr Surface Therm. Surface Alr Hot Box in. Surf. Qut. Surf. State
(1} 23 29 231 24 223 080 219 1.94 065
| 13 107 21 24 223 088 22 11274 1467
2 -137 3.1 28 24 23 1.64 221 -140.40 -3057
3 -163 87 211 24 22 162 205 -109.84 -4
4 -158 43 182 23 22 087 112 -94.30 -35.95
5 162 82 173 220 21 -4 0.1 8265 -3B.70
6 -164 29 187 M7 21 782 368 -76.01 -37.08
7 -165 -105 143 214 220 -11.19 -6.80 -70.09 -37.23
8 -166 -109 130 21.1 219 -13.72 -10.07 -65.83 3727
9 -18.7 -2 118 209 219 -16.89 -13.28 £2.16 -37.28
10 -168 -115 108 206 218 -19.31 -16.08 -58.86 -37.30
11 -168 -11.8 101 204 217 2171 -18.71 -58.74 -37.20
12 -169 -120 8.3 202 27 -24.25 -21.07 -54.71 -37.25
13 -170 -122 87 200 216 -25.12 222 -52.682 722
14 -170 -123 8.1 199 B -26.47 -24.93 -51.38 2
15 -1741 -125 78 197 25 -27.78 -2637 -49.15 -37.18
18 171 -128 71 198 M5 -2R43 -28.07 -48.55 -37.16
17 -174 -127 68 195 215 -20.93 -29.14 -47.87 3712
18 -17.1 -128 85 195 215 -30.93 -30.55 -46.17 -ara2
19 -172 -129 8.1 193 25 -30.97 -31.64 -4587 3703
20 -172 -13.0 59 193 24 -31.08 3222 -44.76 3708
21 -172 -130 87 182 a4 3194 -33.26 43,71 3711
22 -173 -131 54 192 214 -3200 -3368 -4271 -37.08
23 -173 -132 63 191 214 3298 439 -4268 -37.08
24 -173 -132 5.1 191 214 -33.72 35.14 -41.97 3711
286 -173 -134 48 190 213 -3454 -3572 -42.14 -37.14
28 -174 -134 47 190 213 -33.77 -36.33 -40.47 a7
30 -173 -13.4 4.5 190 213 -37.36 -37.45 -40.52 -37.14
32 -173 -134 4.4 190 214 -38.20 -37.70 -40.35 -37.14
34 173 -134 44 189 214 -38.53 -38.15 -39.90 -37.12
38 -173 -134 43 189 214 -3797 -38.32 -30.63 -37.08
as -173 -134 43 188 a4 37683 -38.65 -38.22 -37.11
40 -173 -134 42 189 23 -3729 -38.80 8482 -37.08
42 -173 -135 42 189 213 -37.07 -38.73 -30.38 -37.10
44 -174 -135 42 189 213 3825 -3859 -38.97 -37.08
46 -174 -135 42 189 213 -35.77 389 3046 -37.10
48 -174 -13.5 4.1 188 213 -37.98 -38.20 -38.62 -37.10
50 174 -135 41 189 M3 3782 3020 -38.89 3712
52 -173 -1386 41 1898 n3 -3, -30.30 -39.04 -37.10
54 -173 -135 4.1 189 a3 -38.90 3022 -38.97 3712
56 -173 -135 4.1 189 24 -30.85 -30.19 -38.72 -37.12
58 -173 -135 4.2 189 73 -30.18 -30.13 -38.73 -37.11
60 -173 -135 42 189 23 -3845 -38.08 -38.88 3708
82 -173 <1358 41 189 213 37N 3012 -38.81 -37.09
64 174 -135 42 189 23 -37.70 -39.37 -39.38 -37.10
66 -174 -135 42 188 213 -3758 -99.24 -39.32 -37.09
a8 -174 135 41 188 N3 -37.14 -30.01 3921 -37.09
70 -174 -13.5 4.1 189 213 3713 -39.11 3N 3710
72 -174 -135 41 189 213 -38.25 38.24 -38.81 -37.13
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Fig. D6 Heat Flow for Transient Test on Wall S
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TABLE D2(a} - TRANSIENT TEST RESULTS FORWALL S

Calculated

Measured Temperatures, Measured Heat Flow, Heat Flow,

Time, F Btu/hresq ft Btu/hresq ft

hr
ic tes tmd tms tm qw ghft ghft’ qss
Qutdoor | Outdoor Intemal Indoor Indoor Calib, HFT @ HFT @ Steady-
Air Surface Indoor Surface Air Hot Box In. Sud. | Out. Surt, State
0 735 74.1 738 729 725 042 0.17 0.2 0.32
1 416 855 738 729 724 0.67 019 3215 453
2 1.1 23 727 728 724 0.€8 0.18 -48.73 -11.20
3 66 215 656 727 724 047 o1 -38.74 -13.15
4 57 18.6 659 723 723 0.2 0.19 -32.40 -13.78
5 51 16.9 623 78 721 -1.50 -1.00 -28.86 -14.07
6 49 15.7 50.3 72 720 282 210 -26.39 -14.22
7 46 148 566 06 718 432 335 -24.50 -14.30
8 44 14.0 543 701 7 567 -4.61 -23.10 -14.34
9 43 134 523 - 1] 76 -6.64 572 -21.95 -14.35
10 42 129 505 0.1 715 -7.55 .68 -20.80 -14.35
11 40 125 489 687 714 861 -7.68 -19.80 -14.36
12 40 121 475 68.3 713 -9.26 -8.52 -19.07 -14.35
13 38 118 464 &0 712 -0.96 923 -18.54 -14.36
14 38 15 454 677 711 -10.45 9487 -18.06 -14.38
15 37 1.3 445 675 AR -10.97 -10.44 -17.33 -14.36
16 37 1.1 438 &7.3 710 -11.48 -11.01 -17.07 -14.36
17 36 109 431 671 710 -12.00 -11.39 -16.64 -14.36
18 as 107 426 67.0 710 -12.40 1188 -16.49 -14.37
19 35 10.6 421 €69 710 -12.66 -12.03 -16.04 -14.38
20 35 104 417 668 709 -12.75 -12.36 -15.88 -14.37
21 35 10.3 413 6.7 709 -12.92 -1266 -15.65 -14.38
22 35 10.3 410 686 708 -13.13 -12.81 -15.28 -14.38
23 as 102 408 666 708 -13.42 -13.01 -15.23 -14.38
24 34 101 406 66.5 708 -13.15 -1320 -15.02 -14.37
26 34 100 401 64 707 -13.44 -13.40 -14.82 -14.38
28 34 89 398 663 707 -13.582 -13.67 -1473 -14.38
30 33 29 06 &2 707 -13.66 -13.84 -14.67 -14.38
32 a3 88 4 66.2 708 -14.21 -14.06 -14.43 -14.37
34 33 08 393 6.1 70.7 -14.12 -14.08 -14.35 -14.37
36 33 o8 383 66.1 707 ~13.95 -14.12 -14.43 -14.37
38 33 a8 302 6.1 70.7 -13.96 -14.12 -14,26 -1437
40 33 a8 32 661 707 -14.06 -14.08 -14.24 -14.37
42 33 97 B2 €86.1 707 -14.32 -14.30 -14,19 -14.38
44 32 97 381 66.1 707 -14.35 -14.18 -14.23 -14.38
46 az 9.7 30.1 6.1 707 -14 .45 -14.20 -14,16 -14 .39
48 33 97 1 661 707 -14.20 -14.23 -14.24 -14.39
50 3.3 87 39,1 861 707 -13.94 -14.36 -14.23 -14.28
52 33 97 300 6.0 707 -14.07 -14.27 -14.18 1437
54 33 87 390 6.0 706 -14.08 -14.,33 -14.08 -14.36
56 32 87 380 660 707 -14.27 -14.30 -14.13 -14.37
58 a2 97 380 66,0 708 -14.11 -1426 -14.19 -14.37
60 33 87 300 66.0 707 -14.08 -14.33 -14,17 -14.36
82 33 8.7 380 660 70.7 -14.08 -14.28 -14.10 -14.35
64 32 97 380 66.0 707 -14.15 -14.15 -14.18 -14.36
66 33 97 390 6.0 706 -14.20 -1426 -14.04 -14.38
68 33 87 < "3 | 660 707 -14.08 -1424 -14.11 -14.36
70 33 97 390 6.0 707 -14.18 -14.30 -14.14 -14.36
72 33 97 0 66.1 707 -14.43 -14.41 -14.15 -14.38
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TABLE D2(b) - TRANSIENT TEST RESULTS FOR WALL S, S| UNITS

Calculated
Moeagured Temperatures, Measured Heat Flow, Heat Flow,
Time, < W/agm Wi/sq m
hr
¢ fcs tmd ims tm qw qhft qhft’ qss
Outdoor Outdoor inmomnal indoor Indoor Calb. HFT @ HFT @ Steady-
Air Surface Therm, Suriace Air Hot Box in. Surd. | Out. Surf. State
0 231 234 232 27 25 1.33 055 0.05 1.02
1 53 130 232 27 25 212 0.60 -101.44 -14.30
2 1186 15 26 227 25 214 0.58 -153.75 -35.32
3 -14.1 58 209 286 24 1.49 033 122z 4149
4 -14.6 74 188 24 224 067 0.59 10223 -43.48
5 -14.9 84 168 221 23 472 -3.16 £91.06 -44.239
6 -15.1 8.1 1581 218 22 891 6.61 -83.27 -44.87
7 -152 86 137 215 - 229 -13.64 -10.56 -77.29 -45.10
8 -15.3 -100 124 211 21 -17.89 -14.54 -72.87 -4523
] -154 -103 13 209 20 -20.94 -18.05 -69.26 -4529
10 -155 -106 103 2086 219 -23.81 -21.00 -85.62 4528
1 155 -10.8 84 204 219 -27.17 2423 £2.79 -45.30
12 -15.6 =111 86 202 2t8 2921 -26.87 8017 -A528
i3 -15.7 112 a0 200 218 -31.41 -29.13 58.49 4532
14 157 1.4 74 198 217 3297 31.14 -56.96 -45.30
18 187 115 69 187 27 -M.60 3293 54,68 -45.30
16 157 116 85 196 7 -36.23 -34.75 53.86 4531
17 -158 117 62 185 7 -37.85 3593 5249 -45.32
18 =158 -11.8 59 195 27 -%.13 -37.50 L2202 -A5.34
19 -158 118 56 194 216 -30.94 3705 50.61 -45.37
20 -159 -120 54 193 216 -40.21 -36.98 -50.10 4535
21 -16.9 -120 52 193 216 -40.76 -30.63 -49.37 -45.37
22 -159 -121 50 192 216 -41.44 -40.43 -48.21 -45.36
23 -159 -12.1 49 192 216 -42.34 -4105 -48.04 -45.36
24 -159 -121 48 192 216 -41.49 -4165 -47.37 -45.35
26 -159 -122 45 101 25 -42.38 4220 -48.77 -45.37
28 -159 -123 43 190 215 -42 66 43,14 -46.47 -45.36
30 -159 -123 42 180 215 -43.08 4365 -46.27 -45.35
32 -89 -123 41 190 s -A4.83 -44 .36 4551 -A5.35
34 -159 123 41 19.0 25 -44.55 -44.45 -45.27 -45.35
36 -159 -124 40 189 K5 -44.01 -44 55 4552 -45.34
a8 -159 -124 40 188 218 -44.04 -44.53 -44 88 -A5234
40 -180 -124 40 189 218 -44.34 4443 -44 92 4534
42 -16.0 <124 40 189 215 4520 4513 -44.77 4537
44 -160 124 40 190 215 -45.29 -44.73 -44.91 4537
46 -160 -124 40 19.0 4 5] -45.57 -45.10 -44.69 4541
48 -16.0 -124 40 19.0 25 -44.81 -44.89 -44.94 4539
50 -16.0 124 39 189 25 -43.97 -45.30 -44.91 -45.36
52 -16.0 -124 as 189 275 -A4.40 -45.02 4475 -45.33
54 -160 -124 39 189 215 -44.43 4521 -44.44 453
56 -16.0 -124 39 189 215 -45.01 -45.11 -44.59 4532
58 -160 124 ae 189 25 -44.50 -44 98 -44.76 -45.35
60 -16.0 -124 38 189 215 -A4.47 4522 -44.71 4529
62 -16.0 124 39 189 a5 -44.47 -45.08 -44 .48 -A45.28
64 <160 -124 39 189 25 -44.64 4464 -44.75 -A529
66 -16.0 -124 39 189 s -44.79 -44.98 -44.29 -45.30
68 <160 <124 as 189 215 -44.42 -44.94 -44.53 -45.20
70 -16.0 -124 39 189 215 4475 -45.13 -44.61 4521
72 -160 -124 ae 189 25 -45.51 -45.45 -44.64 4537
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