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HEAT TRANSFER CHARACTERISTICS OF INSULATED
CONCRETE SANDWICH PANEL WALLS

by

Martha G. Van Geem and Scott T. Shirley

ABSTRACT

Tests were conducted to evaluate thermal performance of three insulated
concrete sandwich panel walls. Heat transfer through the walls was measured
for steady-state and dynamic temperature conditions. The objective of the
test program was to investigate effects of ties connecting wall layers on
thermal properties of insulated sandwich panel walls.

The three walls tested were similar except for the type of connectors
Jjoining the insulation and concrete layers. Each wall consisted of 2-in.
(50-mm) of extruded polystyrene insulation board sandwiched between two 3-in.
(75-mm) normal weight concrete layers. The first wall, a control wall, con-
tained no ties. Layers of the second wall were connected using stainless
stee) ties and anchors. Layers of the third wall were connected using high-
tensile fiberglass-composite ties.

Walls were tested in the calibrated hot box facility (ASTM Designation:
C976) at Construction Technology Laboratories, Inc. (CTL). Steady-state
tests were used to measure thermal resistance (Ry) and thermal transmit-
tance (U). A comparison of results from steady-state tests on the control
wall and the wall with stainless steel connectors showed that stainless
steel connectors reduced wall thermal resistance by 7%. A comparison of
results from steady-state tests on the control wall and the wall with
high-tensile fiberglass-composite ties showed that the ties d1d not reduce
wall thermal resistance.

Dynamic calibrated hot box tests provided a measure of thermal response
under selected temperature ranges. Heat storage capacities of the walls
delayed heat flows through specimens. Average thermal lag values ranged
from 5 to 6 hours for the three walls.

Thermal resistances of insulations used in the walls were measured using
a guarded hot plate (ASTM Designation: C177. Wall resistances measured 1in
a calibrated hot box were compared to resistances calculated from wall
material properties.

*Respectively, Senior Research Engineer and Assistant Research Engineer,
Fire/Thermal Technology Section, Construction Technology Laboratories,
Inc., 5420 01d Orchard Road, Skokie, I1linois 60077.
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EXECUTIVE SUMMARY

A significant amount of energy 1is lost from conditioned environments of
buildings through thermal bridges. Heat transfer measurements of building
components with thermal bridges are needed to assess the severity of heat
loss through particular bridges so that remedial measures may be used, if
necessary. Heat transfer measurements are also used to verify analytical
methods of predicting heat losses through thermal bridges.

Tests were conducted to evaluate thermal performance of three insulated
concrete sandwich panel walls. Heat transfer through the walls was measured
for steady-state and dynamic temperature conditions in a cal1prated hot box.
The three walls tested were similar except for the type of coﬁnectors
Joining the 1insulation and concrete layers. Each wall consisted of 2-in.
(50-mm) of extruded polystyrene insulation board sandwiched between two
3-in. (75-mm) normal weight concrete layers. The first wall, a control
wall, contained no ties. Layers of the second wél] were connected using
stainless steel ties and anchors. Layers of the third wall were connected
using high-tensile fiberglass-composite ties.

The objective of the test program was to investigate thermal effects of
metal and non-metal ties connecting wall layers on thermal properties of
insulated sandwich panel walls,

The program was conducted at Construction Technology Laboratories, Inc.
(CTL). Work was performed as part of a project sponsored jointly by the
U.S. Department of Energy (Office of Buildings and Community Systems), Amoco
Foam Products Company, and the Portland Cement Association.

Construction and testing of the control wall and the wall with stainless
steel connectors was performed as part of a subcontract with Martin Marietta

Energy Systems for the U.S. Department of Energy. This work was

-xi-
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co-sponsored by the Portland Cement Association and is part of the Building

Thermal Envelope Systems and Materials Program (BTESM) at Oak Ridge National
Laboratory. |

Construction and testing of the wall with high-tensile fiberglass-
composite ties were sponsored by Amoco Foam Products Company. Guarded hot
plate tests of insulations used in the walls were also sponsored by Amoco
Foam Products Company.

A guarded hot plate was used to measufe thermal resistances of the two
brands of extruded polystyrene insulation used to construct the three test
walls. Thermal resistances were determined at CTL in accordance with ASTM
Designation: C 177 *"Steady-State Thermal Transmission Properi1es by Means
of the Guarded Hot Plate.* Nominal specimen dimensions were 2x12x12 in.
(50x300x300 mm). Average measured thicknesses of the two brands of
insulation were 1.99 and 1.94 in. (49.8 and 48.5 mm), respectively. Thermal
reststances were determined at specimen mean temperatures ranging from 34 to
121°F (1 to 50°C) for one brand and 36 to 116°F (2 to 47°C) for the second
brand.

Insulation thermal resistances at specimen mean temperature of 75°F
(24°C) were interpolated from measured values. The two brands,
respectively, had thermal resistances of 8.92 and 9.02 hr-ft2-°F/Btu (1.57 and
1.59 mz-K/H) at a specimen mean temperature of 75°F (24°C).

Walls were tested in the calibrated hot box facility (ASTM Designation:
C976) at CTL. Test specimens were 8-ft 7-in. (2.6 m) sq. Steady-state tests
were used to measure thermal resistance (R) and thermal transmittance (U).
Wall thermal resistances were measured at mean temperatures of approximately
105°F (40°C) and 35°F (2°C), and air-to-air temperature differentials, §

respectively, of 60°F (33°C) and 75°F (42°C).

-x14-
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A comparison of results from steady-state tests on the control wall and
the wall with stainless steel connectors showed that stainless stee)
connectors reduced wall thermal resistance by 7%. A comparison of results
from steady-state tests on the control wall and the wall with high-tensile
fiberglass-composite ties showed that the ties did not reduce wall thermal-
resistance.

Design total thermal resistances for Walls P1, P2, and P3 were within 6%
of calibrated hot box test results. The isothermal planes method of
calculating total wall resistance predicted performance of the wall with
stainless steel connectors. A 5% decrease in total thermal resistance for
the wall with stainless steel connectors, compared to the control wall, was
predicted. A 7X decrease was measured.

Comparing results from the control wall and the wall with stainless
steel ties shows that the three-dimensional finite difference technique
performed by Mr. K. W. Childs, ORNL, accurately predicted steady-state
thermal performance of the stainless steel torsion anchors.‘ A 6% decrease
in wall thermal resistance due to the connectors was predicted. A 7%
decrease was measured.

Calibrated hot box indoor and outdoor air temperatures, indoor and
outdoor wall surface temperatures, and the two concrete-insulation interface
temperatures were measured using 16 thermocouples in each of the six
planes. Additional thermocouples were used to evaluate the effects of ties
on surface temperatures. Steady-state test results showed that wall surface
temperatures adjacent to stainless steel ties are not significantly
different from surface temperatures between ties.

Dynamic calibrated hot box tests were performed on the three test
specimens. Dynamic tests are a means of evaluating thermal response under

controlled conditions that simulate temperature changes actually encountered
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by building envelopes. For these tests, the calibrated hot box indoor air l
temperatures were held constant while outdoor air temperatures were cycled
over a pre-determined temperature versus time relationship.

Three 24-hour (diurnal) temperature cycles were performed on each wall
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 box tests were used to determine dynamic thermal
properties of thermal lag, reduction in amplitude, and total hgat flow
ratlo. As indicated by thermal lag, heat storage capacities of insulated
concrete sandwich panel walls delayed heat flow through specimens. Average
thermal lag values ranged from 5 to 6 hours for the three walls.

As indicated by the damping effect, heat storage capacities of the walls
reduced peak heat flows through specimens for dynamic temperature conditions
when compared to predictions based on steady-state thermal resistances
(R-values). Reduction in amplitude values ranged from 34 to 46% for the
control wall, 42 to 48% for the wall with stainless steel connectors, and 44
to 69% for the wall with high-tensile fiberglass-composite ties.

For the three diurnal temperature cycles applied to the test walls,
total heat flow for a 24-hour period were less than would be predicted by
steady-state R-values. Total measured heat flows for the 24-hour cycles
ranged from 43 to 81% of those predicted by steady-state analysis for the
three walls. These reductions in tota) heat flow are attributed to wall
storage capacity and reversals in heat flow.

Transient test data were collected during calibrated hot box testing of
the three test specimens. Results of a transtient test are determined from
data collected in the period of time between two steady-state tests. After

~xiv~
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a wall is in a steady-state condition, the outdoor chamber temperature
setting is changed. The transient test continues unt1l the wall reaches
equilibrium heat flow for the new outdoor chamber air temperature. The
initial wall mean temperature for the tests was 73°F (27°C). The final wall
mean temperature was approximately 33°F (1°C).

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 the walls to reach 63% of a
final heat flow were approximately 3-1/2 times greater than predicted by
steady-state calculations based on measured surface temperatures

Calibrated hot box test results presented in this report are limited to
the specimens and temperature cycles used in this investigation. It 1is
anticipated that results would differ for walls with different insulation
thicknesses, for tie systems with different cross-sectional areas, or when
insulation is not tightly packed around ties as it was in this test program.

Results described in this report provide data on thermal response of
concrete-insulation sandwich panel walls subjected to steady-state and
diurnal sol-air 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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HEAT TRANSFER CHARACTERISTICS OF INSULATED
CONCRETE SANDWICH PANEL WALLS

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

INTRODUCTION

Tests were conducted to evaluate thermal performance of three insulated
concrete sandwich panel walls. Heat transfer through the walls was measured
for steady-state and dynamic temperature conditions. The objective of the
test program was to investigate effects of ties connecting wythes on thermal
properties of sandwich panel walls. -

The three walls tested were similar except for the type of connectors
joining the insulation and concrete layers. Each wall consisted of 2-in.
(50-mm) of extruded polystyrene insulation board sandwiched between two
3-1n. (75—mm)-normél weight concrete wythes as shown in Fig. 1. The first
wall, a control wall, contained no ties. Layers of the second wall were
connected using stainless steel ties and anchors. Layers of the third wall
were connected using high-tensile fiberglass-composite ties.

Walls were tested in the calibrated hot box facility at Construction
Technology Laboratories, Inc. (CTL). Steady-state tests were used to obtain
average heat transmission coefficients, including total thermal resistance
(RT), and thermal transmittance (U). ODynamic tests provided a measure of

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

*Respectively, Senior Research Engineer and Assistant Research Engineer,
Fire/Thermal Technology Section, Construction Technology Laboratories,
Inc., 5420 01d Orchard Road, Skokie, I1linois 60077.
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Fig. 1 Cross Section of Insulated Sandwich Panel Walls
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dynamic cycle was selected to permit comparison of results with those obtained

(1-8)*
Results from tests on walls with ties are

in previous investigations.
compared to those from the wall with no ties.

Thermal resistances of tnsulations used in the walls were measured using a
guarded hot plate. Wall resistances measured in a calibrated hot box are

compared to resistances calculated from material properties.

BACKGROUND

One method of insulating structural concrete walls is to provide a layer
of insulation between two layers of concrete as shown in Fig. 1. Ties or
other fasteners are used to connect the three layers. Ties are often
necessary for stability and load transfer, as either or both céncrete layers
may be designed to be load bearing.

Ties or other elements that penetrate an insulation layer act as therma)
bridges when their conductivity is large compared to insulation. Heat losses
are concentrated at the location of conductive elements because heat will
flow through the path of least resistance, as 11lustrated in Fig. 2. Metal
ties connecting layers of insulated concrete sandwich panel walls reduce the
thermal resistance of a wall assembly.

Materials other than metal may be used for connectors if they provide
enough strength to resist the connector design loads. High-tensile
fiberglass-composite ties, such as those manufactured by Amoco Foam Products,
have been developed to reduce thermal bridging through insulation. The con-
ductivity of the fiberglass-composite material 1s approximately 1/100 that

of stainless steel,

*Superscript numbers in parentheses refer to references listed at the end of
this report.
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The guarded hot plate test method [ASTM Designation: ¢177¢®)7 4s the
most widely accepted method of measuring thermal resistance of building mate-
rials. Generally, tests are performed using relatively small samples of
homogeneous materials. Sample sizes generally range from 0.2 to 4 sq ft
(0.02 to 0.4 m2). depending on the hot plate used. Overall therma) resist-
ance of a system containing a thermal bridges such as a stainless steel tie
cannot be measured using a guarded hot plate.

The calibrated hot box [ASTM Designation: €976{%)] and the guarded hot
box [ASTM Designation: 0236(9)] are used to measure thermal performance of

(9)

full scale wall assemblies. Specimens may be constructed of homogeneous
materials, such as concrete, or composite systems, such as insulated frame
walls, masonry walls, or panels with metal connectors. The CTL calibrated
hot box 1s used to measure performance for steady-state or dynamic tempera-
ture conditions. Dynamic testing is particularly important for massive
envelope components that store as well as transmit heat. Test results are
used to evaluate performance of comparative wall systems and to verify

analytical models. Heat transfer characteristics of building elements must

be known to evaluate energy losses through a building envelope.

TEST SPECIMENS

Three insulated concrete sandwich panel walls were constructed by CTL and
subsequently tested in a calibrated hot box. Walls consisted of insulation
board sandwiched between normal weight concrete layers as shown in Fig. 1.
Overall nominal dimensions of each wall were 103x103 in. (2.62x2.62 m).
Nominal dimensions of concrete and insulation layers were 3 in. (75 mm) and

2 in. (50 mm), respectively.
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The first wall, designated Wall P1, was constructed of board insulation
sandwiched between two concrete layers. The 1ight blue colored board
insulation was tdentified as Dow Styrofoam extruded polystyrene insulation.
Wall P1 was constructed without any ties bridging between two concrete
layers.

The second wall, designated Wall P2, was also constructed with Dow
Styrofoam insulation board identified as, sandwiched between two concrete
layers. Wall P2 was constructed with sta1hless steel ties and torsion
anchors bridging the two concrete layers.

The third wall, designated Wall P3, was identified by Amoco Foam
Products Company as the Amoco-Thermomass Wall System. It cons&sted of 1ight
green colored board insulation, identified as Amofoam*-CM extruded
polystyrene, sandwiched between two concrete layers. The two concrete
layers were bridged with plastic ties, identified by Amoco Foam Products

Company as high-tensile fiberglass-composite ties.

Wall Construction

Walls were reinforced with a single layer of 6x6-in. (150x150-mm)
W1.4xW1.4 welded wire fabric located at the center of each 3-in. (75-mm)
concrete layer, as detailed in Fig. 3. Walls were oriented horizontally for
casting. The wire mesh was supported at a distance of 1.5 in. (38 mm) from
the face of the wythe by concrete chairs. These chair supports, shown in
Fig. 4, raised the wire mesh off of the formwork base before and during con-
crete placement. Chair supports were also used to raise wire mesh above the

insulation prior to casting the second concrete wythe. Chair supports were

*Styrofoam and Amofoam, respectively, are trademarks of Dow Chemical Company
and Amoco Foam Products Company.
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Fig. 4 Location of Concrete Chairs Supporting Wire Mesh
for Wall Pl

Fig. 5 Lifting Lugs for Wall P1
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made of the same concrete used for wall construction. Concrete, rather than
steel or plastic chairs, were used to eliminate potential thermal bridging
caused by supports.

Threaded inserts were cast into Walls P1, P2, and P3 at mid-thickness of
the top edge of each wythe, as shown in Fig. 5. The steel loop-type inserts
were used to transport each wall after the concrete had attained the neces-
sary strength.

The mix design for concrete used to construct Walls P1, P2, and P3 is
given in Table 1. Elgin coarse and fine aggregates were used in the concrete
for all walls. The nominal maximum size of the coarse gravel was 3/4 in.

(20 mm). Aggregates from Elgin are considered dolom1t1c.(]0)'

Laboratory test results for measured slump, air content, and unit weight
of the fresh concrete are summarized in Table 2. The water-cement ratio of
concrete used for each of the three walls was 0.57.

Details of construction procedures for each of the three walls are des-

cribed in the following sections.

Wall P

The 2-in. (50-mm) thick Dow Styrofoam insulation used for Wall P1 was
obtained from Dow Chemical U.S.A. in nominal 4x8-ft (1.22x2.44-m) sheets.
Insulation was pleced together to form an 8-ft 7-in. (2.62-m) square panel
as shown in Fig. 6. Insulation pieces were secured at joints using continu-
ous strips of duct tape on each surface. Taping of the seams prevented
infiltration of concrete paste during placement. Wall P1 had 25-ft 2-1/4 1in.
(7.68 m) of insulation seams.

Measured thickness and density of the Dow Styrofoam insulation was 2 in.

(50 mm) and 1.87 pcf (29.9 kg/m°), respectively.

construction technology laboratories, inc.
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TABLE 1 - CONCRETE MIX DESIGN FOR WALLS P1, P2, and P3

Quantities per cu yd

Material of concrete
Type I Cement 454 1b
(206 kg)
Water 258 1b
(117 kqg)
Elgin Coarse Gravel, 872 1b
3/8* to 3/4" SSO* (395 kg)
(2.04% MC**)
Elgin Fine Gravel, 872 1b
No. 4 to 3/8" SSD (395 kq)
(2.25% MC**)
Elgin Sand, SSD 14371 1b
(1.79% MC**) (649 kg)
Vinol Resin - 2.2% 1.5 m1/1b cement
Solution (3.30 ml/kg)
(Air-Entraining
Admixture)
*Saturated surface dry; neither absorbing water from
nor contributing water to the concrete mix(11)

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

Average Average Average Unit
Wall Slump, Air Content, Weight,
Designation in. % pcf
(mm) (kg/m3)
P1 3.7 1.3 144 .1
(94) (2308)
P2 3.2 6.1 144.9
(81) (2321)
P3 2.9 7.8 143.3
(74) (2296)
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Ten 6-cu-ft (0.17—m3) batches of concrete were prepared for casting of
Wall P1. Concrete was mixed by a 6-cu-ft (0.17-m3) pan-type concrete mixer
and transported by wheelbarrow to the casting site. Placement of concrete
to form the first 3-in. (75-mm) thick concrete layer was performed initially.
Concrete was consolidated using a vibrating pad as shown in Fig. 7. Concrete
was screeded to obtain a uniform 3-in. (75-mm) thickness. Insulation board
with fhermocoup]e wires attached was then placed on top of the concrete.

After the insulation board and thermocouples were positioned, construc-
tion procedures described above were repeated for the second concrete layer.
The top layer of concrete was troweled to obtain a uniform surface. Both
concrete layers were cast within a 3-hour period. Figure 8 sh;ws the
finished surface of Wall P1.

Wall P1 was allowed to cure in formwork for 15 days. After removing
formwork, the wall was allowed to air dry in the laboratory at a temperature
of 73+5°F (23+3°C) and 45+15% RH for approximately 3 months.

Prior to testing, the faces of Wall Pl were coated with a cementitious
waterproofing material to seal minor surface imperfections. A textured, non-
cementitious paint was subsequently used as a finish coat. These coatings
provided a white, uniform surface for both wall faces. Wall edges were left

uncoated.

Wall p2

Torsjon anchors and ties, identified as stainless steel, were used to
connect concrete layers of Wall P2. Locations of the four torsion anchors
and sixteen metal ties are shown in Fig. 9. A Type A-3 tie consists of a
0.118-1n. (3-mm) diameter bar with a nominal height of 5 in. (125 mm).
Dimensions of Type A and Type B torsion anchors are shown in Fig. 10.

Connectors were manufactured by The Burke Company and were installed per

manufacturer's instructions.
13-
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Fig. 7 Concrete Consolidation for Wall P1 Using Vibrating
Pad

Fig. 8 Finished Surface Wall Pl
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Figures 11 and 12, respectively show ties and torsion anchors attached
directly to the wire mesh of the lower layer before concrete was placed. Two
28-4n. (700-mm) long No. 2 bars were installed at the location of each tor-
ston anchor, as shown in Fig. 13.

The Dow Styrofoam insulation used for Wall P2 was obtained in nominal
4x8-ft (1.22x2.44-m) sheets. Insulation was cut to form three sections as
shown in Fig. 14. Sections were chosen to facilitate placement of insulation
around ties and torsion anchors. Individual pieces of insulation sections
were joined using duct tape. Joints of each surface were continuously taped,
except at the location of torsion anchors.

Sections of insulation were cut out at locations of ties and torsion
anchors. Figure 15 shows insulation in place with a tie penetrating the cut-
out section. Cut-out sections were saved and replaced, as shown in Fig. 16,
after insulation board was placed on the first concrete layer. Seams of
cut-out sections and the three sections of insulation shown in Fig. 14 were
taped on the top surface using duct tape.

Measured thickness and density of the Dow Styrofoam insulation used for
Wall P2 was 2.0 in. (50 mm) and 1.86 pcf (29.8 kg/ma), respectively.

Ten 6-cu-ft (0.17-m3) batches of concrete were prepared for casting of
Wall P2. Concrete was mixed using a 6-cu-ft (0.17-m3) revolving-drum-type
mixer and was transported in a concrete bucket by forklift to the casting
site. The concrete bucket was 1ifted above formwork by an overhead crane
and concrete was placed in the formwork. Concrete was placed in each 3-in.
(75-mm) thickness from one side of the wall to the opposite side. Concrete
in each layer was consolidated using a vibrating screed as shown in Fig. 17.
Polystyrene insulation was placed on top of the f1rst concrete layer after

the concrete was placed.
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Fig. 11 Mounting of Type A-3 Metal Tie to Wire Mesh for
Wall P2

Fig. 12 Mounting of Torsion Anchor to Wire Mesh for
Wall P2
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Fig. 15 Insulation Cut-Qut for Wall P2 to Allow
Penetration of Metal Tie

Fig. 16 Insulation Replaced Around Metal Tie
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Fig. 17 Concrete Consolidation for Wall P2 Using
Vibrating Screed
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The top surface of the second concrete layer was troweled to obtain a
uniform surface.

Wall P2 was allowed to cure in formwork for 14 days. After removing
formwork, the wall was allowed to air dry in the laboratory at a temperature
of 73+5°F (23+°C) and 45+15% RH for approximately 3 months.

Prior to testing, the faces of Wall P2 were coated and painted in the

same manner as Wall P1.

Wall P3

| Ties, described as high-tensile fiberglass-composite, were used to
connect concrete layers of Wall P3. Locations of the th1rty-ij ties are
shown in Fig. 18. Connectors, shown in Fig. 19, were manufactured by
Thermomass Technology Inc. and were installed per manufacturer's instruc-
tions. Dimensions of the 6-in. (150-mm) long connectors are shown in
Fig. 20.

The Amofoam insulation was obtained in nominal 4x8-ft (1.22x2.44-m)
sheets. 1Insulation was cut to form an 8-ft 7-in. (2.62 m} §quare panel as
shown in Fig. 21. Insulation pieces were jJoined using continuous strips of
transparent cellophane tape on each surface. Tape was provided by Amoco Foam
Products. Wall P3 had 25 ft 2 in. (7.67 m) of insulation seams.

Prior to placing the insulation on the concrete, 15/32-in. (12-mm) holes
were drilled through the insulation at the location of ties.

Polystyrene insulation was placed on top of the first concrete layer
after the concrete was placed. High-tensile fiberglass-composite ties were
pushed through the predrilled holes in the insulation into the 16wer

concrete layer, as shown in Fig. 22.
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Fig. 19 High-Tensile Fiberglass-Composite Ties
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The Amofoam insulation used for Wall P3 had a measured thickness of 2 in. :
(50 mm) and a density of 2.08 pcf (33.3 kg/m’).

Ten 6-cu-ft (0.17-m3) batches of concrete were prepared for casting of

" Wall P3. Concrete was mixed using a 6-cu-ft (0.17-m3) revolving-drum-type
concrete mixer and was transported in a concrete bucket by forkli1ft to the
casting site. The concrete bucket was 1ifted above formwork by an overhead
crane and concrete was placed in the formwork. Concrete was placed in each
3-in. (75-mm) thick layer from one side of the wall to the opposite side.
The concrete was consolidated using the same vibrating screed used in con- !
struction of Wall P2. To reduce the chance of voids in the concrete, tles
were touched gently with an immersion vibrator as shown in fig. 23.

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

Wall P3 was allowed to cure in formwork for fourteen days. After remov-
ing formwork, Wall P3 was allowed to air dry in the laboratory at a tempera-
ture of 73+5°F (23+3°C) and 45+15% RH for approximately 3 honths. %

Prior to testing, the faces of Wall P3 were coated and painted in the

same manner as Walls Pl and P2.

Physical Properties of Walls

Measured unit weights, thicknesses, and surface areas of Walls P1, P2,
and P3 are summarized in Table 3. Insulation thicknesses and densities for

Walls P1, P2, and P3 are also 1isted in Table 3.

Instrumentation
Ninety-six thermocouples, corresponding to ASTM Designation: E230,
"Standard Temperature-Electromotive Force (EMF) Tables for Thermocouples,“(g)

Type T, were used to measure temperatures during thermal testing. For each
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Fig. 22 High-Tensile Fiberglass-Compasite Tie Placed

in Insulation and Lower Layer of Concrete for
Wall P3

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

‘Measured Value

Property Wall Pl Wall P2 Wall P3

Unit Weight of Wall, 1b/ft2 (kg/m?) 77.1% 74.5* 15.1*
(376) (364) (366)

Average Wall Thickness, in. (mm) 8.20 8.20 8.19
(208) (208) (208)

Wall Area, ft2 (m?) 73.90 73.94 74,09

(6.86) (6.87) (6.88)
Insulation Thickness, in. (mm) 2 2 2
(50) (50) (50)

Insulation Density, 1b/ft3 (kg/md) 1.87 1.86 2.08

(29.9) (29.8) (33.3)

*Measured before calibrated hot box testing.

**Measured after calibrated hot box tests were completed.
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test wall, 16 thermocouples were located in the air space on each side of
the test specimen, 16 on each face of the test wall, and 16 at each of the
two concrete/insulation interfaces. The 16 thermocouples in each plane were
spaced 20-3/5-1n. (525-mm) apart in a 4x4 grid over the wall area.

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 Wall P1 are shown in Figs. 24 and 25,
respectively.

Internal thermocouples placed at the concrete/insulation interfaces were
taped directly to the insulation board prior to placement in the wall, as
shown in Fig. 26. This technique ensured desirable thermocouple location
during concrete placement. Thermocouples were wired to form a thermopile,
such that an electrical average of 4 thermocouple junctions, located along a
horizontal line across the grid, was obtained.

Additional thermocouples were also used to monitor temperatures on and
near ties bridging concrete layers for Walls P2 and P3. Two stainless steel
ties in Wall P2 were monitored. Each tie was located 2-ft 9-1/2 4in. (0.85
m) from the top of the wall and 2-ft 9-1/2 4n. (0.85 m) from the side of the
wall. Thermocouple locations in a typical cross-section of the wall are
shown in Fiq. 27. Thermocouple sensors were taped to each end of the
monitored tie, on concrete surfaces directly across from the monitored tie,

and on concrete surfaces 6 in. (150 mm) and 12 in. (300 mm) above the
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Fig. 24 Indoor Surface of Wall P1 Before Calibrated
Hot Box Testing

-’ 2T ".

Fig. 25 Outdoor Surface of Wall P1 Before Calibrated
Hot Box Testing
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Fig. 26 Thermocouples Taped to Insulation Board for
Wall Pl
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Fig. 27 Locations of Thermocouples in Vicinity of
Stainless Steel Tie
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monitored tie. The thermocouples located 12 in. (300 mm) above the
monitored tie are midway between two ties. Reported temperatures are
average readings of two similarly located thermocouples at the monitored
ties.

Thermocouples were placed in Wall P1 at the same locations as those
placed in Wall P2 to monitor stainless steel ties. Comparisons of measure-
ments from thermocouples on Walls P1 and P2 show effects of ties on concrete
temperatures.

One high-tensile fiberglass-composite tie in Wall P3 was also monitored.
The tie was located 26 in. (650 mm) from the top of the wall ang 26 in.

(650 mm) from the side of the wall. Thermocouple locations are shown in
Fig. 28. Thermocouple sensors were taped 1-1/2 4n. (68 mm) from the insula-
tion along the longitudinal axis the monitored tie, as shown in Fig. 29.
Thermocouples were also taped to concrete surfaces directly across from the
monitored tie, and on concrete surfaces 4-1/4 in. (106 mm) and 8-1/2 in.
(212 mm) below the monitored tie. The thermocouples located. 8-1/2 in.

(212 mm) below the monitored tie are midway between two ties.

Wires for thermocouples mounted on ties and insulation were routed through
side formwork prior to casting the second concrete wythe of each wall.

Heat flux tran;ducers measuring 4x4-in. (100x100-mm) were mounted near
the center of the indoor and outdoor surfaces of the test walls. Sensors
were located near the center of the walls at wall mid-height. The surface
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
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Fig. 29 Thermocouple Attached Directly to High-Tensile
Fiberglass-Composite Tie
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transducers were calibrated using results from steady-state calibrated hot

box tests on the insulated concrete walls,

PHYSICAL PROPERTIES OF CONCRETE

At the time each wall was cast, companion control specimens were made for
measurement of selected physical properties. Concrete for control specimens
was sampled from each of the 10 batches required to cast each wall. Each
specimen was cast in individual 6x12-in. (150x300-mm) cylinder molds.

Unit weight, moisture content, compressive strength, and tensile split-
ting strength of 6x12-in. (150x300-mm) cylinders were determined. Measured

physical properties are summarized in Table 4.

Unit Weight
Weights of the 6x12-in. (150x300-mm) cylinders were determined periodi-

cally while specimens were air drying. Volume of each cylinder was calcula-
ted from cylinder weights in air and immersed in watér. Unit weights were ‘
calculated from measured weights and volumes. | |
Unit weights of the concrete cylinders are summarized in Table 5. As
shown in the table, unit weights decreased with time for the first two months
and then remained fairly constant thereafter. The reduction in unit weight

1s due to evaporat1on of free water from the concrete.

Moisture Content

Average moisture content of concrete in each wall at the time of calibra-
ted hot box tests was estimated using air dry and ovendry unit weights of
6x12-in. (150x300-mm) cylinders. Estimated moisture content for the con-

crete in each wall are 1isted in Table 4.
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TABLE 4 - SUMMARY OF PHYSICAL PROPERTIES OF
CONCRETE FOR WALLS P1, P2, and P3

Measured Value

Property Wall P1 | Wall P2 | Wall P3
Unit Weight of Fresh Concrete, 1b/Ft3 144.1 144.9 143.3
(kg/m3) (2310) (2320) (2300)
Estimated Moisture Content of Concrete,
%, Ovendry Weight 1.8 2.3 2.2
Concrete Compressive Strength, psi (MPa)
Moist cured* ans 4820 4630
(32.5) (33.2) (31.9)
Air cured 5580** E660* %% | 552(0%xk+
(38.4) (39.0) (38.0)
Concrete Splitting Tensile Strength,
pst (MPa)
Moist cured* 479 454 47
(3.30) | (3.13) (3.25)
Alr cured 498%% 500*%** AQRAtkx
(3.43) (3.45) (3.47)

*Cured in molds for first 24 hours, moist cured for 27 days
**Cured in molds for first 7 days, air cured for 147 days
***Cured in molds for first 7 days, air cured for 133 days
****Cured in molds for first 7 days, air cured for 124 days
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TABLE 5 - UNIT WEIGHT OF SITE-CURED CONTROL SPECIMENS

Age,
Days

Average for Cylinders, 1b/ft3 (kg/m3)

Wall P

Wall p2

Wall P3

0
14
16
17
21
22
28
35
42
46
57
62
63
10
84
98

112
154
175

144.1 (2310)*

146.2 (2340)

145,2 (2330)
144.9 (2320)
144.6 (2320)

144.0 (2310)

143.8 (2300)
143.4 (2300)
143.0 (2290)
142.6 (2280)
142.6 (2280)

144.9 (2320)*

146.7 (2350)
145.7 (2330)

145.1 (2320)

144.5 (2320)

143.9 (2310)

143.5 (2300)

143.3 (2300)*
146.5 (2350)

144.7 (2320)

144 .4 (2310)

144.3 (2310)

143.6 (2300)

*Unit weight of fresh concrete
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Compressive Strength

Compressive strengths of 6x12-in. (150x300-mm) concrete cylinders were
determined in accordance with ASTM Designation: (€39 "Standard Test Method for
Compressive Strength of Cylindrical Concrete Specimens." Two sets of cdm-
pressive strength data were obtained for each wall as follows:

1. Twenty-eight day compressive strengths of 5 cylinders cured for 24
hours in molds, and then moist cured at 73+3°F (23+1.7°C) and 100% RH
the remaining 27 days.

2. Compressive strengths of 5 cylinders cured in molds for 7 days, and
then air cured at 73+5°F (23+#3°C) and 45+15% RH unti] each wall was
midway through thermal tests.

Compressive strength was measured on 5 moist-cured cylinders and 5 air-cured

cylinders. Average compressive strengths for both sets of cylinders are shown

in Table 4.

Splitting Tensile Strength

Splitting tensile strengths of 6x12 in.-(150x300-mm) ﬁoﬁcrete cylinders were
determined in accordance with ASTM Designation: C496 “Standard Test method for
Splitting Tensile Strength of Cylindrical Concrete Specimens." Cylinders were
cured in the same two ways as compressive strength cylinders. Splitting tensile
strength was measured on 5 moist-cured cylinders and 5 air-cured cylinders.

Average strengths for both sets of cylinders are shown in Table 4,

THERMAL RESISTANCE OF INSULATION

A guarded hot plate was used to measure thermal resistances of Styrofoam
insulation, used for Walls P1 and P2, and Amofoam insulation, used for Wall P3.
Tests on Styrofoam insulation were performed in August and September 1985.

Tests on Amofoam insulation were performed in October 1985,

_41-

construclion technology laboratories. inc.



Test Procedure

Thermal resistances were déterm1ned at CTL in accordance with ASTM Desig-
nation: C 177 "Steady-State Thermal Transmission Properties by Means of the
Guarded Hot P]ate.'(g) !

Guarded hot plate specimens were cut from the same lot of insulation board
as that used in the concrete-insulation sandwich walls. Two specimens were cut
from each type of insulation. Nominal specimen dimensions were 2x12x12 1in.
(50x300x300 mm). Measured thicknesses of both Styrofoam insulation specimené
was 1.99 1n. (49.8 mm). Measured thickness of Amofoam insulation was 1.94 in.
(48.5 mm).

Insulation densities were determined from measured weights and dimensions.
Densities of Styrofoam and Amofoam were 1.8 'Ib/ft3 (28.8 kg/ma) and 2.2
1b/Ft> (35.2 ka/m®), respectively.

Using a quarded hot plate, two identical samples of the material to be
tested are placed on elther side of a horizontal flat plate heater assembly
consisting of a 5.88 in. (149.4 mm) square inner (main) héater surrounded by a ;
separately controlled guard heater to form a 12-in. (300-mm) square assembly. |
The function of the quard 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 in contact with the samples producing a uniform and constant
temperature on the outside of each sample.(12)

The rate of heat flow through the specimens i1s determined from measuring
heat input into the heater plate. The thermal resistance of the test samples
1s determined from measurements of the final surface temperatures after

steady-state has been reached, the power input to the main heater, and the

geometry of the test samples.
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Test specimen temperatures are measured by chromel/alumel thermocouples
placed in contact with the specimen surfaces. 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.

After steady-state heat flow and temperatures are reached, the test is
continued for 3 hours. Thermal resistance is calculated from three sets of
measured data collected after equilibrium is reached. Data sets are collected
at time intervals of not less than 30 minutes. Power input to the main heater
and surface temperatures within the region of the main heater are used to

determine thermal resistance.

Test Results

Thermal resistances were determined for 4 mean temperatures of the Styfb-
foam insulation and 5 mean temperatures of the Amofoam insulation. Measured
resistances are listed in Table 6.

Specimen mean temperature, also listed in Table 6, is the average tempera-
ture of the cold and hot surfaces for the two test samp]eé. The average tem-
perature differential across the specimens, from the hot surface to the cold
surface, is denoted AT in Table 6.

A plot of thermal resistance versus mean specimen temperature is presented
in Fig. 30. Thermal resistance decreases with increasing mean temperature for
both types of insulation.

Thermal resistances at specimen mean temperatures of 75°F (24°C) were
interpolated from measured values. Styrofoam and Amofoam insulations, respec-
tively, had thermal resistances of 8.92 and 9.02 hr-ft2-°F/Btu (1.57 and 1.59
m2-K/H) at a specimen mean temperature of 75°F (24°C). Apparent thermal con-
ductivities of Styrofoam and Amofoam insulations, respectively, were 0.223 and

0.215 Btuein./hreftZ-°F (0.032 and 0.030 W/m-K).
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TABLE 6 - MEASURED THERMAL RESISTANCES OF STYROFOAM

AND AMOFOAM INSULATIONS

AT,
Specimen Temperature R,
Type of Test Mean Temp., Differential, Thermal Resistance,
Insulation No. °F °F hreft2+°F/Btuy
(°C) (°C) (m2eK/W)
Styrofoam* 1 33.9 29.5 9.87
(1.1) (16.3) (1.74)
Styrofoam 2 52.6 45.0 9.36
(11.5) (25.0) (1.65)
Styrofoam 3 98.5 1.0 8.56
(33.8) (22.8) (1.51)
Styrofoam 4 121.3 38.5 8.05
(49.6) (21.4) (1.42)
Amofoam** 1 36.0 29.5 9.91
(2.2) (16.4) (1.74)
Amofoam 2 46.2 28.1 9.37
(7.9) {(15.5) (1.65)
Amofoam 3 70.2 27.3 9.18
(21.2) (15.1) (1.62)
Amofoam 4 88.3 25.9 8.69
(31.2) (14.3) (1.53)
Amof oam 5 115.7 24,1 8.13
(46.5) (13.4) (1.43)

*Average measured thickness
**Average measured thickness

of étyrofoam insulation was 1.99 in. (49.8 mm).
of Amofoam insulation was 1.94 in. (48.5 mm).
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CALIBRATED HOT BOX TEST FACILITY

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

dynamic temperature conditions. Tests were conducted in the calibrated hot
box facility shown in Figs. 31 and 32. Tests were performed in accordance !
with ASTM Designation: C 976, "Thermal Performance of Building Assemblies

by Means of a Calibrated Hot Box.“(]1)

The following is a brief description of the calibrated hot box. Instrumen-
tation and calibration details are described in Appendix A and Reference 13.

The facility consists of two highly insulated chambers as shown in Fig. 32. !
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 1s conditioned by heating and cooling equip-
ment to obtain desired temperatures on each side of the test wall.

The outdoor (climatic) chamber can be held at a constant temperature or
cycled within the range -15 to 130°F (-26 to 54°C). Températures can be pro- i
grammed for a 24-hour cycle to obtain the desired temperature-time relation-
ship. The indoor (metering) chamber, which simulates an indoor environment,
can be maintained at a constant room temperature between 65 and 80°F (18 and
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

2

1.5 to 20 hreft"«°F/Btu (0.26 to 3.52 mz-K/H).

The pressure in both the indoor and outdoor chambers is atmospheric.
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THERMAL RESISTANCE OF WALLS

Two steady-state calibrated hot box tests were performed on each of the
Walls P1, P2, and P3. Heat flow and temperature measurements were used to
determine average thermal properties of total thermal resistance (RT) and
transmittance (U).

Design heat transmission coefficients are calculated for the walls and
compared to measured values. Test results are also compared to results from

a three-dimensional modeling of a torsion anchor used in Wall P2.

Design Heat Transmission Coefficients

Design values are calculated in accordance with procedures'estab11shed
by the American Society of Heating, Refrigerating, and Air-Conditioning
Eng1neers.(14) Wall configurations and thermal conductivities of wall

materials are used to calculate design values.

Material Properties

Thermal conductivities used to calculate design heat transmission coeffi- '
clents are listed in Table 7. Values of all materials are for temperature
of 75°F (24°C).
A thermal conductivity value of 16.0 Btu-\n/hr-ft2-°F (2.31 W/meK) was
used for normal weight concrete.(a)
Thermal conductivities of Styrofoam and Amofoam insulations were deter-
mined from guarded hot plate test results, discussed in the section titled
*Thermal Resistance of Insulation."
Stainless steel torsion anchors and ties were used to bridge concrete layers

2

of Wall P2. A thermal conductivity of 182 Btuein/hreft®«°F (26.2 W/m<K)

was used for stainless steel.(]s)
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TABLE 7 - THERMAL CONDUCTIVITIES USED TO CALCULATE DESIGN
HEAT TRANSMISSION COEFFICIENTS

Thermal Conductivity*
Material Source
Btu«in W/meK
hreftZeoF
Normal Weight 16.0 2.31 Ref. B
Concrete
Styrofoam 0.223 0.0322 Interpolated for a mean tem-
Insulation perature of 75°F from guarded
hot plate test results.
Amofoam 0.215 0.0310 Interpolated for a mean tem-
Insulation perature of 75°F from guarded
hot plate test results.
Stainless Steel 182 26.2 Ref. 15
High-Tensile 2.1 0.303 Ref. 16
Fiberglass-
Composite Tle

*Values are for material temperatures of 75°F (24°C).
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The ties incorporated into Wall P3 were fiberglass and a thermal conduc- .
tivity of 2.1 Btu-1n/hr-ft2-°F (0.303 W/m+K) was used for calculation pur-

poses. This value was obtained from the manufacturer's 11terature.‘16)

Wall P1
Design values of total resistance and transmittance for Wall P1 are shown
in Table 8. Figure 33 shows locations of layers used for calculations.
Wire mesh, such as shown in Fig. 33, is commonly used in construction of
wall systems, but was not considered in thermal calculations because its
effect 1s considered insignificant.
Total resistance values, RT' include standard surface resf;tances equal
to 0.68 hr-ft2-°F/Btu (0.12 mZ-K/H) for indoor surfaces and 0.17
hr-ft2-°F/Btu (0.03 mz-K/H) for outdoor surfaces. These values are commonly
used in design and are considered to represent still §1r on the indoor wall
surface and an air flow of 15 mph (24 km/hr) on the outdoor wall surface. E
Actual surface resistances may be calculated using measured temperatures and
heat flux presented in the calibrated hot box portion of the "Therma)
Resistance of Walls® section of this report. Thermal transmittance, U, 1is i
equal to the reciprocal of total thermal resistance, RT'
Calculated total thermal resistance of Wall P1 s 10.15 hr-ft2-°F/Btu
(1.79 m2K/W).

wWall p2
Calculations of design heat transmission coefficients for Wall P2 were
made using the isothermal planes method alsoc designated the series parallel

d'(17,18)

metho This method of calculation is applicable for wall

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

Lateral heat flow in continuous layers 1s assumed to result in isothermal
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TABLE 8 - DESIGN HEAT TRANSMISSION COEFFICIENTS FOR WALL Pl

R
Thermal Reststance,
Component hreft2.°F/Btu
(m2K/W)
1. Outside Air Film 0.17*
(0.03)
2. 3.0-in. (76.2-mm) Normal Weight 0.719
Concrete (0.03)
3. 1.99-in. (50.5-mm) Dow Styrofoam 8.92
Insulation (1.57)
4. 3.0-in. (76.2-mm) Normal Weight 0.19
Concrete (0.03)
5. 1Inside Air Film 0.68*
(0.12)
Total R 10.15
(1.79)
Total U*+ 0.098
{0.559)

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

**Units for thermal transmittance are Btu/hrsft2.°F (W/m2+K)
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planes. These planes provide a means for heat flow towards areas with
‘higher thermal conductivities. 1In this case the ties used to bridge
concrete layers in Wall P2 act as heat sinks or thermal bridges.

Parallel combinations of the highly conductive bridge and insulation are
assumed to act in series with concrete layers. The calculated total thermal

resistance, RT' of Wall P2 is the sum of seven individual resistances:

Rr Rc Rrr RD Rr Rc
Ry = Ry + R+ a.R.+a R, ¥ apRrr+aer * aR.+a R R+ Ry (D)
lwhere
RT = Total thermal resistance based on isothermal planes (ser1es-para11e1
heat flow paths), hreft2-°F/Btu (mo+K/W)
R thermal resistance of inside air surface film, assumed to be

e
H

0.68 hreftZ-°F/Btu (0.12 m2+K/W)

R. = thermal resistance of 1.5-1n. (38-mm) thick concrete layer,
hreft2.F/Btu (m+K/W)

R. = thermal resistance of 1.5-in. (38-mm) long segmént‘of stainless
steel rod that penetrates concrete, hr-ft2-°F/Btu (mZ-K/N)

R. = thermal resistance of 2-in. (50-mm) segment of stainless steel rod
that penetrates insulation layer, hr~ft2-°F/Btu (mz-K/w)

R = thermal resistance of insulation, hreft2-°F/Btu (m°eK/W)

a_ = area of stainless steel rods transverse to heat flow divided by
total wall area

a = 1-ar, area of 1.5-in. (38-mm) thick concrete layer between welded-
wire fabric and insulation that is transverse to heat flow,
divided by total wall area

a = 1—ar, area of insulation transverse to heat flow divided by total

wall area
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This equation for total thermal resistance can be reduced to:

2RrRc RrrRD

R. =R, +R_ + 2R + + (2)
T i 0 c acRr + ach aR +anR

For homogeneous materials, thermal resistance i1s equal to thickness in the
direction of heat flow divided by thermal conductivity.

Figure 34 shows regions represented by terms described in Eqs. 1 and 2.
The seven component resistances for Wall P2 are 1isted in Table 9. Wall

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

crete layers, where no ties were present, were treated separat?Iy from inner 2
portions containing ties.

The sixteen stainless steel ties penetrating the insulation of Wall P2
had an aggregate cross-sectional area of 0.351 sq in. (226 mmz). The four
torsion anchors had an aggregate cross-sectional area of 0.430 sq in.
(277 mmz). Total cross-sectional area of stainless steel in Wall P2 was ‘
0.781 sq in. (504 mm%).

Total thermal resistance of Wall P2 calculated using the isothermal

2

planes method is 9.64 hroft2~°F/Btu (1.70 m"+K/W). This value is 5% less

than the calculated thermal resistance of the wall with no ties, Wall P1.

Wall P3

Design heat transmission coefficients for Wall P3 were calculated using
the parallel path method. This method is preferred when the material pene-
trating the insulation has a lower conductivity than the highly conductive
surrounding layer.(17) In thts case, the high-tensile fiberglass—composite

ties have a lower thermal conductivity than the concrete.
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TABLE 9 - DESIGN HEAT TRANSMISSION COEFFICIENTS FOR WALL P2 ;

R
Thermal Resistance,
Component hreft2.°F/Btu
(m2K/W)
1. Outside Air Film 0.17*
(0.03)
2. 1.5-1in. (38.1-mm) Normal Weight 0.094
Concrete (0.015)
3. 1.5-1n. (38.1-mm) Normal wWeight 0.094+%*
Concrete with Steel Ties (0.015)
4. 1.99-in. (50.5-mm) Dow Styrofoam 8. 414+
Insulation with Steel Ties (1.48)
5. 1.5-1n. (38.1-mm) Normal Weight 0.094**
Concrete with Steel Ties (0.015)
6. 1.5-in. (38.1-mm) Normal Weight 0.094
Concrete (0.015) =
7. Inside Air Film - 0.68* ‘
(0.12) x
Total R 9.64 :
(1.70) ?
Total Ut** 0.104 ‘
(0.589)

*Source: ASHRAE Handbook - 1985 Fundamentals, American Society of

Heating, Refrigerating, and Air-Conditioning Engineers,
Inc., Atlanta, 1985, Chapter 23.

**Resistance of layer calculated using the isothermal planes method.

*+*nits for thermal transmittance are Btu/hr+ft2+.°F (W/m2.K)
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To calculate total thermal) resistance using the parallel path method,
total resistances are first calculated along a path through a tie, and a path
through the insulation. Resistances for individual components along the two
paths are l1isted and summed in Table 10.

Locations of layers are 1llustrated in Fig. 35. The outer portion of the
concrete layers, where no ties were present, were treated separately from
inner portions containing ties.

The overall transmittance of the wall determined using the parallel path
method is the area-weighted average of the thermal transmittances for the
two paths. Total thermal restistance of Wall P3 is the rec1proqa] of overall
transmittance.

Total thermal resistance of Wall P3 calculated using the parallel path
method 15 10.25 hr-ft2-°F/Btu (1.8 mz-K/N). This value is 1% greater than

the calculated thermal resistance of the wall with no ties, Wall P1.

Three-Dimensional Modeling of Torsion Anchor

Mr. K.W. Childs of Martin Marietta Energy Systems, Iné.vperformed a
three-dimensional steady-state heat transfer calculation on a portion of Wall
P2. The analysis was performed to estimate performance of Wall P2 prior to
calibrated hot box tests.

The section of the wall modeled was 40-in. (1.02-m) sq with a Type B
torsion anchor located at the center. A Type B torsion anchor was chosen
because 1t provides a greater thermal bridge than a stainless steel tie.
Material thermal conductivities assumed for the calculation are 1isted in
Table 11.

For the analysis, an air temperature of 0°F (-18°C) was controlled on

one side of the wall and 100°F (38°C) was maintained on the other side.
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TABLE 10 - DESIGN HEAT TRANSMISSION COEFFICIENTS FOR WALL P3 '

R, Thermal Resistance * |
Component Between Ties At Ties
hr-ft2+°F/Btu hreft2s°F /Bty ;
(m K /W) (m2+K /W)
1. Outside Air Film 0.17* 0.17*
(0.03) (0.03)
2. 1.0-in. (25-mm) Normal Weight 0.063 0.063
Concrete (0.01) (0.01)
3. 2.0-in. (50-mm) Normal Weight 0.125 -
Concrete (0.02)
4. 6.0-in. (150-mm) High-Tensile - 71,73
Fiberglass-Composite Tie (9.30)
5. 1.94-1n. (50-mm) Amofoam 9.02 -
Insulation (1.59)
6. 2.0-in, (50-mm) Normal Weight 0.125 ——
Concrete (0.02)
7. 1.0-1n. (25-mm) Normal Weight 0.063 0.063 :
Concrete (0.01) (0.01)
8. Inside Air Film 0.68* 0.68% i
(0.12) (0.12)
Total R 10.25 2.1
(1.81) (0.48)
Total U*+ 0.098 0.370 ;
(0.55) (2.10)

AdJust for Ties (<1%)

U = (0.9994)(0.098) + (5.86x10'4)£0.370) :
= 0.098 Btu/hreft2+°F (0.55 W/m<K) :
R =1/U = 10.23 hreft2.°F/Btu (1.81 m2+K/W)

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

**Units for thermal transmittance are Btu/hr-ft2+°F (W/m2.K) ‘
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Transmission Coefficients for Wall P3
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TABLE 11 - THERMAL CONDUCTIVITIES OF MATERIALS FOR THREE-DIMENSIONAL
STEADY-STATE HEAT TRANSFER CALCULATION

Thermal Conductivity : !
}
Material Btusin/hreft2.eF W/meK
Concrete 12 1.73
Insulation 0.20 0.029
Steel 360 52
Stainless Steel 240 35
-60-
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Since the anchors have two 1ines of approximate symmetry when viewed from
the surface of the wall, only one fourth of the anchor was modeled.

Detajled results from the analysis are given in Appendix B. Figures Bl
and B2, respectively, show locations of isotherms on the warm and cold sides
of the modeled region of the wall. Because a constant heat transfer coeffi-
cient was used at the wall surfaces, isotherms radiating from the center of
the anchor also represent 1ines of constant heat flux.

An integrated average of the heat flux over the 40x40-in. (1.02x1.02-m)
area shows an increase in total heat flow of 6% due to a single Type B tor-
sion anchor compared to the same wall without ties or torsion anchors.

Results from the three-dimensional analysis were extrapo]aféd to
estimate performance for the entire 8-ft 7-in. x 8-ft-7-in. (2.62 m x 2.62 m)
wall used in the CTL experimental study. A Type B torsion anchor with 0.117
sq in. (75.6 mmz) of stainless steel penetrating the insulation causes an
increase in heat flow of 6% for a 40-in. (1.02-m) sq area. It 1s assumed
that 6.67 times that amount of steel, or 0.781 sq in. (504 nmz). will cause
a 6% increase in heat flow for an area 6.67 times as large, or B ft 7 in.
(2.62 m) sq. Therefore, computations indicate that 0.781 sq in. (504 mmz)
of stainless steel 1n Wall P2 will cause an increase in heat flow of approxi-

mately 6% averaged over the wall area.

Calibrated Hot Box Test Results

Test Procedures

Steady-state calibrated hot box tests were conducted by maintaining con-
stant indoor and outdoor chamber temperatures. Results are calculated from
data collected when specimen temperatures reach equilibrium and the rate of

heat flow through the test wall 1s constant. Steady-state tests were run at

_61-

construction technology laboratories, inc.

%



two temperature differentials. For the first case, indoor air temperature !
was maintained at approximately 73°F (23°C) while outdoor air temperature was
maintained at approximately 134°F (56°C). This provided a nominal tempera-
ture differential of approximately 61°F (34°C) and mean wall temperature of
approximately 104°F (40°C). In the second case, indoor air temperature was
maintained at approximately 71°F (22°C) while outdoor air temperature was
maintained at approximately -4°F (-20°C). This provided a nominal tempera-
ture differential of 75°F (42°C) and a mean wall temperature of approximately
34°F (1°0).

Steady-state calibrated hot box tests on Wall P were perfgrmed in March
and April 1985. Tests on Wall P2 were performed in June and iu]y 1985.

Tests on Wall P3 were performed in September 1985,

Test Results

Steady-state results from calibrated hot box tests on Walls P1, P2, and
P3 are summarized in Table 12. Data are averages for 16 consecutive hours
of testing. Wall mean temperature, heat flow, total therma1vresistance, and ?
thermal transmittance are 1isted for steady-state test conditions applied to
each wall,

The first column of Table 12 1ists the mean wall temperature, t_, during ;

m’
each steady-state test. Wall mean temperature is determined from the average
of the indoor and outdoor wall surface temperatures.

The second column shows wall heat flow determined from each calibrated
hot box test. The third and fourth columns 1ist total thermal resistance
and transmittance coefficlients calculated using measured values of heat flow
and standard surface resistance coefficients of 0.68 hreft2-°F/Btu (0.12 m’-K/W)

2

for outdoor and 0.17 hr-ft2-°F/Btu (0.03 m"-X/W) for indoor. Design heat
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TABLE 12 - STEADY-STATE RESULTS FROM CALIBRATED HOT 80X TESTS

Laboratory
q* Relative Adr
Heat Re** e Humidity Temperature
wall Nominal Flow, L ’
Desig- Test Btu hreftl.f Btu Indoor { Outdeoor | Max. | Min.
nation| Condition hreft¢ Btu hreftésF Chamber, | Chamber, °F °F
(W/m2) | (m2-K/W) (W/m2X) % % (°c) | (°C)
P tm=104°F 6.97 8.89 0.112 22 21 11 716
{40°C) (22.0}) | (1.57) (0.636) (25) (24)
4| tm=34°F -6.99 | 10.95 0.091 23 22 11 73
(1°C) (-22.0) | (1.94) (0.517) (25) {23)
13 Design+ - 10.15 0.098 - - - -
vatues {1.79) {0.559)
P2 tm=103°F 7.46 8.27 0.121 33 15 76 15
(39°C) (23.5) | (1.46) (0.686}) (24) (24)
p2 ty=34°F -7.44 | 10.N 0.097 37 23 14 73
{1°C) (-23.5) { (1.82) (06.551) (23) (23)
P2 Design+ - 9.64 0.1066 - - - -
Vatues (1.70) {0.6053)
P3 tp=105°F 6.17 | 10.55 0.095 ik 9 75 75
(41°C) (19.5) | (1.85) {0.538) (24) (24)
P3 tm=35°F -6.39 [ 11.30 0.088 el 20 75 74
(2°C) {(-20.2) | (1.99) (0.502) N (24) {23)
P3 Design+ — 10.25 0.0976 - - -— -
Values (1.81) (0.554)

*Measured by the calibrated hot box.
**Total thermal resistance, Ry, and transmittance, U, for steady-state tests were

calculated using the design surface resistance coefficients and measured values of

heat flow.

**kNot available. , .
+Values computed for tp = 75°F {24°C).




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

of each section in Table 12 for comparison. The design values for each wall

were calculated at a mean wall temperature of 75°F (24°C).
Measured relative humidity within the indoor and outdoor chambers of the i
CTL calibrated hot box is listed in Table 12. ’
Maximum and minimum laboratory air temperatures obtained during each
steady-state test are also listed in Table 12. The laboratory acts as a
guard for the indoor chamber during tests conducted in CTL's calibrated hot

box.

Thermal Resistance Comparisons

Wall P1 is a control wall for this test program. Since Walls P1 and P2
were constructed using the same concrete mix and insulation differences 1in
thermal performances of the walls can be attributed to stainless steel
torsion anchors and ties in Wall P2. Walls P1 and P3 were constructed with ;
the same concrete mix but different brands of extruded polystyrene insula-
tions. Differences in thermal performance of Walls P1 and P3 can be
attributed to the insulations or the high-tensile fiberglass-composite ties
in Wall P3.

Figure 36 shows measured and design thermal resistances for Walls P1,
p2, and P3 as a fun§t1on of mean temperature. At a mean wall temperature of
approximately 104°F (40°C) the measured total thermal resistance of Wall Pl

2-"F/Btu (1.57 mZ-K/H). At this same mean temperature Walls

was 8.89 hreft
P2 and P3 had measured total thermal resistances of 8.27 and 10.55 hr-ft2-°F/Btu
(1.46 and 1.85 mZ-K/H). respectively.

At a mean wall temperature of approximately 34°F (1°C) the measured total

thermal resistance of Wall P1 was 10.95 hr-ft2-°F/Btu (1.94 mz-K/H). At this
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same mean temperature Walls P2 and P3 had measured total thermal resistances of

10.31 and 11.30 hrsft2«°F/Bty (1.82 and 1.99 m2-K/W), respectively.

Walls P1 and P2

For steady-state tests at a mean wall temperatures of 104°F (40°C), and
34°F (1°C), respectively, total thermal resistances of Wall P2 were 7 and 6%
less than for Wall P1. This reduction in thermal resistance is due to greater
heat flow through stainless steel ties and torsion anchors in Wall p2.

The design thermal resistance of Wall P2 calculated at a mean wall tem-
perature of 75°F (24°C) using the isothermal planes method is 5% less than
that for Wall P1. The calculation is consistent with the meaered decrease
in thermal resistance of Wall P2.

Using results from the three-dimensional analysis performed by Mr. K. W.
Childs, a 6% increase in heat flow through Wall P2 was predicted. This cal-
culated method also accurately predicted the decrease in thermal resistance

of Wall P2,

Walls P1 and P3

For steady-state tests at mean wall temperatures of 104°F (40°C) and 34°F
(1°C), respectively, total thermal resistances of Wall P3 were 19 and 3%
greater than for Wall P1. The design thermal resistance fqr Wall P3 was 1%
greater than that for wWall P1.

The magnitude of the higher resistance of Wall P3 at a mean temperature
of 104°F (40°C) was not predicted. The increase in resistance cannot be
attributed to the high-tensile fiberglass-composite ties because of the
small percentage of gross wall area represented by the ties. Tles represent
less than 0.06% of the wall area perpendicular to heat flow. The increase

in resistance cannot be attributed to the concrete because the concrete
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contributes less than 4% to the wall's thermal resistance. More research is
needed to determine the reason for the increase in resistance of Wall P3 at
a mean temperature of 104°F (40°C). For example, thermal resistance of Wall
P3 coﬁ]d be measured at 10°F (6°C) intervals of mean temperature to better
define thermal resistance as a function of mean temperature. Thermal
resistance of concrete and insulation portions of the wall could be measured
at selected mean temperatures using a guarded hot plate. Results on the
full size wall assembly, Wall P3, could then be compared to results from the
ﬁaterials tests.

Total thermal resistances of Walls P1, P2, and P3 at 75°F (24°C) mean
temperatures were estimated to be 9.74, 9.10, and 10.87 hr-ft2-°F/Btu (1.72,
1.60, and 1.9 mz-K/H). respectively. Values were interpolated from measured
resistances at 104°F (40°C) and 34°F (1°C).

Interpolated thermal resistances for Walls P1 and P2, respectively, at
15°F (24°C) mean temperatures were 4% and 6% less than design resistances.
Interpolated resistance for Wall P3 at a 75°F (24°C) mean-temperature was 6%

greater than the design resistance.

Steady-State Temperature Profiles

Temperature profiles across Walls P1, P2, and P3 for the steady-state
tests are 1llustrated in Figures 37, 38, and 39. The following notation is
used to designate average measured temperatures:

t0 = outdoor air temperature

[}

t2 wall surface temperature, outdoor side

t

4 internal wall temperature at the interface of concrete and

insulation on the outdoor side
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internal wall temperature at the interface of concrete and

insulation on the indoor side

-~
I

1 wall surface temperature, indoor side

. indoor air temperature
A1l temperatures are averages from the 16 thermocouples located in each plane
as previously described in the "Instrumentation* seétion of this report.

A comparison of Figs. 37, 38, and 39 shows that temperature profiles are
similar for each of the three walls. The‘presence of stainless steel connec-
tors, used in Wall P2, and high-tensile fiberglass-composite ties, used in
Wall P3, does not significantly affect average temperatures at the wall sur-
faces and concrete/Insulation interfaces. '

As described in the section on "Instrumentation® additional thermocouples -
were located on and near the ties in Walls P2 and P3. Wall P1 also had addi-
tional thermocouples although no ties were present.

Figures 40, 41, and 42 present measured temperatures at locations of these
additional thermocouples for each steady-state test applied to Walls P1, P2,
and P3, respectively. A comparison of Figs. 40 and 41 shows that wall
surface temperatures monitored in vicinity of a stainless steel tie on Wall
P2 are not significantly different from surface temperatures on Wall P1.
Figure 41 shows that surface temperatures directly across from the mon1tored
tie are not significantly different from those 12 in. (300 mm) away from the
tie. The point 12 in. (300 mm) from the monitored tie is midway between two
ties spaced 2 ft (0.6 m) apart. These data indicate that the stainless steel
tie does not significantly affect wall surface temperatures.

Similarly, Fig. 42 shows that the presence of a high-tensile fiberglass-

composite tie does not significantly affect wall surface temperatures.
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Surface temperatures directly across from the monitored tie are not sig-
nificantly different from those 8-1/2 in. (215 mm) away from the tie. The
point 8-1/2 in. (215 mm) from the monitored tie is midway between two ties

spaced 17 in. (430 mm) apart.

DYNAMIC CALIBRATED HOT BOX TESTS

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

Dynamic tests are a means of evaluating thermal response uﬁaer 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

Dynamic tests were conducted on Walls P1, P2, and P3 fn the CTL cali-
brated hot box. For these tests, the calibrated hot box indoor air tempera-
tures were held constant while outdoor 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 (d1urnal) temperature cycles were used on each wall in this
investigation. The first cycle, denoted the NBS Test Cycle, has been used in
previous studies using the CTL calibrated hot box. This periodic cycle is

based on a simulated sol-air* cycle used by the National Bureau of Standards

*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 radia-
t1on(1£ad1ant energy exchange, and convective heat exchange with outdoor
air.
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in their evaluation of dynamic thermal performance of an experimental

(19)

masonry building. It represents a large variation in outdoor

temperature over a 24-hour period. The mean outdoor temperature of the
cycle ts approximately equal to the mean indoor temperature. | }

Two additional sol-air temperature cycles were run with mean outdoor
temperatures approximately 10°F (6°C) above and 10°F (6°C) below the indoor
temperature. The test cycle designated 'NBS+10' was derived by increasing
hourly outdoor temperatures of the NBS Test Cycle by 10°F (6°C). The test
cycle designated "NBS-10* was derived by decreasing hourly outdoor tempera- f
tures by 10°F (6°C).

Outdoor chamber air temperatures for the three actual test cycles applied
to Walls P1, P2, and P3 are jllustrated in Fig. 43. OQutdoor air temperatures
represent the average from the 16 thermocouples located 3 in. (75 mm) from
the test specimen surface in the outdoor chamber. Average indoor air temper-
ature over the 24-hour period for each cycle was approximately 72°F (22°C).

For all tests, dynamic cycles were repeated until coﬁditions of equilidb- i
rium were obtained. Equilibrium conditions were evaluated by consistency of |
applied temperatures and measured energy response. After equilibrium condi-
tions 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 on Wall P1 in April and

May 1985. Tests were performed on Wall P2 in July and August 1985. Tests

were performed on Wall P3 in October and November 1985.

Test Results

Measured temperatures, temperature differentials, and heat flow for

dynamic temperature cycles for each wall are presented in Appendix C. Brief
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descriptions of symbols used in test result figures and tables are 1isted

in Table 13. Symbols are described in detail in the following paragraphs.

Measured Temperatures and Temperatgre Differentials

For Walls PY, P2, and P3, outdoor air (to), indoor air (t,), outdoor
surface (tz), indoor surface (t]), and internal wall (ta.t4) temperatures
are average readings of the 16 thermocouples placed as described in the
*"Instrumentation® section of this report.  Internal concrete/insulation
interface temperatures on thg indoor and outdoor sides, (ta) and (t4).
respectively, are average readings of thermocouples placed on each side of
the insulation board. Figure 44 shows a wall cross-section 11{ustrat1ng the

location of measured temperatures.

Heat Flow

Heat flow is designated positive when heat flows from the calibrated hot
box outdoor chamber to the indoor chamber. Heat flow determined from
calibrated hot box tests 1s denoted q,- | k

Heat flow measurements from heat flux transducers located on indoor and
outdoor wall surfaces were denoted P and qﬁft' respectively. For each ‘
wall, heat flux transducer data were calibrated using results from steady- '
state calibrated hot box tests. _

Heat flow predfcted by steady-state data analysis is denoted qgs-
Values were calculated on an hourly basis from wall surface temperatures
using the following equation:

¢ = (tz-t1)/R (3)

where

Qe = heat flow through wall predicted by steady-state analysis,

S
Btu/hreFt2(W/m?)
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TABLE 13 - ABBREVIATIONS FOR HEAT FLOW AND TEMPERATURE

q = heat flow measured by heat flux transducer mounted on indoor wall
hft :
surface
q, = heat flow measured by heat flux transducer mounted on outdoor wall
hft
surface
Uqg = heat flow predicted from steady-state analysis
q, = heat flow measured by calibrated hot box
t1 = 1indoor air temperature
t1 = wall surface temperature, indoor side
t3 = concrete/insulation interface temperature on the indoor side
t4 = concrete/insulation interface temperature on the outdoor side
t2 = wall surface temperature, outdoor side
to = outdoor air temperature
tm = average of wall surface temperatures on indoor and outdoor side
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R = average thermal resistance, hr-ft2-°F/Btu (mz-K/H)
t2 = average temperature of outdoor wall surface, °fF (°C)
t1 = average temperature of indoor wall surface, °F (°C)

Thermal resistances for each wall are dependent on wall mean temperature and
were derived from steady-state calibrated hot box test results.

Appendix C tables also footnote calibrated hot box indoor and outdoor
chamber relative humidities, and maximum énd minimum laboratory air

temperatures measured during tests.

Discussion of Test Results

Heat Flow Comparisons

Figure 45 shows measured and calculated heat flows through Walls P1, P2,
and P3 for the NBS Temperature Cycle. Heat flows measured by the calibrated
hot box, q, and calculated from steady-state resistances using Eq. 3, Qg
are shown. Figures 46 and 47, respectively, show measured and calculated
heat flows through Walls P1, P2, and P3 for the NBS+10 and NBS-10
Temperature Cycles.

Measured heat flow curves, qQyr for Walls P1, P2, and P3 show signifi-
cantly reduced and delayed peaks compared to calculated heat flows, qqs-
This 1s shown for all three temperature cycles in Figs. 45, 46, and 47.

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

5s*
than those for Wall P1 due to the decreased resistance of Wall P2. The

amplitudes of calculated heat flow, q for Wall P3 are less than those

ss’
for Wall P1 due to the increased resistance of Wall P3. Thermal resistances
of Walls P1, P2, and P3 are discussed in the "Thermal Resistance

Comparisons® section of this report.
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Fig. 45 Heat Flow for NBS Test Cycle Applied to Walls P1, P2, and P3
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Fig. 46 Heat Flow for NBS+10 Test Cycle Applied to Walls P1, P2, and P3
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47 Heat Flow for NBS-10 Test Cycle Applied to Walls P1, P2, and P3
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Measured heat flows, a, for the NBS Test Cycle applied to Walls P1, P2
and P3 are not significantly different. Figure 47 shows that measured heat
flows for the NBS-10 Test Cycle applied to the three walls were similar.

For the NBS+10 Test Cycle, amplitudes of measured heat flow, q,» were
less for Wall P3 than for Walls P1 and P2. The NBS+10 Test Cycle was the
warmest of the three dynamic temperature cycles applied to the walls. The
high resistance of Wall P3 for the steadyfstate test at a mean temperature
of 104°F (40°C) may be related to the low heat flow measured for the wall

during the NBS+10 Test Cycle.

Thermal lLag

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 dynamic test cycle, Table 14 1ists 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 to Vs t1. lag is calculated as the time required for the maximum
or minimum indoor surface temperature to be reached after the maximum or
minimum outdoor air temperature is attained. 1In the second measure, denoted

Qoo VS G lag s calculated as the time required for the maximum or minimum

ss
heat flow rate, q, to be reached after the maximum or minimum heat flow rate
based on steady-state predictions, Qg is attained. The second measure is
i11lustrated in Figure 48 for the NBS Test Cycle applied to Wall P3. Both
measures give similar results. The second measure was also used to

determine thermal lag for heat flux transducer data.
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TABLE 14 - THERMAL LAG

Measured Thermal Lag, hrs
Calibrated Hot Box Heat Flux Trans. ]
Wall
Desig- Zeiﬁe to vs t\ A5s V5 9, 9s VS et
nation | ¥ Avg, Avg.
© Max. | @ Min. | @ Max.}| @ Min. @ Max. | @ Min.
P NBS 6 5 5 6 5.5 6 5 5.5
P2 NBS 6 4.5 6 4.5 5.5
P3 NBS 6 4.5 5 4 5.5 6 4 5
4] NBS+10 ] 6 5.5 6 5.5 6.5 5 6
P2 NBS+10 ] 5.5 5 5 7 5.5 6.5
P3 NBS+10 | 6.5 5 5.5 6 5 5.5
P NBS-10] 6 4.5 6 5.5
P2 NBS-10 | 6.5 4.5 7
P3 NBS-10{ 6.5 4.5 6 3.5 5 6 5 5.5
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Fig. 48 Definition of Thermal Lag and Reduction in Amplitude
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Average thermal lag values for Walls P1, P2, and P3 were between 5 and 6

hours. Thermal lag values for each wall are relatively constant regardless

of the temperature cycle applied to the wall. Thermal lags for Walls P2 and
P3 are not significantly different from those for Wall P1, the control ;
wall. Thermal lags exhibited by the three walls are predominately due to
the thermal storage capacity of the concrete and the thermal resistance of
the insulation board. The tie systems present in Walls P2 and P3 did not
significantly affect thermal lag of the wall systems.

Thermal lag 1s of interest because the time of occurrence of peak heat
flows will have an effect on overall response of the building envelope. If
the envelope can be effectively used to delay the occurrence of peak loads,
1t may be possible to improve overall enerqgy efficiency. The “"lag effect®

is also of interest for passive solar applications.

Reduction in Amplitude

Reduction in amplitude is a second measure of dynamic thermal perform-
ance. 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 theory.
Reduction in amplitude is 11lustrated in Fig. 45. Values for reduction in
amplitude were calculated using the following equation:

A=V -(q" -a)/(ag, - ag)] =100 (4)
where

A = reduction in amplitude, %

q' = maximum or minimum heat flow through wall

q = mean heat flow through wall
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55 = maximum or minimum heat flow through wall predicted by steady-stafe

analysis

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

Table 15 lists reduction in amplitude values for each dynamic temperature
cycle applied to Walls P1, P2, and P3. Average reduction in amplitude values
for heat flow measured by the calibrated hot box, q, range from 34 to 69%
for Walls P1, P2, and P3. Reduction in amplitude values from heat flux
transducer measurements range from 57 to 63% for the three walls.

Reduction 1n amplitude values for Walls P2 and P3 are not consistently
greater or less than those for Wall P1, the control wall. Amplitude reduc-
tions exhibited by the three walls are predominantly due to tﬁe thermal
storage capacity of the concrete and the thermal resistance of the insulation
board. The tie systems present in Walls P2 and P3 did not significantly
affect amplitude reductions of the wall systems.

Amplitudes for heat flux transducer data, U pqe aT€ generally not the
same as those for measured heat flow, q,- 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.

In addition, heat flux 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. Test results show anticipated peak
energy demands based on actual heat flow are less than those based on steady-
state predictions for walls with thermal storage capacity. Calculations
based on steady-state analysis overestimate peak heat flow for the three

dynamic temperature cycles applied to Walls P1, P2, and P3.
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TABLE 15 - REDUCTION IN AMPLITUDE

Measured, %
Wall Test
Desig- Cycle Calibrated Hot Box Heat Flux Trans. !
nation | Y
@ Max. @ Min. Avg. @ Max. @ Min. Avg.
M NBS 39 28 34 64 56 60
p2 NBS 49 41 48 63 51 60
P3 N8BS 54 45 50 62 56 59
Pl NBS+10 | 44 37 41 64 59 62
P2 NBS+10 | 47 36 42 66 59 63
P3 NBS+10 | 66 71 69 62 87 60
M NBS-101 50 | 46 63 55 59
p2 NBS-10 | 45 40 43 62 56 59
P3 NBS-10 | 46 42 44 60 54 57 i
| |
|
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Jotal _and Net 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 i1l1lustrated in Fig. 49 for the NBS Test Cycle
applied to Wall P3. The curve marked “qw' Is measured heat flow through the
test wall. Areas enclosed by the measured heat flow curve and the line 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 q:.

A similar procedure is used to calculate total heat flow f9r a 24-hour
pertiod from measured heat flux transducer data, Yném’ and predictions based
on steady-state analysis, qgs-

Table 16 1ists total heat flow values for the NBS, NBS+10, and NBS-10 Test
Cycles applied to Walls P1, P2, and P3. Values measured by the calibrated hot
box, measured by heat flux transducers, and calculated using steady-state
thermal resistances are denoted q:, q:ft’ and qu, respecf1ve1y. "Total Heat
Flow Comparisons®™ 1isted in Table 16 show measured total heat flow as a per-
centage of predicted heat flow based on steady-state analysis.

As shown in the "Total Heat Flow Comparisons® column of Table 16, total
heat flow measured by the calibrated hot box ranges from 43 to 81X of total
heat flow calculated using steady-state analysis. The ratio of total meas-
ured heat flow to steady-state predictions depends on the outdoor air tem-
perature 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.
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Fig. 49 Definition of Total Measured Heat Flow
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TABLE 16 - TOTAL HEAT FLOW

Total Heat Flow, Tgt;] H:at Flow
BtU/ftZ 0 par%sons,
(Wehr/m2)
T T
Measured Calculated 9 Thet
Wall Test —
Desig-
Cycle T T T T T
nation qH tht qSS qSS qSS
Pl NBS 25.1 14.9 38.2
(719.0) | (46.9) | (120.5) 68 39
P2 NBS 23.3 | 17.2 43.5 54 30
(73.6) | (54.1) | (137.3)
P3 NBS 17.3 | 170 38.6 ‘ '
(s4.7) | (53.8) | (109.3) 30 49
P1 NBS+10 30.2 | 21.6 37.3 . 8
(95.3) | (68.1) | (117.7)
P2 NBS+10 1.4 | 25 41.4 16 6
(99.0) | (79.1) | (130.5)
P3 NBS+10 13.7 14.2 31.6 . .
(43.4) | (a4.7) | ( 99.8)
P NBS-10 33.4 | 26.0 43.0 8 61
(105.3) | (82.1) | (135.6)
P2 NBS-10 28.2 | 23.9 44.8 63 53
89.1) | (715.3) | (141.4)
P3 NBS-10 28.0 | 33.6 37.7 . o9
(88.5) | (105.9) | (118.9)
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It should be noted that comparison of total measured heat flow values

for the test walls is 1imited to specimens and dynamic cycles evaluated in

this program. Results are for three particular diurnal test cycles and
should not be arbitrarily assumed to represent annual heating and cooling t
loads. In addition, results are for individual opaque wall assemblies. As

such, they are representative of only one component of the building envelope.

Total heat flux is the cumulative or integrated heat flux for a given
Per1od of time. Net heat flux is the average heat flux for a given period
of time, multiplied by the length of the time period. Total heat flux is
equal to net heat flux for time periods with no reversals in heat flow
through the specimen.

Net heat flow for a 24-hour periodic cycle 1s equal to the sum of hourly
measured rates of heat flow. These values can be determined by totaling
values of "“q" from columns of Heat Flow Tables in the “Test Results® section.
Net heat flow values are denoted by the superscript "N* and are presented 4n
Table 17. | ‘

The column “Net Heat Flow Comparisons® in Table 17 1ists measured heat
flow as a percentage of predicted heat flow based on steady-state analysis.

Measured calibrated hot box net heat flow theoretically should be equal to

net heat flow based on steady-state predictions.

TRANSIENT TEST RESULTS

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

and thermal storage capacity of the test wall.
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TABLE 17 - NET HEAT FLOW

Net Heat Flow
Net HeatzFlow, Comparisons,
Btu/ft; %
(Wehr/m™)
N N
Measured Calculated qw tht
Wall
Desig- Z;i%e N N N N N
nation I et _ U U5 s
Pl NBS ~10.7 -2.4 6.7
(-33.9) | (-7.5) | (-21.1) 161 35
P2 NBS -10.7 5.1 -8.1
(-33.7) | (<16.2) | (-25.6) 1321 83
P3 NBS -10.2 _14.3 -6.7
(-32.1) | (-45.2) | (-21.2) 152 214
P NBS+10 29.4 21.5 18.2
(92.9) | (67.9) | (57.5) 161 18
P2 NBS+10 30.0 25.1 23.1
(94.5) | (719.1) | (72.9) 130 109
P3 NBS+10 13.7 9.3 17.1
(43.4) | (29.5) | (s4.7) 80 54
Pl | NBs-10 -33.4 _26.0 311
(-105.3) | (-82.1) | (-98.2) 107 84
P2 NBS-10 -24.6 -23.2 -26.7 0 o7
(-77.6) | (-73.2) | (-84.2)
P3 NBS-10 -21.7 -33.6 -26.1
(-87.4) [(-105.9) | (-82.4) 106 128
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Test Procedures E

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 is !
changed. The transient test continues until the wall reaches equiiibrium
heat flow fof 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 P1, P2, and P3. The initial wall mean temperature for the tests was !

73°F (23°C). The final wall mean temperature was approximately 33°F (1°C).

Test Results

Results from transient tests are presented in Appendix D. Values are
shown as a function of time. Table 13 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 P1, P2, and P3 for the transient tests are com-
pared in Fig. 50. Heat flows measured by the calibrated hot box, denoted
q,. are delayed compared to heat flows calculated from steady-state resist-

ances, ¢ Calculated heat flows, Q. » were determined using Eq. (3).

ss’
Values of e change dramatically during the first portion of a transient
test because of changes in oudoor surface temperatures.

Table 18 1ists time required to reach 99.5, 95, 90, and 63X of the final
steady-state heat flow achieved during the transient tests for Walls P1, P2,
and P3. Table 18(a) 1ists values measured by the calibrated hot box. Table
18(b) 11sts values predicted using steady-state analysis.

Performance of the three walls was similar. Steady-state analysis pre-

dicted for all three walls that 63% of the final heat flow would be reached
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Fig. 50 Heat Flow for Transient Tests on Walls Pl, P2, and P3
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TABLE 18 - SUMMARY OF TRANSIENT TEST RESULTS FOR WALLS P1, P2 AND P3

“(a) Results Measured by the Calibrated Hot Box

wall P wall P2 Wall P3
Heat Flow Qs Time to Qs Time to Qe Time to
Btu/hr s 12 | Reach q, | Btu/hrsft2 | Reach q, | Btu/hrefi2 | Reach q,

(W/m2) hr (W/m2) he (W/nd) hr
99.5% of Final —6.96 36 -1.40 30 -6.35 36
Heat Flow (-21.9) (-23.8) (-20.1)
95% of Final -6.64 21 -1.07 28 .07 31
Heat Flow (-21.0) (-22.3) (-19.2)
90% of Final -6.29 24 -6.70 24 -5.75 23
Heat Flow (-19.8) (-21.1) (-18.1)
631 of Final -4.40 14 -4.69 15 -4.03 13
Heat Flow (-13.9) (-14.8) (-12.7

(b) Results Calculated by Steady-State Analysis
wall p1 wall P2 wall P3
Heat F1 Qgss Time to Qs Time to ‘qss' Time to
o Btu/hr=f12 | Reach qgg,| Btu/hreft? | Reach qgq,[Btushr+f#2 | Reach g,

(W/m2) hr (W/m2) hr (W/mR) hr
99.5% of Final -6.16 24 -1.37 26 -6.38 24
Heat Flow (-21.3) (-23.3) (~20.1)
951 of Final -5.46 13 -7.04 13 -6.09 15
Heat Flow (-20.4) (-22.2) (-19.2)
90% of Final .12 10 -6.67 10 -5.17 10
Heat Flow (-19.3) (-21.0) (-18.2)
631 of Final -4.28 4 -4.61 4 -4.04 4
Heat Flow (-13.5) (~-14.7) (-12.7
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after 4 hour55 Calibrated hot box test results show that 63% of the final
heat flow 15 reached after 14 hours for Wall P1, 15 hours for Wall P2, and
13 hours for Wall P3. The times required for Walls P1, P2, and P3, respec-
tively, to reach 63% of the final heat flow were 3.5, 3.75, and 3.25 greater
than steady-state predictions. Similarly, the times required for Walls P1,
P2, and P3 to reach 90% of the final heat flow were 2.3 to 2.4 times greater
than steady-state predictions.

As shown by the data, massive walls, such as Walls P}, P2, and P3, “damp

out* effects of a sudden change in temperature.

SUMMARY AND CONCLUSIONS

This report presents results of an experimental investigation of heat
transmission characteristics of three concrete-insulation sandwich panel
walls. Wall P1 contained no ties connecting layers. Layers of Wall P2 were
connected using stainless steel ties and torsion anchors. Layers of Wall P3
were connected using high-tensile fiberglass-composite ties. Walls were
tested for steady-state and dynamic temperature conditions using a calibrated
hot box.

The following conclusions are based on results obtained in this

investigation.

Steady-State Temperature Conditions

1. Measured thermal conductivity of extruded polystyrene used in
construction of Walls P1 and P2 was 0.22 Btu-1n/hr-ft2-°F
(0.032 W/m+K) for a specimen mean temperature of 75°F (24°C). Meas-
ured thermal conductivity of extruded polystyrene used in construction
of Wall P3 was 0.21 Btuein/hrft2.°F (0.030 W/m-K) for a specimen

mean temperature of 75°F (24°C). Values were interpolated from

steady-state quarded hot plate test results.
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2. Total thermal resistances, RT’ for Walls P1, P2, and P3 were
9.7, 9.1, and 10.9 hreft2«°F/Btu (1.72, 1.60, and 1.91 m2K/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 standard surface film resistances.

3. A comparison of steady-state calibrated hot box test results from
Walls Pl and P2 shows that stainless steel connectors reduced total
wall resistance by 7X.

4. A comparison of steady-state calibrated hot box test results from
Walls P1 and P3 shows that use of high-tensile fiberglgss-composite
ties did not reduce total wall thermal resistance. l

5. The 1sothermal planes method of calculating total wall thermal
resistance predicted performance of Wall P2. A 5% decrease in
total restistance for Wall P2, cdmpared to Wall P1, was predicted.

A 7X decrease was measured.

6. Comparing results from Walls Pl and P2 shows that the three- l
dimensional analysis performed by Mr. K. W. Childs, ORNL, accurately
predicted thermal performance of torsion anchors. A 6% decrease in f
total thermal resistance for Wall P2, compared to Wall P1, was
predicted. A 7% decrease was measured. *

7. Design total thermal resistances for Walls P1, P2, and P3 were
within 6X of calibrated hot box test results.

8. Wall surface temperatures adjacent to stainless steel ties are not }

significantly different from surface temperatures between tiles.
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Dynamic_Temperature Conditions

1. As indicated by thermal lag, heat storage capacities of insulated
concrete sandwich panel walls delayed heat flow through specimens.
Average thermal lag values ranged from 5 to 6 hours-for Walls P1,
P2, and P3.

2. As indicated by the damping effect, heat storage capacities of the
walls reduced peak heat flows through specimens for dynamic tempera-
ture conditions when compared td steady-state predictions. Reduc-
tion in amplitude values ranged from 34 to 46% for Wall P1, 42 to
48% for Wall P2, and 44 to 69% for Wall P3.

3. For the three diurnal temperature cycles applied to Qalls P, P2 and
P3, total heat flow for a 24-hr period were less than would be pre-
dicted by steady-state analysis. Total measured heat flows for the
24-hour cycles ranged from 43 to 81% of those predicted by steady-
state analysis for the three walls. These reductions in total heat
flow are attributed to wall storage capacity and reversals in heat

flow.

Transtent Temperature Conditions

1. Transient test results indicated that heat storage capacities of
Walls P1, P2, and P3 delay heat flow through the specimens. The
amount of time required for Walls P1, P2, and P3 to reach 63% of a
final heat flow were approximately 3-1/2 times greater than
predicted by steady-state calculations based on measured surface

temperatures.
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Limitations l

Calibrated hot box test results presented in this report are limited to
the test specimens and temperature cycles used in this investigation. It is
anticipated that results would differ for walls with different insulation
thicknesses, for tie systems with different cross-sectional areas, or when
insulation is not packed tightly around ties as it was in this test program.

Results described in this report provide data on thermal response of
concrete-insulation sandwich panel walls subjected to steady-state and
diurnal sol-air temperature cycles. A complete analysis of building energy
requirements must include consideration of the entire buiiding envelope,
building orientation, bullding 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:
€976, “Thermal Performance of Building Assemblies by Means of a Calibrated

Hot Box."(11)

Instrumentation

InStrumentat1on was designed to monitor temperatures inside and outside
the indoor chamber, air and surface temperatures on both sides of the test
wall, internal wall temperatures, and heating energy input to the indoor
chamber. Additional measurements monitor indoor chamber cool1qg system
performance. Basically, the instrumentation provides a means of monitoring
the energy required to maintain constant temperature in the indoor chamber
while temperatures in the outdoor chamber held constant or are varied. This
energy, when corrected for thermal losses, provides a measure of heat flow
through the test wall.

Thermocouples correspanding to ASTM Designation: £230, "Standard Tem-
perature-Electromotive Force (EMF) Tables for Thermocouples.'(11) 20
gauge, Type T, were used to measure temperatures in the air space of each
chamber. Thermocouples were uniformly distributed on a 20-3/5-in. (525-mm)
square grid over the wall area. Thermocouples were located approximately 3
In. (75 mm) from the face of 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 indoor 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.
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A digital humidity and temperature measurement system was used to measure |
relative humidity and temperature in ailr 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 indoor chamber.

Measurements were monitored with a programmable digital data acquisition
system capable of sampling and recording dp to 124 independent channéls of
data at preselected time intervals. The data acquisition system is inter-
faced with a microcomputer that is programmed to reduce and store data.
Channels were scanned every two minutes. Average temperature'and supplemen-
tary data were obtained from average readings for one hour. The cumulative
watt-hour transducer output was scanned every hour.

Alr flow rates in each chamber were measured with air flow meters located
approximately at the wall geometric center. Each flow rate meter was mounted
perpendicular to the air flow. Air flow is 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 montitored periodically and were not part of the
automated data acquisition apparatus. Reference 13 gives more information on \

instrumentation 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 indoor chamber to maintain a constant tempera-
ture. The measured energy input must be adjusted for heat losses. Fiqure Al

shows sources of heat losses and gains by the indoor chamber where:

~A2-
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Control Volume

~ 'Qfon

Outdoor (Climatic) indoor (Metering)
Chamber Chomber

Fig. Al Indoor {Metering) Chamber Energy Balance
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Ow = heat transfer through test wall }
QC = heat removed by indoor chamber cooling ;
Qh = heat supplied by indoor electrical resistance heaters i
Q¢an ° heat supplied by indoor circulation fan \
02 = heat loss/gain from laboratory

Qf = heat loss/gain from flanking path around specimen

The directions of arrows in Fig. Al indicate positive heat flow.

Since net energy into the control volume of the indoor chamber equals

zero, heat transfer through the test wall can be expressed by the following
energy balance equation:
0 =0 - O - Q¢ - 0, - Q¢ (A1)

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

Indoor chamber cooling equipment operates continuously and 1s designed
to remove heat at a constant rate. Control of indoor ch&mber 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 indoor chamber

cooling, Q_., and flanking losses, Qf. The first calibration specimen, S1,

d
has a relatively low thermal resistance of 6.8 hr-ft2-°F/Btu (1.2 mz-K/H).
It consists of 1-3/8-1n. (35-mm) thick fiberglass and was specially fabri-
cated to insure uniformity.

The second calibration wall, $2, has a relatively high thermal resistance

of 16.8 hr-ft2-°F/Btu (3.0 mz-K/H). Material for specimen 52 was selected

-Ad- i
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as part of the ASTM Committee C16 Hot Box Round Robin program. It consists
of expanded polystyrene board that s specially produced and cut to insure
uniformity. Board faces are coated to provide surfaces suitable for attach-
ment of instrumentation.

Heat removed by indoor chamber cooling, Qc' was calculated from refrig-
erant enthalpy and mass flow rate, assuming an ideal basic vapor compression
refrigeration cycle. Results from steady-state ca11brated hot box tests on _
the two *standard® calibration specimens were used to adjust for inefficien-
cies in the actual refrigeration cycle.

Losses from the indoor chamber to the laboratory, QL' were calculated
from thermal properties of component materials making up walls and ceilings
of the indoor chamber and temperature conditions on the inner and outer sur-
faces of the indoor chamber. Heat flux transducers mounted on the inside
surface of the indoor chamber were used to check calculations. Indoor cham-
ber air and laboratory air temperatures were generally maintained at the same
nominal value, 72°F (22°C), to minimize laboratory Iosses; Thus, the value
of Qt is small relative to other terms of the energy balance equation.

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

Heat loss or gain from flanking around the test specimen, Qf. was deter-
mined 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:

Qw = A-C-(tz—t1) (A2)
where
Qw = heat transfer through test wall, Btu/hr (Wehr/hr)
A = area of wall surface normal to heat flow, ft2 (mz)

~A5-
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C = average thermal conductance, Btu/hreft2+°f (H/mzax)
t, = average temperature of outside wall surface, °F (°C)
t1 = average temperature of inside wall surface, °F (°C)

Thus, Qf was determined from Eq. (A1) using calculated values of Ow' Qc' and !
Q!, 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 (t2 - t1) U.S. units (A3)
Qf = 0.131 (t2 - t1) (ST units)

where .
heat loss or gain from flanking around test specimen,
Btu/hr (Wehr/hr)

=l
-t
1]

= average temperature of outside wall surface, °F (°C)

-
N
u I

average temperature of inside wall surface, °F (°C)
Since Qf is the residual from Eq. (A1), it may include other undetermined 2
losses from the indoor chamber.

A round robin to include both calibrated (ASTM Designation: (C976) and
guarded (ASTM Designation: €236) hot boxes has been organized under ASTM

Subcommittee C16.30 which, when compieted, will provide information on the

precision of the calibrated hot box test method.
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APPENDIX B - RESULTS OF A THREE-DIMENSIONAL ANALYSIS OF A TORSION ANCHOR
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APPENDIX C - DYNAMIC TEMPERATURE TEST RESULTS

Measured temperatures, temperature differentials, and heat flow for
dynamic temperature cycles for each wall are presented in Figs. C1 through
€27 and 1isted in Tables €1 through C18. Data for Wall P1 is followed by
data for Wall P2 and Wall P3. For each wall, data for the NBS Test Cycle is
presented first, followed by results for the NBS+10 Test Cycle and the
NBS-10 Test Cycle.

Tables C1 through C18 denoted (a) and (b), respectively, 1ist hourly
test data in U.S. and SI units.

Symbols used in these figures and tables are described in detall in the
"*Test Results* portion of the "Dynamic Calibrated Hot Box Tests® section of
this report.

Measured temperatures are listed in Tables C1, C3, and C5 for Wall P1;
Tables C7, €9, and C11 for Wall P2; and Tables €13, C15, and C17 for Wall
P3. values are 1llustrated in Figs. C1, C4, and C7 for Wall P1; Figs. C10,
€13, and C16 for Wall P2; and Figs. C19, C22, and C25 for Wall P3.

Air-to-air (to't1)' surface-to-surface (t2—t1). and surface-to-air

(t -t t1-t1) temperature differentials are j1lustrated in Figs.

o 2’
c2, C5, and C8 for Wall P1; Figs. C11, C14, and C17 for Wall P2; and Figs.
€20, C23, and C26 for Wall P3.

Measured and éalculated heat flows are listed in Tables C2, C4, and C6
for Wall P1; Tables C8, C10, and C12 for Wall P2; and Tables C14, €16, and
C18 for Wall P3. Values are 11lustrated in Figs. C3, C6, and C9 for Wall
P1; Figs. €12, C15, and C18 for Wall P2; and Figs. C21, C24, and C27 for

wall P3.
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TABLE C1(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P1, US UNITS

Measured Temperatures,
Time, °F :
hr
{o 12 14 13 11 ti
Qutdoor Qutdoor Internal Internal indoor Indoor
Air Surface Outdoor Indoor Surtace Air
1 44.6 53.5 62.0 72.6 72.7 72.3
2 44.0 51.9 60.4 72,4 72,5 72.3 )
3 44.3 51.0 59.1 72.2 72.7 72.3
4 43.9 50.0 58.0 72.0 72.3 72.2 )
5 45.0 49.7 57.1 - 71.8 72.2 72.2 ;
6 57.0 549 57.8 7.7 72.1 72.2 !
7 68.2 61.1 59.8 71.6 72.1. 72.2
8 75.3 66.2 62.5 71.6 72.0 72.2
9 81.9 71.3 65.5 71.6 72.0 72.14
10 89.5 77.2 68.9 71.7 72.0 72.1
11 95.1 82.5 72.6 71.8 72.1 72.2
12 98.4 86.6 76.0 72.0 72.2 72.2
13 101.7 90.6 79.3 72.3 72.3 72.2
14 103.2 93.6 82.1 72.5 72,5 72.3
15 100.3 94.0 84.1 72.7 72.6 72.3 .
16 943 92.2 84.9 73.0 72.8 72.3 i
17 85.7 88.2 84.4 73.2 72.9 72.4 !
18 72.2 81.3 825 73.4 73.0 72.4
19 56.9 72.2 78.9 73.4 - 73.0 79.3 \
20 52.5 67.2 75,2 73.4 73.1 72.4
21 48.7 62.9 7.7 73.2 73.0 72.4
22 47.4 59.9 €8.7 73.1 73.0 72.4 )
23 458 57.2 66.0 72.9 72.9 72.4 !
24 45.1 55.1 63.8 72.7 72.8 72.3 |
Mean 68.4 69.6 70.1 72.4 725 72.6
Calibrated Hot Box Relative Humidity:
Indoor Chamber - 31%
Outdoor Chamber - 24%
Laboratory Air Tomperature; ;
Max. - 81°F (27°C) :
Min. - 73°F (23°C)
-C4- :
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TABLE C1(b) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P1, SI UNITS

Measured Temperatures,
Time, °C
hr
to t2 t4 13 1 ti
Qutdoor Qutdoor Internal Internal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 7.0 11.9 16.7 - 22,5 22,6 22.4
2 6.7 11.1 15.8 22,4 225 22.4
3 6.8 10.6 15.0 22.3 22.6 22.4
4 6.6 10.0 14.5 22.2 22.4 22.3
5 7.2 9.8 14.0 22.1 22.3 22.3
6 13.9 12.7 14.3 22.0 22.3 223
7 20.1 16.1 15.4 22.0 223 ° 22.3
8 24.1 19.0 16.9 22.0 22.2 22.3
9 27.7 21.8 18.6 22.0 22.2 223
10 32.0 25.1 20.5 22.1 22.2 22.3
11 35.1 28.1 22.6 22.1 22.3 22.3
12 36.9 30.4 24.5 22.2 22.3 22.3
13 38.7 32,6 26.3 22.4 22.4 22.4
14 39.6 34.2 27.8 225 22.5 22.4
15 38.0 34.5 28.9 22.6 22.6 22.4
16 34.6 334 29.4 22.8 22.7 22.4
17 29.8 31.2 29.1 229 22.7 22.4
18 22.3 27.4 28.1 23.0 22.8 22.5
19 13.9 22.3 26.1 23.0 22.8 26.3
20 11.4 19.6 24.0 23.0 22.8 22.5
21 9.3 17.2 22.0 22.9 228 22.5
22 8.5 15.5 20.4 22.8 22.8 22.4
23 7.7 14.0 18.9 22.7 22,7 22.4
24 7.3 12.8 17.7 22.6 22.7 22.4
Mean 20.2 20.9 21.1 22.5 22.5 22.5
Calibrated Hot Box Relative Humidity:
indoor Chambaer - 31%
Qutdoor Chamber - 24%

Laboratory Air Temperature:

Max. - 81°F (27°C)

Min. - 73°F (23°C)
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TABLE C2(a) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P1, US UNITS

Caiculated
. Time, Measured Heat Fiow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw qhft qhft’ gss
Calib, HFT @ HFT @ Steady-
Hot Box In. Surt. Out. Surt. State
1 0.17 0.38 -24.16 -2.10
2 -0.23 0.19 -21.29 -2.25
3 -0.06 -0.03 -17.13 -2.36
4 -0.84 -0.26 -15.68 -2.42
5 -1.03 -0.48 -12.15 -2.45
6 -1.50 -0.69 5.50 ~=1.89
7 -1.71 -0.86 20.53 - -1.23
8 -1.73 -0.97 27.83 -0.66
9 -1.72 -1.00 33.39 -0.08
10 -1.45 -1.05 39,96 0.59
11 -2.01 -1.00 42.20 1.21
12 -1.85 -0.87 40.21 1.69
13 -1.58 -0.70 38.99 2.15
14 -1.28 -0.48 35.18 2.51
15 -0.64 -0.22 25.22 2.54
16 -0.26 0.09 12.61 2.30
17 0.21 0.31 -1.43 1.80
18 0.90 0.54 -20.50 0.97
19 1.12 0.76 -39.89 -0.09
20 1.28 0.89 -40.14 -0.66
21 1.18 0.90 -38.97 -1.13
22 1.05 0.86 -34.71 -1.45
23 0.79 0.75 -31.52 -1.73
24 0.46 0.57 -27.63 -1.94
Meaan -0.45 -0.10 -0.15 -0.28

Calibrated Hot Box Ralative Humidity:
Indoor Chambar - 31%
QOutdoor Chamber - 24%

Laboratory Alr Temperature:

Max. - 81°F (27°C)
Min. - 73°F (23°C)
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TABLE C2(b) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P1, SI UNITS

Calculated
Time, Measured Heat Flux, Heat Flow,
hr Wisqgm Wisqm \
qw ghtt qhft’ qss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surt, Qut. Surf, State
1 0.53 1.20 -76.23 -6.64
2 -0.73 0.60 -67.17 -7.10
3 -0.20 -0.09 -54.05 -7.45
4 -2.66 -0.81 -49.47 -7.63
5 -3.25 -1.50 -38.32 -7.72
6 -4.74 -2.17 17.37 -5.97
7 -5.40 -2.72 64.76 -3.87
8 -5.45 -3.06 87.79 -2.07
9 -5.42 -3.17 105.34 -0.24
10 -4.56 -3.33 126.08 1.87
11 -6.35 -3.16 133.15 3.82
12 -5.84 -2.78 126.85 5.32
13 -4.99 -2.21 123.01 6.80
14 -4.03 -1.52 110.93 7.91
15 -2.02 -0.69 79.56 8.01
16 -0.81 0.27 39.80 7.24 :
17 0.66 0.99 -4.52 5.69 .
18 2.83 1.71 -64.68 3.05
19 3.53 2.41 -125.86 : -0.29 :
20 4.04 2.80 -126.63 -2.08 *
21 3.73 2.85 -122.96 -3.57 :
22 3.33 2,73 -109.52 -4.57
23 2.50 2.35 -99.44 -5.47 i
24 1.44 1.81 -87.16 -6.12
Mean -1.41 -0.31 -0.47 -0.88 !

Calibrated Hot Box Ralative Humidity;
Indoor Chamber - 31%
QOutdoor Chamber - 24%

Laboratory Air Temperature:

Max. - 81°F (27°C)
Min, - 73°F (23°C)
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TABLE C3(a) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, US UNITS

Measured Temperatures,
Time, °F
hr
to t2 t4 t3 11 ti
Qutdoor Qutdoor internal Internal Indoor indoor
Air Surface Qutdoor Indoor Surface Air
1 55.3 62.7 67.7 731 72.8 72.2
2 55.3 61.6 65.6 73.0 72.7 721
3 54.4 60.3 63.9 72.8 72.6 72.1
4 53.6 59.1 62.4 72.6 72.5 72.1
5 59.3 60.9 61.2 72.5 72.4 721
6 71.4 66.8 61.4 72.3 723 - 72.0
7 80.8 72.6 64.1 72.2 72.3 72.0
8 88.0 77.9 67.6 72.3 72.3 72.0
9 94.8 83.2 714 72.3 72.3 72.0
10 101.5 89.0 76.1 72.4 72.3 72.0
11 104.9 93.3 81.0 72.8 72.4 72.0
12 107.9 97.2 85.4 72.8 72.5 721
13 110.6 100.7 89.5 73.0 72.6 72.1
14 110.3 102.6 93.1 73.3 72.8 72.1
15 105.8 101.8 95.8 73.5 72.9 72.2
16 99.6 99.4 96.9 73.7 73.0 72.2
17 89.9 94.5 96.5 73.9 73.2 72.3
18 75.4 B86.4 94.2 74.0 - 73.3 72.4
19 64.1 78.5 89.6 741 73.3 72.4
20 61.6 74.5 84.5 74.0 73.3 72.3
21 60.0 71.5 80.0 73.8 73.2 72.3
22 58.3 €8.6 76.0 73.6 73.1 72.3
23 57.1 66.3 72.9 73.5 73.0 72.2
24 56.6 64.6 70.1 73.3 72.9 72.2
Mean 78.2 78.9 77.8 73.1 72.8 72.2
Calibrated Hot Box Relative Humidity:
indoor Chamber - 33%
Qutdoor Chamber - 18%
Laboratory Air Tempaerature:
Max, - 75°F (24°C)
Min, - 70°F (21°C)
-C11-
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TABLE C3(b) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, Sl UNITS

Measured Temparatures,
Time, °C ,
hr
to t2 t4 13 t1 ti
Outdoor Outdoor Internal Intarnal Indoor Indoor
Alr Surface Qutdoor Indoor Surface Air
1 12.9 17.0 19.8 22.8 22.7 22.3
2 12.9 16.4 18.6 22.8 22.6 22.3
3 12.5 15.7 17.7 22.7 22.6 22.3
4 12.0 15.0 16.9 22.6 22,5 22.3 )
5 15.1 16.1 16.2 225 225 22.3 ;
6 21.9 19.4 16.4 22.4 22.4 22.2
7 27.1 22.5 17.8 22.4 22.4 22.2
8 31.1 25.5 19.8 22.4 22.4 22.2
9 34,9 28.4 21.9 22.4 22.4 22.2
10 38.6 31.7 24.5 22.5 22.4 22.2
11 40.5 34.0 27.2 22.5 22.4 22.2
12 42.2 36.2 29.7 22.7 22.5 22.3
13 43.7 38.2 31.9 22.8 22.6 22.3
14 43.5 39.2 34,0 22.9 22.6 22.3
i5 41.0 38.8 35.4 23.1 227 22.3 ,
16 37.6 37.4 36.1 23.2 22.8 22.4 i
17 32.2 34.7 35.8 23.3 22.9 22.4 ‘
18 24.1 30.2 34,5 23.3 22.9 22.4
19 17.8 25.8 32.0 23.4 - 22.9 22.4 Y'
20 16.4 23.6 29.2 23.3 22.9 22.4 i
21 15.6 21.9 26.7 23.2 22.9 22.4
22 14.6 20.4 24.4 23.1 22.9 22.4 .
23 14.0 19.0 22,7 23.0 228 22.4 :
24 13.7 18.1 211 22.9 22.7 22.3 .
Mean 25.7 26.1 25.4 22.8 22.6 22.3 ;;
Calibrated Hot Box Relative Humidity:
Indoor Chamber - 33%
OQOutdoor Chamber - 18%
Laboratory Air Temperature:
Max, - 76°F (24°C)
Min. - 70°F (21°C)
-C12-
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TABLE C4(a) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, US UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw qhft qhft' qss
Calib, HFT @ HFT @ Steady-
Hot Box In. Surf. Out. Surf. State
1 1.69 1.33 -21.92 -1.13
2 1.33 1.10 -18.48 -1.24
3 1.11 0.87 -16.90 -1.37
4 0.89 0.64 -15.51 -1.49
5 0.71 0.43 -5.36 -1.28
6 0.39 0.26 12.52 -0.62
7 0.25 0.14 24.45 0.03
8 0.06 0.00 31.77 0.65
9 -0.19 -0.03 37.98 1.26
10 -0.09 -0.01 42.37 1.96
11 -0.10 0.07 40.99 2.48
12 0.19 0.19 39.28 2.95
13 0.51 0.34 37.73 3.38
14 0.81 0.58 31.56 3.60
15 0.87 0.87 19.66 3.48
16 1.60 1.12 7.7 3.18
17 2.13 1.36 -7.13 2.54
18 2.42 1.61 -27.23 1.54
19 2.81 1.80 -38.51 ’ 0.60
20 2.82 1.91 -36.92 0.14
21 2.72 1.91 -33.06 -0.20
22 2.45 1.82 -30.20 -0.51
23 2.20 1.69 -27.29 -0.76
24 1.89 1.52 -23.70 -0.94
Mean 1.23 0.90 0.95 0.76

Calibrated Hot Box Relative Humidity:
Indoor Chamber - 33%
Qutdoor Chamber - 18%

Laboratory Alr Temperature:

Max. - 75°F (24°C)
Min, - 70°F (21°C)
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TABLE C4(b) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P1, SI UNITS

Calculated
Tima, Measured Heat Flow, Heat Flow,

hr Wisqm Wisqm
qw ghtt ghft’ gss

Calib. HFT @ HFT @ Steady-

Hot Box In. Surt, Qut, Surt. State

1 5.32 4.18 -69.15 -3.57
2 4.20 3.48 -58.32 -3.92
3 3.50 2.74 -53.32 -4.31
4 2.80 2.03 -48.92 -4.71
5 2,22 1.36 -16.91 -4.03
6 1.23 0.81 39.50 »1.95
7 0.78 0.43 77.14 0,10
8 0.19 0.0t 100.22 2.04
9 -0.60 -0.09 119.84 3.99
10 -0.29 -0.03 133.69 6.18
11 -0.33 0.22 129,33 7.81
12 0.61 0.60 123.92 9.29
13 1.61 1.07 119.03 10.66
14 2.54 1.84 99.59 11.36
15 2.75 2.74 62.02 10.98
16 5.06 3.53 24.34 9.98
17 6.71 4.29 -22.51 8.01
18 7.65 5.08 -85.92 _ 4.86
19 8.86 5.68 -124.66 1.88
20 8.88 6.02 -116.47 0.45
21 8.58 6.01 -104.30 -0.63
22 7.72 574 -95.29 -1.60
23 6.94 5.34 -86.09 -2.39
24 5.95 4.80 -74.77 -2.96
Mean 3.87 2.83 3.00 2.40

Callbratéd Hot Box Relative Humidity:
Indoor Chamber - 33%
Outdoor Chamber - 18%

Laboratory Air Temperature:

Max. - 75°F (24°C)
Min. - 70°F (21°C)
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TABLE CS(a) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P1, US UNITS

Measurad Temperatures,
Time, °F
hr
to t2 14 t3 4] ti
Qutdoor Qutdoor Internal Internal indoor Indoor
Alr Surface Outdoor Indoor Surface Air
1 35.3 43.9 50.2 71.8 72.1 721
2 34.9 42.5 48.0 71.6 72.0 72.1
3 35.0 41.6 46.1 71.4 71.9 72.0
4 34,7 40.6 44.6 71.2 71.8 72.0
5 36.5 40.7 43.4 71.0 71.7 72.0
6 46.7 45.2 43.2 70.9 71.6 72.0
7 57.4 51.2 44.9 70.8 715 71.9
8 66.1 57.1 48.1 70.8 71.5 71.9
9 73.4 62.6 §2.2 70.8 71.5 71.9
10 80.3 68.1 56.3 70.9 71.5 71.8
11 84.1 72.5 61.1 71.0 71.6 71.9
12 86.6 76.1 65.6 71.2 71.6 71.9
13 90.9 80.3 €9.7 71.4 71.8 72.0
14 91.7 82.9 73.6 71.6 71.9 72.0
15 88.9 83.3 76.7 71.9 72.1 72.1 :
16 83.2 81.5 78.6 721 72.2 721 f
17 75.4 78.1 78.9 72.3 72.3 72.2 i
18 61.6 711 77.5 72.5 72.4 72.2
19 46.2 61.9 73.6 72.5 725 72.2 l\
20 a41.7 56.9 68.3 72.5 72.5 72.2
21 39.8 53.3 63.4 72.4 72.5 72.2 ‘
22 38.6 50.6 £9.4 72.3 72.4 72.2
23 36.6 47.7 55.8 72.1 72.3 72.1 {
24 35.7 45.6 52.8 71.9 72.2 72.1 !
Mean 58.4 59.8 59.7 71.6 72.0 72.0 g
Calibrated Hot Box Relative Humidity:
Indoor Chamber - 32%
Qutdoor Chamber - 17%
Laboratary Air Temperature:
Max, - 81°F (27°C)
Min. - 71¢F (22°C)
-C18-
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TABLE C5(b) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TQ WALL P1, Sl UNITS

Measured Temperatures,
Time, °C
hr
to t2 14 13 11 ti
Qutdoor Qutdoor Internal Internat Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 1.8 6.6 10.1 22.1 22.3 22.3
2 1.6 5.8 8.9 22.0 22.2 22.3
3 1.7 5.3 7.9 21.9 22.2 22.2
4 1.5 4.8 7.0 21.8 221 22.2
5 2.5 4.9 6.4 21.7 220 22.2
6 8.2 7.3 6.2 21.6 22.0 22.2
7 14.1 10.7 7.4 21.6 22,07 22.2
8 18.9 13.9 8.9 21.6 21.9 22.2
9 23.0 17.0 11.2 21.6 21.9 22.1
10 26.8 20.1 13.8 21.8 21.9 22.1
11 28.9 22.5 16.2 21.7 22,0 22.1
12 30.4 24,5 18.7 21.8 22,0 22.2
13 32.7 26.8 20.9 21.9 221 22.2
14 33.2 28.3 23.1 22.0 22,2 22.2
15 31.6 28.5 249 22.2 22.3 22.3
16 28.4 27.5 25.9 22.3 22.3 22.3
17 241 25.6 26.0 22.4 22.4 22.3
18 16.4 21.7 25.3 22.5 22.5 22.3
19 7.9 16.6 23.1 225 - 22,5 22.3
20 54 13.8 20.2 22.5 225 22.4
21 4.3 11.9 17.5 22.4 225 22.3
22 3.6 10.3 15.2 22.4 22.4 22.3
23 2.6 8.7 13.2 22.3 22.4 22.3
24 2.1 7.5 11.5 222 22.3 22.3
Mean 14.7 15.4 15.4 22.0 22.2 22.2

Calibrated Hot Box Relative Humidity:
Indoor Chamber - 32%
Outdoor Chamber - 17%
Laboratory Air Temperature:

Max. - 81°F (27°C)
Min. - 71°F (22°C)

-C19-

construction technology laboralories, inc.

w



50 P \wail P1 Wisq m=(Btwhr*sq #)/3.15
NBS-10 . ‘
25 ¢ ghit’
Heat Flow,
Btu/hrsq ft 0 Foocasssamssnase ..
i
.25 b :
. 5 o » i '] __ I 1 B 2 1 ) 'l B 2 2 32 1 R 2 I 1 [ '] ) i 1 b ] ;
0 8 16 24 :

Time, hr

Fig. C9 Heat Flow for NBS-10 Test Cycle Applied to Wall Pl

-C20-

construction technology laboratories, inc.



TABLE C6(a) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P1, US UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq #t Btu/hresq #
qw qhft ghft’ gss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surt. Qut. Surf. State
1 -0.94 -0.60 -24.03 -3.02
2 -1.19 -0.82 -21.08 -3.15
3 -1.35 -1.02 -17.96 -3.23
4 -1.53 -1.23 -15.98 -3.31
5 -1.80 -1.43 -11.50 -3.29
6 -1.90 -1.63 3.07 -2.83
7 -2.08 -1.81 17.09 < -2.21
8 -2.21 -1.92 27.04 ©-1.59
9 -2.30 -1.98 33.84 -0.99
10 -2.57 -1.99 39.55 -0.38
11 -2.50 -1.92 38.78 0.11
12 -2.42 -1.82 36.20 0.51
13 -2.21 -1.65 37.05 0.99
14 -1.96 -1.46 32.37 1.27
15 -1.63 -1.22 22.78 1.30
16 -1.26 -0.98 10.87 1.08
17 -0.98 -0.71 -1.53 0.67
18 -0.68 -0.47 -21.09 -0.15
19 -0.42 -0.27 -40.08 -1.19
20 -0.10 -0.16 -40.32 -1.72
21 -0.17 -0.11 -36.65 -2.09
22 -0.16 -0.15 -32.85 -2.37
23 -0.35 -0.25 -30.60 -2.66
24 -0.67 -0.42 -27.34 -2.86
Mean -1.39 -1.08 -0.93 -1.30

Calibrated Hot Box Relative Hurnidity:
Indoor Chamber - 32%
Qutdoor Chamber - 17%
Laboratory Air Temperature:

Max. - B1°F (27°C)
Min. - 71°F (22°C)
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TABLE C6(b) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P1, SI UNITS

Caleulated
Time, Measured Heat Flow, Heat Flow,
hr Wisqm W/sqm
qw ghft ghft’ qss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surl. Qut. Surf. State
1 -2.96 -1.90 -75.80 -9.53
2 -3.76 -2.58 -66.51 -9.95
3 -4.25 -3.22 -56.65 -10.19
4 -4.81 -3.88 -50.34 -10.44
5 -5.69 -4.52 -36.28 -10.37
6 -5.99 -5.15 9.70 . -8.93
7 -6.56 -5.70 53.91 . -6.96
8 -6.98 -6.07 85.31 -5.01
9 -7.27 -6.26 106.75 -3.11
10 -8.12 -6.27 124.79 -1.21
11 -7.88 -6.06 122.35 0.35
12 -7.63 -5.75 114.22 1.61
13 -6.96 -5.22 116.88 3N
14 -6.18 -4.62 102.13 4.01
15 -5.16 -3.85% 71.87 4.11
16 -3.96 -3.04 34.30 4 .
17 -3.09 -2.23 -4.84 2,10 '
18 -2.15 -1.48 -66.52 -0.48
19 -1.34 -0.886 -126.45 ' -3.74 :
20 -0.30 -0.50 -127.22 -5.42 ‘
21 -0.54 -0.36 -115.64 -6.60
22 -0.52 -0.48 -103.63 -7.49
23 -1.11 -0.79 -96.56 -8.39 ;
24 -2.10 -1.31 -86.25 -9.04 ;
Mean -4.39 -3.42 .2.94 -4.09 :

Calibrated Hot Box Relative Humidity:
Indoor Chamber - 32%
Qutdoor Chamber - 17%

Laboratory Air Temperature:
Max. - 81°F (27°C)
Min. - 71°F (22°C)
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TABLE C7(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P2, US UNITS

Measured Temperatures,
Time, °F
hr
fo 12 14 13 t1 ti
Outdoor Qutdoor Internal Internal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 43,2 51.8 56.3 72.6 72.3 72.1
2 42.5 50.3 541 72.4 72.2 721
3 42.8 49.3 52.2 724 721 72.0
4 42.5 48.3 50.8 72.0 72.0 72.0
5 43.5 47.9 49.6 71.8 71.9 72.0
6 56.1 53.2 49.6 71.7 71.8 71.9
7 68.2 59.9 52.3 71.6 7.7 - 71.9
8 75.3 65.3 56.4 71.6 71.6 - 71.9
9 82.2 70.8 60.8 71.6 71.6 71.9
10 90.2 771 65.8 7.7 71.7 71.9
11 96.1 82.8 713 71.9 71.8 71.9
12 99.1 87.2 76.5 72.1 71.9 72.0
13 102.2 91.2 81.1 72.4 72.0 72.0
14 103.3 94.1 85.3 72.7 72.14 72.0
15 a8 94.3 88.3 73.0 72.3 72.4
16 93.5 92.3 89.9 73.2 72.4 721
17 84.8 88.3 89.7 73.4 72.6 72.2
18 71.5 81.2 87.4 73.6 72.7 72.2
19 56.4 721 82.8 73.86 72.7 72.2
20 51.3 66.6 76.8 73.5 72.8 72.2
21 47.5 62.0 71.2 73.4 72.7 72.2
22 45.9 58.7 66.4 73.2 72.6 72.2
23 44.5 55.8 62.3 73.0 72.5 72.2
24 43.7 53.6 59.0 72.8 72.4 721
Maan 67.7 68.9 £8.2 725 72.2 72.0
Calibrated Hot Box Relative Humidity:
Indoor Chamber - 40%
Outdoor Chamber - 20%

Laboratory Air Temperature:

Max. - 71°F (22°C)

Min. - 70°F (21°C)
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TABLE C7(b) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P2, SI UNITS

Measured Temperatures,
Time, °C
hr
to t2 t4 t3 11 ti
Qutdoor Qutdoor Internal Intarnal Indoor Indoor
Alr Surface Outdoor Indoor Surface Air

1 6.2 11.0 13.5 22.5 22.4 22.3

2 5.9 10.1 123 22.4 223 223

3 6.0 9.6 11.2 22.3 223 222

4 5.9 9.1 10.5 222 222 22.2

5 6.4 8.8 9.8 22.1 221 22.2 ’

6 13.4 11.8 9.8 220 221 22.2

7 20.1 155 11.3 22.0 221 - 22.2

8 24.0 185 13.5 22.0 220 ° 22.1

9 27.9 215 16.0 22.0 22.0 22.2

10 324 251 18.8 221 22,0 221

11 35.6 28.2 21.8 22.2 22.1 222

12 37.3 30.8 247 223 221 222

13 39.0 3249 27.3 224 222 222

14 39.6 345 29.6 22.6 223 222

15 37.7 346 313 22.8 22.4 22.3

16 34.2 335 32.2 22.9 22.5 22.3 i
17 29.3 313 32.0 23.0 22.5 22.3 f
18 21.9 27.3 30.8 23.1 226 223

19 13.5 22.3 28.2 23.1 226 22.3 .
20 10.7 18.2 24.9 23.1 22.6 224 |
21 86 16.7 21.8 23.0 22.6 22.3 :
22 7.7 14.8 19.1 229 22.6 223
23 6.9 13.2 16.9 228 225 22.3 ;
24 6.5 12.0 15.0 22.7 225 223 !

Mean 19.9 20.5 20.1 22.5 223 222 |

Calibrated Hot Box Relative Humidity: | |
Indoor Chamber - 40% '
Outdoor Chamber - 20%

Laboratory Air Temperature: |
Max. - 71°F (22°C)
Min. - 70°F (21°C)
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TABLE C8(a) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P2, US UNITS

Calculated
Tima, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw qhft ghft' qQss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surt. Out. Sur, State
1 -0.04 0.33 -23.77 -2.42
2 -0.29 0.12 -20.85 -2.59
3 -0.57 -0.12 -17.20 -2.68
4 -0.93 -0.39 -14.97 -2.78 ;
5 -1.17 -0.63 -11.41 -2.81 !
6 -1.42 -0.86 7.58 220
7 -1.57 -1.05 22.92 . =1.41
8 1.7 -1.17 28.83 -0.77
9 -1.75 -1.29 33.87 -0.11
10 -1.72 -1.28 40.18 0.68
11 -1.74 -1.25 42.07 1.39 .
12 -1.57 -1.16 39.08 1.94
13 -1.21 -0.92 37.15 2.45
14 -0.85 -0.€5 32.77 2.82
15 -0.41 -0.35 22,73 2.83 K
16 -0.05 -0.03 10.69 2.54 \
17 0.52 0.27 -3.54 1.99 !
18 0.71 0.51 -23.57 1.07
19 0.97 0.76 -43.17 \ -0.09 [
20 1.17 0.89 -43.35 -0.75
21 - 1,18 0.95 -41.37 -1.29
22 0.87 0.89 -36.21 -1.68 i
23 0.64 0.75 -32.02 -2.00 ;
24 0.27 0.54 -27.71 -2.24 :
Mean -0.45 -0.21 -0.89 -0.34 ‘

Calibrated Hot Box Relative Humidity:
indoor Chamber - 40%
QOutdoor Chamber - 20%

Laboratory Air Tempaerature: _
Max. - 71°F (22°C) !
Min. - 70°F (21°C)
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TABLE C8(b) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P2, SI UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,

hr Wisqm W/sq m
qw ghft qhft’ qss

Calib, HFT @ HFT @ Steady-
Hot Box In. Surf. Qut. Surf. State
1 -0.12 1.03 -74.99 -7.65
2 -0.92 0.39 -65.79 -8.16
3 -1.81 -0.37 -54.26 -8.47
4 -2.93 -1.24 -47.23 -8.76
5 -3.70 -2.00 -38.01 -8.87
6 -4.49 -2.72 23.91 -6.93
7 -4.96 -3.31 72.32 -~ -4,46
8 -5.40 -3.69 90.97 © =243
9 -5.51 -4.06 106.85 -0.34
10 -5.41 -4.05 126.78 2.13
11 -5.49 -3.95 132.73 4,39
12 -4.94 -3.66 123.30 6.11
13 -3.83 -2.89 117.22 7.74
14 -2.69 -2.03 103.40 8.89
15 -1.30 -1.10 71.71 8.91
16 -0.15 -0.08 33.74 8.02
17 1.64 0.84 -11.17 6.29
18 2.23 1.60 -74.37 3.37
19 3.07 2.41 -136.19 -0.27
20 3.69 2.80 -136.78 -2.38
21 3.72 3.01 -130.54 -4.08
22 2.75 2.80 -114.23 -5.29
23 2.01 2.36 -101.03 -6.30
24 0.84 1.71 -87.42 -7.06
Mean -1.40 -0.68 -2.79 -1.07

Calibrated Hot Box Relative Humidity:

Indoor Chamber - 40%
Qutdoor Chamber - 20%

Laboratory Air Temperature:

Max. - 71°F (22°C)
Min. - 70°F (21°C)
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TABLE C9(a) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P2, US UNITS

Measured Temperatures,
Time, °F ‘
hr
{0 12 t4 13 11 ti
Outdoor Qutdoor Intarnal Internal indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 56.6 63.9 67.7 73.3 72.7 72.1
2 56.3 62.7 65.8 73.1 72.6 72.1
3 55.9 61.6 64.1 72.9 72.5 721
4 54.7 60.1 62.6 72.8 72.4 72.0 ,
5 57.6 60.6 61.3 72.5 72.2 72.0
6 69.5 65.8 61.6 72.4 721 71.9
7 79.3 71.5 64.0 72.3 72.1. 71.9
8 87.0 77.0 67.9 72.4 72.0 71.8
9 94.5 82.7 72.4 72.5 721 71.9
10 102.0 89.0 77.4 72.6 72.1 71.9
11 105.7 93.7 825 72.8 72.2 71.9
12 108.5 97.7 871 73.0 72.3 72.0
13 111.5 101.5 91.4 73.2 72.4 72.0
14 111.8 103.8 95.2 73.4 72.6 72.1
15 108.1 103.5 98.0 73.6 72.7 72.1 ;
16 102.0 101.4 99.2 73.8 72.8 72.2 ;
17 92,7 96.9 98.7 74.0 72.9 72.2 ‘
18 78.7 89.2 96.1 74.2 73.1 72.3
19 66.2 80.8 91.0 74.2 "73.1 72.3 ;
20 63.1 76.3 85.3 74.2 731 72.3 ‘
21 61.6 731 80.5 74.1 73.1 72.3
22 59.9 70.2 76.5 73.9 73.0 72.2
23 58.4 67.6 73.0 73.7 72.9 72.2 :
24 57.9 65.8 70.1 73.5 72.8 72.1 ;
Mean 79.1 79.8 78.7 73.3 72.6 72.1 E_
Calibrated Hot Box Reiative Humidity:
Indoor Chamber - 39%
Qutdoor Chamber - 16%
Laboratory Air Tomperature:
Max. - 71°F (22°C)
Min. - 69°F (21°C)
i
!
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TABLE C9(b) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P2, SI UNITS

Measured Termperatures,
Time, °C
hr
to 12 t4 13 t1 ti
Outdoor Qutdoor Internal Intamal Indoor Indoor
Air Surface Quitdoor Indoor Surface Air
1 13.7 17.7 168 229 22.6 22.3
2 13.5 171 18.8 22.9 22.6 22.3
3 13.3 16.4 17.8 22.7 225 22.3
4 12.6 15.6 17.0 22.6 22.4 22.2
5 14.2 15.9 16.3 22,5 22.3 22.2
6 20.9 18.8 16.4 22.4 22.3 22.2
7 26.3 21.9 17.8 224 223 - 22.1
8 30.6 25.0 19.9 22.4 22.2- 221
9 34.7 28.2 22.4 22.5 22.3 22.2
10 38.9 31.7 25.2 22.6 22.3 22.2
11 40.9 34.3 28.1 22.6 22.3 22.2
12 425 36.5 30.6 22.8 22.4 22.2
13 441 38.6 33.0 22.9 22.5 22.2
14 44.4 39.9 35.1 23.0 22.5 22.3
15 42.3 38.7 36.7 23.1 22.6 22.3
16 38.9 38.5 37.3 23.2 22,7 22.3
17 33.7 36.1 37.0 23.3 227 22.3
18 25.9 31.8 35.6 23.4 22.8 22.4
19 19.0 2741 32.8 23.4 - 22.9 22.4
20 17.3 24.6 29.6 23.4 22.9 22.4
21 16.4 22.8 27.0 23.4 22.8 22.4
22 15.5 . 21.2 24.7 23.3 22.8 22.4
23 14.7 19.8 22.8 23.2 227 22.3
24 14.4 18.8 21.2 23.0 22.7 22.3
Mean 26.2 26.6 26.0 22.9 22.5 22.3
Calibrated Hot Box Relative Humidity:
Indoor Chamber - 39%
OQutdoor Chamber - 16%
Laboratory Air Temperature:
Max. - 71°F (22°C)
Min. - 69°F (21°C)
-C33-
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TABLE C10(a) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P2, US UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw qhft qhft’ gss
Calib. HFT @ HFT @ Steady-
Hot Box In. Sur. Out. Surf. State
1 1.64 1.58 -20.99 -1.06
2 1.44 1.34 -18.05 -1.20
3 1.18 1.10 -15.62 -1.31
4 0.90 0.85 -14.88 -1.47
5 0.58 0.63 -8.08 -1.40
6 0.31 0.43 10.18 -0.77
7 -0.01 0.26 22.30 -0.07
8 -0.18 0.15 29.82 - 0.61
Q -0.31 0.05 35.57 1.34
i0 -0.14 0.04 40.56 2.15
11 -0.06 0.10 39.37 2.76
12 0.19 0.21 37.15 3.28
13 0.54 0.38 35.87 3.78
14 0.87 0.61 30.62 4,08
15 1.31 0.89 20.77 403
16 1.76 1.22 9.26 372
17 2.07 1.50 -5.59 3.09
18 2.48 1.76 -26.34 2.06
19 274 1,96 -41.18 ) 0.96
20 2.90 2.09 -38.54 0.40
21 2.78 2.12 -33.79 0.00
22 267 2.06 -30.40 -0.35
23 2.31 1.96 -27.12 -0.64
24 2.00 1.78 -23.03 -0.85
Msan 1.25 1.04 0.33 0.96

Calibrated Hot Box Relative Humidity:
Indoor Chamber - 39%
Qutdoor Chamber - 16%

Laboratory Air Temperature:

Max. - 71°F (22°C)
Min. - 69°F (21°C)
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TABLE C10(b) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P2, SI UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Wi/sqm Wisqm
qw qhft qhft’ qss

Calib. HFT @ HFT @ Steady-
Hot Box In. Surf. Qut. Surf. State
1 5.18 4.98 -66.23 -3.36
2 4.54 4.24 -56.94 -3.78
3 3.71 3.486 -49.28 -4.15
4 2.83 2.69 -46.96 -4.64
5 1.83 1.98 -25.49 -4.42
6 0.97 1.35 32.10 -2.43
7 -0.04 0.83 70.36 -0.23
8 -0.56 0.48 94.07 1.93
9 -0.99 0.15 112.24 422
10 -0.45 0.14 127.96 6.78
11 -0.20 0.33 124.20 8.70
12 0.61 0.65 117.22 10.33
13 1.72 119 113.18 11.91
14 2.75 1.92 96.62 12.86
15 413 2.80 65.54 12.70
16 5.56 3.85 29.21 11.72
17 6.54 4.72 -17.63 9.75
18 7.83 5.55 -83.09 6.49
19 8.65 6.20 -129.92 3.03
20 9.15 6.59 -121.61 1.25
21 8.78 6.68 -106.61 -0.01
22 8.41 6.51 -95.91 -1.10
23 7.30 6.20 -85.57 -2.02
24 6.30 5.60 -72.66 -2.69
Mean 3.94 3.30 1.03 3.04

Calibrated Hot Box Relative Humidity:

Indoor Chamber - 39%
Outdoor Chamber - 16%

Laboratory Air Temperature:

Max. - 71°F (22°C)
Min. - 69°F (21°C)
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TABLE C11{a) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P2, US UNITS

Measured Temperatures,
Time, °F
hr
to 12 t4 t3 t1 ti
Qutdoor OQutdoor Intarnat Intarnal indoor Indoor
Air Surface Outdoor Indoor Surface Air
1 37.4 45.8 50.1 72.0 72.0 72.1
2 37.3 44,5 48.0 71.8 72.0 721
3 37.1 43.5 46.4 71.6 71.8 72.0
4 36.9 42.6 45.1 71.5 71.7 72.0
5 40.4 43.4 44 1 71.4 71.7 72.0
6 51.4 48.4 44.6 71.2 71.6 72.0
7 61.6 54.3 47.2 71.1 71.5 . 71.9
8 69.6 59.8 51.0 711 71.5 - 71.9
9 77.2 65.7 55.6 71.2 71.5 71.9
10 84.2 71.7 60.7 71.4 715 71.9
11 87.2 75.9 65.9 71.5 71.6 71.9
12 90.4 79.8 70.4 71.7 71.7 72.0
13 94.2 83.9 74.7 72.0 71.8 72.0
14 94.1 86.1 78.6 72.2 71.9 72.0
15 90.2 86.0 81.3 72.3 72.1 72.1
16 84.2 83.9 82.4 72.7 72.2 72.1
17 75.7 79.9 82.0 72.9 72.3 72.1
18 60.7 72.3 79.6 72.8 72.4 72.2
19 47.3 63.86 745 73.0 72.4 72.2
20 43.8 59.0 68.6 72.9 72.4 72.2
21 41.9 55.4 63.5 72.8 72.4 72.2
22 40,2 52.3 59.3 72.8 72.4 72.2
23 38.8 49.6 55.6 72.4 72.3 72.1
24 37.9 47.5 52.6 72.2 72.2 72.1
Maan 60.8 62.3 61.7 72.0 71.9 72.0
Calibratad Hot Box Relative Humidity:
indoor Chamber - 42%
Qutdoor Chamber - 17%

Laboratory Air Temperature:

Max. - 73°F (23°C)

Min. - 73°F (23°C)
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TABLE C11(b) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P2, S| UNITS

Measured Temperatures,
Time, °C i
hr
to t2 t4 t3 t1 ti
Outdoor OQutdoor Internal Intarnal Indoor Indoor
Air Surface Outdoor Indoor Surface Alr
1 3.0 7.7 101 222 22.2 223
2 3.0 7.0 8.9 22.1 222 223
3 2.9 6.4 8.0 22,0 22.1 22,2
4 2.7 5.9 7.3 219 221 22.2 !
5 4.7 6.3 6.7 21.9 22.0 22.2
6 10.8 9.1 7.0 21.8 22.0 22.2
7 16.4 12.4 8.4 21.7 219 22.2
8 20.9 15.4 10.5 21.7 21.9 22.2
9 25.1 18.7 13.1 218 21.9 22.2
10 29.0 22.0 16.0 21.9 21.9 22.2
11 30.7 24.4 18.8 219 22.0 22.2
12 32.4 26.6 21.3 221 22.0 22.2
13 34.6 28.8 23.7 222 22.1 22.2
14 34.5 30.1 25.9 22.4 222 22.2
15 32.3 30.0 27.4 22.4 223 223
16 29.0 28.8 28.0 22.6 22.3 22.3 :
17 24.3 26.6 27.8 22.7 22.4 22.3 :
18 15.9 22.4 26.5 22.7 . 225 22.3
19 8.5 17.6 23.6 22.8 225 22.3 ‘\
20 6.6 15.0 20.3 22.7 22.5 22.3
21 55 13.0 17.5 22.7 22.5 22.3
22 4.6 11.3 156.1 22.6 22.4 22.3 .
23 38 0.8 13.1 225 22.4 22.3 !
24 3.3 8.6 11.5 223 223 22.3 !
Mean 16.0 16.8 16.5 222 222 222 |
Calibrated Hot Box Relative Humidity:
Indoor Chamber - 42%
Qutdoor Chamber - 17%
Laboratory Air Temperature: :
Max. - 73°F (23°C)
Min. - 73°F (23°C)
~-C40- f
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TABLE C12(a) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P2, US UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw qhft qhtt’ qss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surt, Qut. Surt. State
1 -0.69 -0.50 -22.65 -3.07
2 -0.96 -0.75 -19.22 -3.19
3 -1,12 -0.96 -16.55 -3.29
4 -1.50 -1.19 -14.51 -3.38
5 -1.70 -1.44 -7.42 -3.28
8 -1.94 -1.63 8.05 -2.72
7 -2.19 -1.81 20.05 2.04
8 2.3 -1.94 27.99 -1.41
9 -2.30 -1.97 33.86 -0.70
10 -2.37 -1.97 38.09 0.02
11 -2.28 -1.92 36.08 0.54
12 -1.93 -1.75 34.62 1.01
13 -1.70 -1.58 34.19 1.53
14 -1.23 -1.28 28.41 1.79
15 -1.06 -1.06 18.75 1.75
16 -0.57 -0.76 7.62 1.47
17 -0.18 -0.47 -5.93 0.95
18 0.14 -0.22 -28.18 -0.02
19 0.50 -0.01 -44 .03 -1.07
20 0.57 0.12 -41.55 -1.61
21 0.39 0.15 -37.43 -2.03
22 0.22 0.06 -33.42 -2.37
23 -0.06 -0.06 -29.71 -2.67
24 -0.31 -0.26 -26.26 -2.90
Mean -1.02 -0.97 -1.63 -1.11

Callbrated Hot Box Relative Humidity:
Indoor Chamber - 42%
Qutdoor Chamber - 17%

Laboratory Air Tamperature:

Max. - 73°F (23°C)
Min, - 73°F (23°C)
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TABLE C12(b) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P2, SI UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Wisqm Wi/sq m
qw qhft qghtt’ gss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surf. Qut. Surt. State
1 217 -1.56 -71.46 -9.67
2 -3.02 -2.36 -60.64 -10.08
3 -3.54 -3.04 -52.22 -10.39
4 4,72 -3.77 -45.79 -10.65
5 -5.37 -4.53 -23.42 -10.35
6 -6.12 -5.15 25.40 -8.59
7 -6.89 -5.70 63.25 . -6.44
8 -7.28 -6.11 88.31 - -4.43
9 -7.27 -6.22 106.84 -2.22
10 -7.49 -6.22 120.19 0.06
11 -7.19 -6.05 113.84 1.69
12 -6.09 -5.51 109.21 3.20
13 -5.37 -4.97 107.87 4.81
14 -3.89 -4.05 89.62 5.66
15 -3.36 -3.36 59.17 5,53
16 -1.79 -2.40 24.05 4.64
17 -0.57 -1.47 -18.71 3.00
18 0.44 -0.70 -86.91 -0.05
19 1.59 -0.03 -138.92 -3.36
20 1.78 0.38 -131.10 -5.08
21 1.23 0.46 -118.10 -6.41
22 0.69 0.20 -105.45 -7.48
23 -0.20 -0.19 -93.74 -8.41
24 -0.99 -0.83 -82.84 -9.14
Mean -3.23 -3.05 -5.15 -3.51

Calibrated Hot Box Relative Humidity:
Indoor Chamber - 42%
Outdoor Chamber - 17%
Laboratory Air Temperature:

Max. - 73°F (23°C)
Min. - 73°F (23°C)
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TABLE C13(a) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P3, US UNITS

Measured Temperatures,
Time, °F i
hr §
to 12 t4 13 11 ti
Qutdoor Qutdoor Internal Internal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 43.6 52.6 56.6 - 72.3 72.0 71.8
2 429 50.9 54.4 72.1 71.9 71.6
3 43.1 49.9 52.6 71.9 71.8 71.5
4 42.8 48.9 511 71.7 7.7 71.5 \
5 43.6 48.4 49.8 71.5 71.5 71.4 j
6 56.1 53.3 49.7 71.4 71.4 71.4
7 67.8 59.5 52.1 71.3 71.3 71.4
8 75.1 64.8 56.1 71.2 71.3 71.4
9 82.0 70.2 60.5 71.3 71.3 71.3
10 90.0 76.4 65.5 71.4 71.3 71.4
11 95.7 81.8 70.8 71.8 71.4 71.4
12 98.7 86.1 76.0 71.8 71.5 71.4
13 101.9 90.2 80.6 72.0 71.7 71.5
14 103.1 93.2 84.8 72.3 71.8 71.5
15 99.6 93.6 87.9 72.6 72.0 71.6 _
16 93.5 g2.0 89.5 72.8 72.1 71.6 ;
17 85.0 88.3 89.4 73.0 72.3 71.7 ;
18 72.4 81.7 87.4 73.2 72.4 71.7
19 56.9 72.9 83.1 73.2 T72.4 71.7 i
20 51,7 687.5 77.2 73.2 72.5 71.7 i
21 47.9 62.9 71.6 73.1 72.4 71.7
22 46.5 59.6 66.8 72.9 72.4 71.7
23 44.8 56.7 62.8 72.7 72.3 71.7
24 44.0 54.4 59.4 72,5 721 71.6 :
Mean 67.8 69.0 68.2 72.2 71.9 71.5 ‘
Calibrated Hot Box Relative Humidity:
indoor Chamber - not available
Outdoor Chamber - 17%
Laboratory Air Temperature:
Max. - 74°F (23°C)
Min. - 70°F (21°C)
|
!‘
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TABLE C13(b) - MEASURED TEMPERATURES FOR NBS TEST CYCLE APPLIED TO WALL P3, SI UNITS

Measured Temperatures,
Time, °C
hr
to t2 14 13 t1 ti
Qutdoor Qutdoor Internal Internal Indoor Indoor
Air Surface Outdoor Indoor Surface Air
1 6.4 11.4 13.7 22.4 22.2 22.0
2 6.1 10.5 12.4 22.3 22.2 22.0
3 6.2 10.0 11.4 221 22.1 22.0
4 6.0 9.4 10.6 221 22.0 21.9
5 6.4 9.1 9.9 22.0 22.0 21.9
6 13.4 11.8 9.8 21.9 21.9 21.9
7 19.9 15.3 11.2 218 21.9 21.9
8 24.0 18.2 13.4 21.8 21.8 21.9
9 27.8 21.2 15.9 21.8 21.8 21.9
10 32.2 24.6 18.6 21.9 21.9 21.9
1 354 27.7 216 22.0 21.9 21.9
12 a7 304 244 221 22.0 21.9
13 38.9 323 27.0 222 22.0 21.9
14 39.5 34.0 293 22.4 22.1 21.9
15 37.5 34.2 311 22.5 22.2 22,0
16 34.1 33.3 31.9 227 223 22.0
17 29.5 31.3 31.9 22.8 22.4 22.0
18 22.3 27.6 30.8 22.9 22.4 22.1
19 13.8 22.7 28.4 229 22.5 221
20 109 19.7 25.1 22.9 225 22.1
21 8.8 17.2 22.0 22.8 22.5 221
22 8.0 15.4 19.3 22.7 22.4 221
23 7.1 13.7 17.1 226 22.4 22.0
24 6.7 12.4 15.2 225 22.3 22.0
Mean 19.9 20.5 2041 22.3 22.1 22.0
Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Outdoor Chamber - 17%
Laboratory Air Temperature:
Max. - 74°F (23°C)
Min. - 70°F (21°C)
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TABLE C14(a) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P3, US UNITS

Calculated
Time, Measurad Heat Flow, Heat Fiow,
hr Btu/hresq ft Btu/hresq ft
qw qhft ghft’ gss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surf. Out, Sur. State
1 -0.03 -0.15 -22.01 -1.94
2 -0.19 -0.32 -19.37 -2.10
3 -0.41 -0.53 -16.16 -2.19
4 -0.62 -0.74 -14.09 -2.28
5 -0.70 -0.93 -11.07 -2.32
6 -0.88 -1.12 6.18 -1.81
7 -1.17 -1.29 20.82 ~1.19
8 -1.24 -1.42 26.90 * -0.65
9 -1.54 -1.50 32.08 -0.11
10 -1.30 -1.48 38.09 0.51
11 -1.36 -1.43 39.26 1.05
12 -1.28 -1.33 37.01 1.48
13 -1.09 -1.15 35.62 1.88
14 -0.91 -0.94 31.07 2.18
15 -0.67 -0.69 21.20 2.20
16 -0.30 -0.43 9.57 2.02
17 -0.08 -0.23 -3.75 1.63
18 0.38 0.01 -20.88 0.95
19 0.68 0.21 -38.50 0.05
20 0.71 0.31 -38.83 -0.51
21 0.65 0.34 -36.85 -0.96
22 0.54 0,28 -32.47 -1.28
23 0.39 0.18 -29.28 -1,56
24 0.22 0.03 -25.33 -1.78
Mean -0.42 -0.60 -0.45 -0.28

Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 17%
Laboratory Air Temperature:

Max. - 74°F (23°C)
Min, - 70°F (21°C)
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TABLE C14(b) - HEAT FLOW FOR NBS TEST CYCLE APPLIED TO WALL P3, S1 UNITS

Calculated
Time, Measured Heat Flow, Heat Fiow,
hr W/sqm Wisqm ‘
qw qhft ghft’ gss

Calib. HFT @ HFT @ Steady-

Hot Box in. Surt. OQut. Surt, State

1 -0.09 -0.48 -69.44 -6.13

2 -0.59 -1.00 -61.10 -6.62

3 -1.30 -1.66 -50.98 -6.80
4 -1.94 -2.34 -44.47 -7.18 ,
5 2,22 -2.94 -34.91 -7.31 |
6 -2.79 -3.53 19.49 - 573 !

7 3.7 -4.07 65.69 S -3.74

8 -3.92 -4.48 84.86 -2.05

9 -4.85 -4.72 101.11 -0.35

10 4.10 -4.68 120.18 1.60

11 4.28 -4.52 123.87 3.32

12 -4.04 -4.21 116.76 4.68

13 -3.44 -3.64 112.38 5.94

14 -2.86 -2.98 98.01 6.588
15 -2.12 -2.18 66.87 6.95 :
16 -0.94 -1.36 30.19 6.37 \
17 0.24 -0.71 -11.84 5.14 i

18 1.21 0.04 -65.89 3.00
19 218 0.67 -121.46 0.14 i
20 2.25 0.99 -122.50 -1.59 .

21 2.06 1.07 -116.28 -3.03

22 1.69 0.87 -102.44 -4.04
23 1.22 0.56 -92.37 -4.93 i
24 0.70 0.09 -79.92 -5.61 ’

Mean -1.34 -1.88 -1.43 -0.88

Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 17%
Laboratory Air Tomperature:

Max. - 74°F (23°C)
Min. - 70°F (21°C)

-C50-

construction technology laboratories, inc.

M



120
F Wall P3

NBS+10

°C=(°F-32)/1.8

¥

90

Time, hr

Fig. C22 Measured Temperatures for NBS+10 Test Cycle Applied to
Wall P3

-C51-

consiruction technology laboratories, inc.




60 p

Wall P3 B °Ca°F/1.8
30 F
t1-ti
o
F - ,,,”,7"1./ o f ¥
o
__-____—__/ 0,",’/1' "“"—’:..”__, g
i
t2-t1 to-t2
-30 p ’ l
-60 2 =N 2 bl b 1 'l I X L 7 '] 2 2 X Il X '] . '] ) 1 X F i & 1 i
0 8 16 24
Time, hr

Fig. C23 Temperature Differentials for NBS+10 Test Cycle Applied
to Wall P3

-C52-

construction technology laboratories, inc.



TABLE C15(a) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P3, US UNITS

Measured Temperaturas,
Time, °F
hr
to t2 t4 t3 t1 t
Qutdoor Qutdoor Internal Internal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 66.5 63.8 67.0 73.1 72.5 71.7
2 56.3 62.6 65.1 72.9 72.4 71.7
3 55.6 61.4 63.5 72.7 72.2 7M1.7
4 54.7 60.1 62.1 72.5 7214 71.7
5 59.1 61.2 61.0 72.3 72.0 71.6
6 71.3 66.5 61.5 72.2 71.9 71.6
7 81.0 72.2 64.3 72.1 71.8 . 71.5
8 88.1 77.4 €8.2 72.1 71.8 71.5
9 94.8 82.7 72.7 72.1 71.7 71.4
10 101.9 88.6 77.6 72.2 71.8 71.4
11 105.4 931 82.7 72.4 71.9 71.4
12 108.5 97.1 87.2 72.6 72.0 71.5
13 111.1 100.7 91.4 72.9 72.1 71.5
14 110.8 102.7 95.0 73.2 72.4 71.7
15 106.6 102.3 97.6 73.5 72.6 71.8
16 100.0 99.9 a8.5 73.7 72.7 71.8
17 91.2 95.9 97.9 73.9 72.9 71.9
18 73.6 86.7 95.0 74.0 72.9 71.9
19 63.1 79.0 89.0 741 73.0 71.9
20 62.5 75.7 83.7 74.0 - 73.0 71.9
21 61.1 72.6 79.1 73.8 72.9 71.9
22 59.4 69.8 75.3 73.7 72.8 71.9
23 58.1 67.4 72.0 73.4 72.7 71.8
24 57.7 65.6 €9.3 73.3 72.8 71.8
Mean 78.7 79.4 78.2 73.0 72.4 71.7
Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Outdoor Chamber - 17%
L.aboratory Air Temperature:
Max. - 77°F (25°C)
Min. - 70°F (21°C)
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TABLE C15(b) - MEASURED TEMPERATURES FOR NBS+10 TEST CYCLE APPLIED TO WALL P3, SI UNITS

Measured Temparatures,
Time, °C
_hr
to t2 t4 13 t1 th
Qutidoor Outdoor Internal Internal indoor Indoor
Alr Surface Outdoor Indoor Surface Air
1 13.6 17.7 19.5 22.8 225 22.1
2 13.5 17.0 18.4 22.7 22.4 22.1
3 13.1 16.3 17.5 22,6 22,4 22.0
4 12.6 15.6 16.7 225 22.3 22.0
5 15.0 16.2 16.1 22.4 22.2 22.0 !
6 21.8 19.2 16.4 22.3 22,2 22.0
7 27.2 223 17.9 22.3 221 - 21.9
8 31.2 25.2 20.1 22.3 221 21.9
9 34.9 28.2 22.6 22.3 22.1 21.9
10 38.8 31.4 25.3 22.3 22.1 21.9
11 40.8 33.9 28.2 22.4 22.1 21.9
12 42.5 36.2 30.7 22.8 22,2 22.0
13 43.9 38.2 33.0 22.7 22.3 22.0
14 43.8 39.3 35.0 22.9 22.4 22.0
15 41.4 39.0 36.4 23.0 22.5 22.1
16 37.8 37.7 36.9 23.2 22.6 22.1 i
17 329 35.5 36.6 23.3 22.7 222 !
18 23.1 30.4 35.0 23.4 22.7 22.2
19 17.3 26.1 31.7 23.4 22.8 22.2 ;
20 16.9 24.3 28.7 23.3 22.8 22.2 _ )
21 16.2 22.6 26.2 23.2 22.7 22.2
22 15.2 21.0 24.0 23.2 22.7 22.1
23 14.5 19.7 22.2 23.0 22.6 22.1
24 14.3 18.7 20.7 22.9 22.6 221
Mean 25.9 26.3 25,7 22.8 22.4 22.0
Calibrated Hot Box Relative Humidity:
Indoor Chamber - not availabie
Qutdoor Chamber - 17%
Labaratory Air Temperature:
Max. - 77°F (25°C)
Min. - 70°F (21°C)
-C54- |
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TABLE C16(a) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P3, US UNITS

|
Cakulated |
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft ;
qw ghft ghft' gss
Calib. HFT @ HFT @ Steady-
Hot Box In. Sur. Out. Surt. State
1 0.89 0.77 - -18.56 -0.87
2 0.71 0.57 -15.77 -0.98
3 0.57 0.35 -14.25 -1.09
4 0.49 0.16 -13.24 -1.21 .
5 0.33 -0.04 -5.37 -1.09
6 0.21 -0.20 11.74 -0.55
7 0.02 -0.32 22.96 6.03
8 0.13 -0.39 29.52 0.56
9 0.06 -0.43 34.15 1.12
10 0.1 -0.40 38.20 1.71
11 0.01 -0.33 36.53 2.16
12 0.20 -0.24 35.51 2,57
13 0.29 -0.07 33.26 2.92
14 0.14 0.10 28.05 31
15 0.19 0.33 17.37 3.04
16 0.30 0.58 5.26 2.78 :
17 0.55 0.83 -7.64 2.35 :
18 1.02 1.06 -30.84 1.40
19 1.31 1.22 -39.89 : 0.61 :
20 1.37 1.29 -33.52 0.27 !
21 1.3 1.28 -29.44 -0.03
22 1.29 1.22 -26.61 -0.30 )
23 1.17 1.10 -23.77 -0.53 !
24 1.10 0.95 -20.40 -0.70
Mean 0.57 0.39 0.55 0.72 |

Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 17%
Labaratory Air Temperature: i
Max. - 77°F (25°C) ‘
Min. - 70°F (21°C)
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TABLE C16(b) - HEAT FLOW FOR NBS+10 TEST CYCLE APPLIED TO WALL P3, S1 UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Wisqm W/sgm
qw qhft qhit’ gss

Calib. HFT @ HFT @ Steady-

Hot Box In. Surf. Qut. Surf. State

1 2.82 2.41 -58.57 -2.74
2 2.25 1.79 -49.75 -3.09
3 1.78 1.10 -44.94 -3.44
4 1.54 0.49 -41.76 -3.81
5 1.04 -0.12 -16.93 -3.44
6 0.67 -0.64 37.04 -1.72
7 0.07 -1.02 72.45 - 0.10
8 0.40 -1.24 93.14 T 1.78
9 0.18 -1,35 107.73 3.52
10 0.36 -1.25 120.51 5.40
11 0.04 -1.04 115.24 6.83
12 0.62 -0.75 112.03 8.10
13 0.91 -0.23 104.93 9.22
14 0.45 0.32 88.49 9.80
15 0.61 1.04 54.80 9.60
186 0.95 1.84 16.58 8.78
17 1.73 2.61 -24.11 7.41
18 3.22 3.33 -97.31 4,43
19 4,15 3.86 -125.86 . 1.92
20 4.33 4.06 -105.77 0.86
21 413 4.02 -92.88 -0.10
22 4.06 3.83 -83,95 -0.96
23 3.70 3.48 -75.00 -1.68
24 3.47 3.01 -64.35 -2.22
Mean 1.81 1.23 1.74 2,27

Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 17%

Laboratory Air Temparaiure:

Max. - 77°F (25°C)
Min. - 70°F (21°C)
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TABLE C17(a) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P3, US UNITS

Measured Temperatures,
Tima, °F i
hr
to 12 t4 13 t1 ti
Qutdoor Qutdoor Internal Internal Indoor Indoor
Air Surface Qutdoor Indaor Surface Air
1 35.5 44.2 48.1 71.5 71.6 71.4
2 35.5 42.9 46.0 71.3 71.5 71.4
3 35.5 42.1 445 71.2 71.4 71.4
4 35.4 41.2 43.1 71.0 71.3 71.3 !
5 394 42.2 42.3 70.9 71.2 71.3 !
6 50.9 47.3 42.9 70.8 711, 71.3 :
7 60.6 53.1 45.7 70.7 71.1 71.3
8 €8.3 58.5 49.7 70.7 71.0 71.3
9 75.4 64.0 54.3 70.8 71.0 71.2
10 82.5 69.9 59.3 70.9 711 71.2
11 85.2 74.0 64.4 711 71.2 71.3
12 88.4 77.7 68.8 71.3 71.2 71.3 '
13 91.7 81.6 73.0 71.5 71.4 71.3 ;
14 90.8 83.4 76.7 71.8 71.5 71.4
15 86.7 83.1 79.1 72.0 71.6 71.4 T
16 81.2 81.1 80.2 72.2 71.8 71.5 ]
17 72.5 77.3 79.6 72.3 71.8 71.5 ¢
18 56.3 69.2 771 72.4 71.9 71.5
19 443 61.2 71.8 72.5 720 71.6 l
20 41.2 56.7 65.9 72.4 72.0 71.5
21 40.0 53.5 60.9 72.2 71.9 71.5
22 38.8 50.8 56.9 72.1 71.9 71.5 .
23 37.3 48 .1 53.5 71.9 71.8 71.4 !
24 36.2 45.9 50.6 71.7 71.7 71.4 E
Mean 58.7 60.4 59.8 71.5 71.5 71.4
Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
OQutdoor Chamber - 16%
Laboratory Alr Temperature: ?
Max. - 75°F (24°C) '
Min. - 74°F (23°C)
{
!
|
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TABLE C17(b) - MEASURED TEMPERATURES FOR NBS-10 TEST CYCLE APPLIED TO WALL P3, S| UNITS

Measured Temparatures,
Time, °C
hr
to 12 t4 13 t1 ti
Qutdoor Outdoor Internal Internal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
1 1.9 6.8 9.0 22.0 22.0 21.9
2 2.0 6.1 7.8 21.8 21.9 21.9
3 20 5.6 6.9 21.8 21.9 21.9
4 1.9 5.1 6.2 21.7 21.8 21.9
5 4.1 8.7 5.7 21.6 21.8 21.8
6 10.5 8.5 6.0 21.5 21.7 21.8
7 15.9 11.7 7.6 21.5 21.7 . 21.8
8 20.1 14,7 9.8 21.5 21.7- 21.8
9 24.1 17.8 124 21.6 21.7 21.8
10 28.0 21.0 15.2 21.6 21.7 21.8
11 29.6 23.3 18.0 21.7 21.8 21.8
12 313 25.4 20.4 21.8 21.8 21.8
13 33.2 27.6 228 21.9 21.9 21.8
14 32.7 28.6 24.8 22.1 22.0 21.9
15 30.4 28.4 26.2 22.2 22.0 21.9
18 273 27.3 26.8 22.3 221 21.9
17 22.5 25.2 28.5 224 221 21.8
18 13.5 20.7 25.0 22.5 22.2 21.9
19 6.8 18.2 22.1 22.5 222 22.0
20 5.1 13.7 18.8 22.4 22.2 22.0
21 4.5 11.9 16.1 22.3 22.2 22.0
22 3.8 10.4 13.8 22.3 22.1 21.9
23 2.9 9.0 11.9 22.2 221 21.9
24 2.3 7.7 10.3 22.0 22.0 21.9
Mean 14.9 15.8 154 22.0 21.9 21.9
Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 16%
Laboratory Air Temperature:
Max. - 75°F (24°C)
Min. - 74°F (23°C)
~-C61-

construction technology laboratories, inc.

#



5 p W/sq m=({Btwhresq fty3.15
WALL P3 :

Fa

NBS-10

Heat flow,
Btumresq ft

_50 '] 1 2 2 '] 5 3 ] H b b | R 2 ] '] | 2 L ¥ b 2 1 2 2 ’

Time, hr

Fig. C27 Heat Flow for NBS-10 Test Cycle Applied to Wall P3

-C62-

construction technology laboratories, inc.



TABLE C18(a) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P3, US UNITS

Calculated

Time, Measured Heat Flow, Heat Flow,

hr Btu/hrssq ft Btu/hresq ft

qw qhit ghit’ qss

Calib, HFT @ HFT @ Steady-
Hot Box In. Surt, Out. Surt. State
1 -0.79 -1.03 -20.46 -2.69
2 -1.21 -1.25 -17.21 -2.80
3 -1.41% -1.45 -14.89 -2.87
4 -1.56 -1.65 -12.89 -2.95
S -1.83 -1.84 -6.25 -2.84
6 -2.17 -2.03 8.51 -2.34
7 -2.23 -2.17 19.63 L -1.77
8 -2.23 -2.23 26.44 - -1.24
9 -2.22 -2.26 31.90 -0.70
10 2.1 -2.24 35.99 -0.12
11 -1.96 -2.16 33.58 0.28
12 -1.92 -2.04 32.62 0.65
13 -1.71 -1.86 31.46 1.03
14 -1.50 -1.64 24.88 1.19
13 -1.16 -1.41 15.03 1.15
16 -0.70 -1.15 4.72 0.94
17 -0.26 -0.89 -7.99 0.54
18 -0.12 -0.70 -28.87 -0.27
19 0.04 -0.56 -39.59 -1.06
20 0.08 -0.48 -36.99 -1.51
21 0.05 -0.43 -32.11 -1.82
22 -0.04 -0.55 -28.39 -2.08
23 -0.20 -0.67 -25.82 -2.33
24 -0.55 -0.82 -23.07 -2.53
Mean -1.15 -1.40 -1.24 -1.09

Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 16%

Laboratory Air Temparature:

Max. - 75°F (24°C)
Min. - 74°F (23°C)
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TABLE C18(b) - HEAT FLOW FOR NBS-10 TEST CYCLE APPLIED TO WALL P3, S1 UNITS

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Wisq m Wisqm
qw ghft qhft’ qss

Calib. HFT @ HFT @ Steady-

Hot Box In. Surf, Out. Surt, State

1 -2.50 -3.25 -64.56 -8.47

2 -3.80 -3.95 -54.31 -8.82

3 -4.44 -4 57 -46.97 -9.05
4 -4.93 -5.20 -40.66 -9.29 .
5 -5.76 -5.80 -19.72 -8.96 ;

6 -6.85 -6.39 26.84 -7.39

7 -7.05 -6.84 61.92 . -5.60

8 -7.02 -7.05 83.41 -3.91

9 -7.00 -7.12 100.64 -2.22

10 -6.66 -7.06 113.54 -0.38

11 -6.20 -6.80 105,95 0.89

12 -6.06 -6.43 102.91 2.05

13 -5.38 -5.86 99.25 3.24

14 -4.72 -5.17 78.49 3.76
15 -3.66 -4.44 47.43 .62 ,
16 -2.22 -3.64 14.89 2.95 {
17 -0.81 -2.81 -25.22 1.72 :

18 -0.37 -2.20 -91.08 -0.84
19 0.13 -1.76 -124.90 -3.35 t
20 0.26 -1.51 -116.70 -4.75 ;

21 0.15 -1.55 -101.32 -5.74
22 -0.14 -1.75 -89.58 -6.56 )
23 -0.63 -2.10 -81.47 -7.34 I
24 -1.72 -2.60 -72.78 -7.98 :
Mean -3.64 -4.41 -3.92 -3.43 f

Calibrated Hot Box Relative Humidity:
Indoor Chamber - not available
Qutdoor Chamber - 16%

Laboratory Air Temperature: :

Max. - 75¢F (24°C) !
Min, - 74*F (23*C)
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APPENDIX D - TRANSIENT TEMPERATURE TEST RESULTS

Results from transient tests are i1lustrated in Figs. D1 through D9 and
are 1isted in Tables D1 through D6. Measured temperatures, temperature
differentials, and heat flow through Wall P are 11lustrated in Figs. DI
through D3, respectively. Figures D4 through D6 show results for Wall P2.
Figures D7 through D9 show results for Wall P3. Values are shown as a
function of time. Table 13 in the "Test Results" portion of the "Dynamic
Calibrated Hot Box Tests" section lists brief descriptions of symbols used
in test data figures and tables.

Hourly values of measured temperatures and heat flow through Wall P1 are
listed in Tables D1 and D2, respectively. Tables D3 and D4 11st hourly
values for Wall P2. Tables D5 and D6 1ist hourly values for Wall P3.
Tables D1 through D6 denoted (a) and (b), respectively, 1ist hourly test

data in U.S. and SI units.
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Fig. D1 Measured Temperatures for Transient Test on Wall P1
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TABLE D1(a) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P1, US UNITS

construction technology laboratories, inc.

f

Measured Temperatures,
Tirne, °F
hr
1o 12 14 13 4] ti
Qutdoor Qutdoor Internai Intarmnal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
0 71.9 72.7 72.0 72.6 72.5 72.3
1 39.9 58.5 70.9 72.6 72.5 72.3
2 15.4 431 64.0 72.6 725 72.3
3 6.8 34.0 54.8 72.3 72.4 72.3
4 28 27.3 45.1 721 723 72.2
5 0.7 22.3 384 71.7 721 72.2
6 -0.7 18.3 32.1 71.3 71.9 721
7 -1.6 15.0 26.8 71.0 71.7 72.0
8 2.4 12.3 25 70.6 71.5 72.0
9 -2.9 10.1 19.0 70.2 71.2 71.9
10 -3.4 8.3 16.1 69.9 71.0 71.9
11 -3.8 6.7 13.7 69.6 70.9 71.8
12 -4.1 55 11.6 69.3 70.7 71.8
13 4.3 44 10.0 69.1 70.5 71.7
14 4.5 35 85 68.8 70.4 71.7
15 4.7 2.8 7.4 68.7 70.3 71.7
16 4.8 2.1 6.4 68.5 70.1 71.6
17 4.9 1.6 55 68.3 70.0 71.6
i8 -5.0 1.1 4.8 68.2 69.9 71.4
19 -5.1 0.7 4.2 68.0 69.9 71.5
20 5.2 0.4 3.7 68.0 69.8 71.5
21 -5.2 0.1 3.2 67.8 69.7 71.5
22 -5.3 -0.2 29 67.8 9.7 71.5
23 -5.3 -0.4 2.6 67.7 69.6 71.5
24 -5.3 -0.5 2.3 67.7 69.6 71.5
26 -5.4 -0.8 1.8 67.5 69.5 71.4
28 -5.3 -1.0 1.6 67.5 69.5 71.4
30 5.4 -1 1.3 67.4 69.4 71.4
32 -5.4 -1.3 1.2 67.3 69.4 71.4
34 -5.4 -14 1.0 67.3 69.4 71.4
36 -5.5 -1.4 0.9 §7.3 69.3 71.4
38 -5.5 -1.5 0.8 67.2 69.3 71.4
40 -5.6 -1.6 0.8 67.2 69.3 71.4
42 -5.5 -1.6 0.8 67.2 69.3 71.4
44 -5.5 1.6 0.8 67.2 69.3 71.4
46 -5.6 -1.6 0.7 67.2 69.2 71.4
48 -5.6 1.7 0.7 67.1 69.2 71.4
50 -55 -1.6 0.7 67.2 69.3 71.4
52 -5.5 1.6 0.7 67.3 69.3 71.4
54 55 -1.8 0.7 67.2 69.4 71.4
58 -5.5 -1.5 07 67.2 69.3 71.4
58 -5.5 -1.5 0.7 67.3 69.3 71.4
60 -5.5 -1.5 0.7 67.3 69.3 71.4
62 -5.5 -1.4 0.7 67.3 69.3 71.4
64 -5.5 -1.4 0.7 67.2 69.3 71.4
66 -5.5 1.5 0.7 67.3 69.3 71.4
68 -5.5 -1.5 0.7 67.2 69.3 71.4
70 -5.5 1.5 0.8 67.3 69.3 71.4
72 -5.6 -1.6 0.6 67.1 69.2 71.3
-D4-




TABLE D1(b) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P1, S| UNITS

Measured Temparatures,
Time, °C
hr
to 12 t4 13 t1 ti
Outdoor Qutdoor Intarnal Internal Indoor indoor
Air Surface Qutdoor Indoor Surface Air
0 22.2 22.6 22.2 22.6 22.5 22.4
1 4.4 14.7 21.6 22.5 22,5 22.4
2 9.2 6.2 17.8 22.5 22,5 22,4
3 -14.0 1.1 12.7 22.4 22.5 22.4
4 -16.3 2.6 7.8 22.3 22.4 22.4
5 -17.4 -54 3.6 221 22.3 22.3
6 -18.1 -7.6 0.0 21.9 22.2 22.3
7 -18.7 -9.4 -2.9 21.6 22.0 22.2
8 -19.1 -10.9 -5.3 21.4 21.9 22.2
9 -19.4 -12.2 7.2 21.2 21.8 22.2
10 -19.7 -13.2 -8.8 21.1 21.7 22.2
11 -19.9 -14.0 -10.2 20.9 21.6 221
12 -20.0 -14.7 -11.3 20.7 21.5 22.1
13 -20.2 -15.4 -12.2 20.6 21.4 22.1
14 -20.3 -15.8 -13.0 20.5 21.3 22.0
15 -20.4 -16.2 -13.7 20.4 21.3 22,0
16 -20.5 -16.6 -14.3 20.3 21.2 22.0
17 -20.5 -16.9 -14.7 20.2 211 22.0
18 -20.6 -17.2 -15.1 201 21.1 21.9
19 -20.6 -17.4 -15.4 20.0 21.0 22.0
20 -20.7 -17.6 -15.7 20.0 21.0 21.9
21 -20.7 -17.7 -16.0 19.9 21.0 21.9
22 -20.7 -17.9 -16.2 19.9 20.9 21.9
23 -20.7 -18.0 -16.3 19.8 - 20.9 22.0
24 -20.7 -18.1 -16.5 19.8 20.9 21.9
26 -20.8 -18.2 -16.8 19.7 20.8 21.9
28 -20.7 -18.3 -16.9 18.7 20.8 21.9
30 -20.8 -18.4 -17.0 19.7 20.8 21.9
32 -20.8 -18.5 171 19.6 208 21.9
34 -20.8 -18.6 -17.2 19.6 20.8 21.9
36 -20.8 -18.6 -17.3 19.6 20.7 21.9
38 -20.9 -18.6 -17.3 19.8 20.7 21.9
40 -20.9 -18.6 -17.4 19.6 20.7 21.9
42 -20.8 -18.7 -17.3 19.6 20.7 219
44 -20.8 -18.7 17.4 19.6 20.7 21.9
46 -20.9 -18.7 -17.4 19.6 20.7 21.9
48 -20.9 -18.7 -17.4 19.5 20.7 21.9
50 -208 -18.7 -17.4 19.6 20.7 21.9
52 -20.9 -18.6 -17.4 19.6 20.7 21.9
54 -20.8 -18.6 -17.4 19.6 20.8 21.9
56 -20.8 -18.6 -17.4 19.6 20.7 21.9
S8 -20.8 -18.6 -17.4 19.6 20.7 21.9
60 -20.8 -18.6 -17.4 19.6 20.7 21.9
62 -20.8 -18.6 -17.4 19.6 20.7 21.9
64 -20.8 -18.8 -17.4 19.6 20.7 21.9
66 -20.8 -18.6 -17.4 19.6 20.7 219
68 -20.8 -18.6 174 19.6 20.7 21.9
70 -20.8 -18.6 -17.4 19.6 20.7 21.9
72 -20.9 -18.7 -17.4 19.5 20.7 21.8
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TABLE D2(a) - HEAT FLOW FCR TRANSIENT TEST ON WALL P1, US UNITS

Calculated
Tirme, Measured Heat Flow, Heat Flow,
hr Bitu/hresq ft Btu/hresq ft
qw ghft ghft’ qss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surf, Cut. Surd. State
0 0.37 0.21 0.09 0.02
1 0.71 0.21 -45.82 -1.56
2 0.79 0.20 -74.02 -3.15
3 0.68 0.08 -75.00 +4,04
4 0.38 -0.16 -69.17 -4.65
5 -0.01 -0.44 -61.06 -5.09
6 -0.48 -0.85 -53.33 -5.43
7 -1.11 -1.23 -46.34 -5.69
8 -1.73 -1.72 -40.,79 -5.90
9 -2.25 -2.15 -35.82 -6.07
10 -2.68 -2.62 -31.61 -620
11 -3.23 -3.04 -27.76 -6.30
12 -3.67 -3.45 -24.65 -6.39
13 -3.97 -3.84 -21.80 -6.46
14 -4.40 -4.20 -19.54 -6.52
15 -4.82 -4.55 -17.73 -6.57
16 511 -4.83 -16.06 -6.61
17 -5.31 -5.09 -14.57 -6.64
18 -5.67 -5.31 -13.40 -6.66
19 -5.63 -5.49 -12.43 -6.69
20 -5.80 -5.74 -11.73 -6.71
21 -6.07 -5.93 -10.98 -6.72
22 -6.07 -6.08 -10.35 -6.74
23 -6.22 -6.16 -9.80 -6.75
24 -6.38 -6.30 -9.40 -6.76
26 -6.61 -6.49 -B.69 -6.77
28 -6.74 -6.61 -8.16 -6.78
30 -6.74 -6,73 -7.84 -6.78
32 -6.80 -6.83 -7.53 -6.79
34 -6.89 -6.92 -7.35 -6.80
36 -6.98 -6.91 -7.21 -6.80
38 -6.94 -6.99 -7.19 -6.81
40 -6.89 -7.01 -7.13 -6.81
42 -6.84 -6.98 -6.98 -6.81
44 -6.82 -7.02 -7.05 -6.81
46 -6.54 -7.02 -6.95 -6.80
48 -6.63 -7.02 -7.02 -6.81
50 -7.05 -7.06 -6.91 -6.81
52 -6.65 -7.11 -6.81 -6.81
54 -7.45 -7.10 -6.88 -6.82
58 -7.27 -7.04 -6.83 -6.81
58 -7.25 -7.11 -6.87 -6.81
60 -7.05 -7.07 -6.90 -6.80
62 -7.06 -7.12 -6.82 -6.80
64 -7.18 -7.08 -6.90 -6.80
66 -6.94 -7.08 -6.90 -6.81
68 -7.05 -7.08 -6.87 -6.80
70 -6.98 -7.04 -6.81 -6.80
72 -7.00 -7.08 -6.95 -6.80

w
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TABLE D2(b) - HEAT FLOW FOR TRANSIENT TEST ON WALL P1, S| UNITS

Calculated
Time, Maasured Heat Flow, Heat Flow,
hr Wisqm W/sq m
qw qhft ghft’ qss
Calib. HFT @ HFT @ Steady-
Hot Box In. Surf, Qut, Surf, State
0 1.15 0.67 0.30 0.06
1 2.23 0.66 -144 .55 -4.91
2 2.49 0.62 -233.52 -9.93
3 2.13 0.25 -236.62 -12.74
4 1.21 -0.52 -218.23 -14.68
5 -0.03 -1.38 -192.64 -16.07
6 -1.53 -2.67 -168.27 -17.13
7 -3.52 -3.88 -146.22 -17.96
8 -5.47 -5.41 -128.71 -18.62
9 -7.10 -6.78 -113.00 -19.14
10 -8.46 -8.28 -99.74 <19.56
11 -10.18 -9.60 -87.57 -19.89
i2 -11.57 -10.88 -77.77 -20.16
13 -12.52 -12.12 -68.79 -20.39
14 -13.88 -13.25 -61,66 -20.56
15 -15.21 -14.35 -55.83 - -20.72
16 -16.12 -15.23 -50.66 -20.84
17 -16.77 -16.06 -45.96 -20.95
18 -17.89 -16.76 -42.27 -21.03
19 -17.75 -17.31 -39.21 -21.1
20 -18.61 -18.11 -37.01 -21.16
21 -19.16 -18.71 -34.64 -21.22
22 -19.16 -19.17 -32.64 -21.26
23 -19.63 -19.44 -30.92 -21.29
24 -20.14 -19.88 -29.64 -21.32
26 -20.86 -20.48 «27.42 -21.36
28 -21.26 -20.86 -25.76 -21.40
30 -21.27 -21.24 -24.75 -21.41
32 -21.44 -21.56 -23.76 -21.43
34 -21.73 -21.83 -23.18 -21.46
36 -22.03 -21.81 -22.73 -21.44
38 -21.89 -22.08 -22.68 -21.48
40 -21.75 -22.12 -22.48 -21.47
42 -21.58 -22.02 -22.02 -21.49
44 -21.50 -22.14 -22.24 -21.48
46 -20.64 -22.14 -21.93 -21.46
48 -20.93 -22.15 -22.14 -21.48
50 -22.26 -22.27 -21.79 -21.48
52 -20.97 -22.44 -21.50 -21.47
54 -23.51 -22.38 -21.70 -21.50
56 -22.93 -22.23 -21.53 -21.48
58 -22.89 -22.44 -21.67 -21.47
60 -22.24 -22.29 -21.77 -21.45
€2 -22.28 -22.48 -21.52 -21.48
64 -22.64 -22.35 -21.78 -21.46
66 -21.91 -22.33 -21.76 -21.47
68 -22.26 -22.33 -21.69 -21.48
70 -22.03 -22.21 -21.48 -21.46
72 -22.07 -22.28 -21.94 -21.46
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TABLE D3(a) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL F2, US UNITS

M

construction technology laboratories, inc.

Measured Temperatures,
Time, °F
hr
to 12 t4d 13 t1 ti
Outdoor Qutdoor Internal Intarnal Indoor Indoor
Air Surface Qutdoor indoor Surface Air
0 72.8 73.6 727 73.0 72.5 72.2
1 41.7 60.3 71.2 73.0 72.5 72.2
2 17.0 45.0 63.4 72.9 72.5 72.2
3 8.2 35.4 53.4 72.7 72.4 72.2
4 4.7 28.7 441 72.3 72.3 721
5 2.6 23.4 36.3 71.9 721 721
6 1.0 19.1 29.9 71.5 71.8 72.0
7 -0.2 15.7 245 711 71.6 72.0
8 -1.1 12.8 205 70.7 71.4 72.0
9 -1.8 105 174 70.4 71.2 71.8
10 -2.5 8.6 14.3 701 71.0 - 71.8
11 -3.0 7.1 1.9 69.8 70.8° 71.7
12 -3.4 5.7 10,0 £9.5 70.7 71.7
13 3.8 4.6 8.4 £9.2 70.5 71.6
14 -4.0 3.7 7.0 69.0 70.3 71.6
15 -4.2 2.9 6.0 68.8 70.2 71.6
16 4.4 2.3 5.1 68.6 70.1 71.4
17 -4.5 1.7 43 68.4 69.9 71.5
18 -4.7 1.3 3.6 €8.3 69.9 71.5
19 -4.8 0.9 3.0 68.1 69.8 71.5
20 -4.9 0.6 2.6 68.0 69.7 71.4
21 5.0 0.3 2.2 67.9 69.6 71.4
22 5.0 0.0 1.8 67.8 69.4 71.4
23 -5.1 0.2 1.6 67.8 - 69.5 71.3
24 -5.1 -0.3 1.4 67.7 69.5 71.4
26 -5.1 -0.5 1.0 67.6 69.4 71.4
28 5.2 -0.7 0.7 67.5 £69.3 71.3
30 -5.3 -0.9 0.5 67.5 69.4 71.4
32 5.3 -1.0 0.3 67.4 69.3 71.3
34 -5.3 -1.0 0.3 67.4 69.3 71.3
36 -5.3 -141 0.2 67.4 69.3 71.3
38 5.3 1.1 0.1 67.4 69.3 71.3
40 -5.3 -14 0.1 67.4 69.2 71.3
42 -5.3 -1.2 0.1 67.4 69.2 71.3
44 -5.3 -1.2 0.1 67.4 69.2 71.3
48 -5.4 -1.2 0.0 67.3 69.2 71.3
43 54 -1.2 0.0 67.4 69.2 71.3
50 -5.4 -1.2 0.1 67.3 £9.2 71.3
52 5.4 -1.2 0.0 67.3 €9.2 71.3
54 5.4 -1.3 0.0 67.3 69.2 71.3
58 -5.3 -1.3 0.0 67.2 69.2 71.3
58 5.4 -1.2 0.0 67.3 69.2 71.3
60 -5.3 -1.2 0.0 67.3 69.2 71.3
62 -5.4 -1.2 0.0 67.3 69.2 71.3
64 -54 12 Q.0 67.3 69.2 71.3
66 -5.3 -1.2 0.0 67.3 69.2 71.4
68 -5.3 -1.3 0.0 67.3 69.1 71.4
70 -5.3 -1.3 0.0 §7.3 £69.2 71.3
72 -5.3 -1.3 0.0 67.3 69.2 71.3
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TABLE D3(b) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P2, St UNITS

construction technology laboratories, inc.

&

Measured Temperatures,
Time, °C
hr
to 12 13 14 t1 ti
Qutdoor Outdoor internal Internal Indoor Indoor
Air Surface OQutdoor Indoor Surface Air
0 22.7 231 226 22.8 22.5 223
1 5.4 15.7 21.8 228 22.5 223
2 -8.3 7.2 17.4 22.7 225 22.3
3 -13.2 1.9 11.9 22.6 22.5 22.3
4 -15.2 -1.9 6.7 22.4 22.4 223
5 -16.3 -4.8 24 22.2 22.3 22.3
6 -17.2 7.2 -1.2 21.9 22.1 22.2
7 -179 9.1 -42 21.7 22.0 22.2
8 -18.4 -10.7 -64 21.5 21.9 22.2
9 -18.8 -11.9 -8.3 21.3 218 - 22,1
10 -19.2 -13.0 99 211 21.7 - 221
11 -19.5 -13.9 -11.2 21.0 21.6 221
12 -19.7 -14.6 -12.2 20.8 21.5 22.1
13 -19.9 -15.2 -13.1 20.7 21.4 22.0
14 -20.0 -18.7 -13.9 20.6 21.3 22.0
15 -20.1 -16.2 -145 20.4 21.2 22.0
16 -20.2 -16.5 -15.0 20.3 21.1 21.9
17 -20.3 -16.8 -15.4 20.2 21.1 22.0
18 -20.4 -17.1 -15.8 20.1 21.0 21.9
19 -20.4 -17.3 -16.1 20.1 21.0 21.9
20 -20.5 -17.5 -16.3 20.0 20.9 21.9
21 -20.5 -17.6 -16.6 20.0 209 21.9
22 -20.6 -17.8 -16.8 19.9 .20.8 21.9
23 -20.6 -17.9 -16.9 19.9 20.8 219
24 -20.6 -18.0 -17.0 19.8 20.8 21.9
26 -20.6 -18.1 -17.2 19.8 20.8 21.9
28 -20.7 -18.2 -17.4 19.7 20.7 21.8
30 -20.7 -18.3 -17.5 19.7 20.8 21.9
32 -20.7 -18.3 -17.6 19.7 20.7 21.8
34 -20.7 -18.4 -17.6 19.7 20.7 21.8
38 -20.7 -18.4 -17.7 19.7 20.7 21.8
as -20.7 -18.4 17.7 19.7 20.7 21.8
40 -20.7 -18.4 -17.7 19.7 20.7 21.8
42 -20.7 -18.4 -17.7 19.6 20.7 21.8
44 -20.7 -18.4 -17.7 19.7 20.7 21.8
45 -20.8 -18.5 -17.8 19.6 20.7 21.8
48 -20.8 -18.5 -17.8 19.7 20.7 21.8
50 -20.8 -18.5 -17.8 19.6 20.7 21.8
52 -20.8 -18.5 -17.8 19.6 20.7 21.8
54 -20.8 -18.5 -17.8 19.6 20.7 21.8
56 -20.7 -18.8 -17.8 19.6 20.7 21.8
58 -20.8 -18.5 -17.8 19.6 20.7 21.8
60 -20.7 -18.5 -17.8 19.6 20.7 21.8
62 -20.8 -18.5 -17.8 19.6 20.7 21.9
64 -20.8 -18.4 -17.8 19.6 20.7 21.8
66 -20.7 -18.5 -17.8 19.6 20.7 21.9
68 -20.7 -18.5 -17.8 19.6 20.6 21.9
70 -20.7 -18.5 178 19.6 20.7 219
72 -20.7 -18.5 -17.8 19.6 20.7 21.9
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TABLE D4(a) - HEAT FLOW FOR TRANSIENT TEST ON WALL P2, US UNITS

55—

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw ghit qhft’ qss
Calib, HFT @ HFT @ Steady-
Hot Box In, Surt. Out. Surf. State
0 0.10 0.34 0.25 0.13
1 0.22 0.33 -46.62 -1.48
2 0.38 0.30 -75.76 -3.21
3 0.28 0.20 -76.13 4.24
4 -0.07 0.02 -67.50 -4.92
S -0.51 -0.34 -59.00 -5.43
6 -1.14 -0.77 -51.19 -5.83
7 -1.78 -1.28 -44.06 -6.14
8 -2.37 -1.77 -38.36 -6.38
9 -3.06 -2.27 -33.55 -6,58
10 -3.72 -2.80 -29.46 -6.73
11 -4.13 -3.27 -26.12 -6.86
12 -4.52 -3.70 -22.88 -6.96
13 -4.84 -4.13 -20.52 -7.04
14 -4.99 -4.49 -18.32 -7.10
15 -5.19 -4.84 -16.58 -7.145
16 -5.65 -5.17 -15.21 -7.20
17 -5.62 -5.42 -13.94 -7.23
18 -5.89 -5.72 -12.85 -7.26
19 -5.86 -5.96 -12.17 -7.28
20 -6.08 «6.13 -11.28 7.3
21 -6.08 -6.30 -10.73 -7.33
22 -6.15 -6.43 -10.22 -7.32
23 -6.52 -6.59 -9.82 -7.34
24 -6.66 -6.74 -9.38 -7.36
26 -6.92 -6.98 -8.78 -7.37
28 -7.04 -7.09 -8.47 -7.28
30 -7.43 -7.29 -8.08 -7.40
32 -7.53 -7.36 -8.01 -7.40
34 -7.26 -7.39 -7.85 -7.40
36 -7.09 -7.46 -7.76 -7.40
38 -7.05 -7.48 -7.67 -7.40
40 -7.36 -7.55 -7.54 -7.40
42 -7.45 -7.63 -7.59 -7.40
44 -7.29 -7.61 -7.59 -7.40
46 714 -7.58 -7.55 -7.41
48 -7.11 -7.59 -7.51 -7.41
50 -6.67 -7.50 -7.53 -7.41
52 -7.25 -7.57 -7.50 -7.40
54 -7.31 -7.59 -7.50 -7.4%
56 -7.36 -7.64 -7.45 741
58 -7.19 -7.62 -7.39 -7.41
60 -7.32 -7.63 -7.41 -7.41
62 -7.15 -7.62 -7.44 -7.41
64 -7.45 -7.66 -7.43 -7.41
66 -7.36 -7.68 -7.42 -7.41
68 -7.47 -7.69 -7.42 -7.40
70 -7.28 -7.67 -7.44 -7.41
72 -7.08 -7.60 -7.38 -7.41
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TABLE D4(b) - HEAT FLOW FOR TRANSIENT TEST ON WALL P2, S| UNITS

w

Calculated
Tima, Measurad Heaat Flow, Heat Flow,
hr Wrsqm W/sqgm
qw ghft ghft' qss
Calib. HFT @ HFT @ Steady-
Hot Box in. Surf, Qut. Surf, State
0 0.31 1.07 0.78 0.40
1 0.70 1.04 -147.08 -4.66
2 1.19 0.95 -239.01 -10.12
3 0.88 0.64 -240,20 -13.37
4 -0.21 0.05 -212.95 -15.53
5 -1.61 -1.07 -186.16 -17.14
6 -3.61 -2.43 -161.50 -18.39
7 -5.62 -4.03 -138.99 -19.36
8 -7.48 -5.59 -121.02 -20.14
9 9.66 -7.15 -105.86 -20.75
10 -11.74 -8.84 -92.93 -21:23
11 -13.03 -10.31 -82.42 -21.63
12 -14.26 -11.68 -72.18 -21.94
13 -15.26 -13.04 -64.74 -22.20
14 -15.74 -14,18 -57.80 -22.40
15 -16.39 -15.28 -52.32 -22.57
16 -17.81 -16.31 -47.98 -22.NM
17 -17.74 -17.10 -43.97 -22 82
18 -18.59 -18.05 -40.55 -22.9
19 -18.47 -18.79 -38.38 -22.98
20 -19.18 -19.35 -35.57 -23.05
21 -19.19 -19.88 -33.86 2311
22 -19.40 -20.29 -32.23 -23.10
23 -20.56 -20.78 -30.98 -23.17
24 -21.01 -21.25 -29.60 -23.21
26 -21.84 -22.02 -27.69 -23.25
28 -22.20 -22.38 -26.74 -23.28
30 -23.44 -23.01 -25.483 -23.34
32 -23.76 -23.22 -25.26 -23.34
34 -22.90 -23.32 -24.77 -23.35
36 -22.37 -23.52 -24.48 -23.36
as -22.25 -23.61 -24.19 -23.36
40 -23,23 -23.82 -23.78 -23.36
42 -23.49 -24.08 -23.95 -23.36
44 -22.99 -24.00 -23.96 -23.36
46 -22.54 -23.9 23.83 -23.37
48 -22.44 -23.96 -23.68 -23.38
50 -21,03 -23.66 -23.76 -23.37
52 -22.88 -23.90 -23.65 -23.36
54 -23.06 -23.95 -23.65 -23.38
56 -23.21 -24.12 -23.50 -23.37
58 -22.68 -24,03 -23.31 -23.37
60 -23.09 -24,08 -23.37 -23.36
62 -22.57 -24.04 -23.46 -23.37
64 -23.51 -24,18 -23.45 -23.37
66 -23.24 -24.24 -23.42 -23.37
68 -23.56 -24.26 -23.39 -23.34
70 -22.98 -24.19 -23.47 -23.37
72 -22.24 -23.97 -23.29 -23.37
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TABLE D5(a) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P3, US UNITS

construction technology laboratories, inc.

“

Measured Temperatures,
Time, °F
hr
10 12 14 13 t1 ti
Qutdoor Qutdoor internal internal Indoor Indoor
Air Surface Qutdoor Indoor Surface Air
0 73.0 69.3 72.8 72.5 72.0 71.5
1 449 £8.1 71.6 72.5 72.0 71.56
2 19.0 439 64.4 72.4 72.0 71.6
3 10.9 35.1 54.7 721 71.9 71.6
4 7.7 29.0 45.6 71.9 71.8 71.5
5 55 242 38.0 71.5 71.6 71.4
6 3.8 202 1.8 71.1 71.4 71.3
7 2.7 17.0 26.7 70.7 71.2 71.3
8 1.8 144 22.6 70.3 71.0 71.3
9 1.2 12.2 19.2 70.0 70.7 71.2
10 0.7 10.5 16.5 €9.7 70.5 7141
11 0.3 9.0 14.2 69.4 70.3 71.1
12 -0.1 8.0 124 €9.1 70.2 71.0
13 -0.3 7.6 10.9 68.9 70.0 71.0
14 -0.5 6.7 9.8 68.6 §9.9 70.9
16 -0.6 59 8.5 68.4 69.8 70.9
16 -0.8 53 7.6 68.2 69.6 70.8
17 -0.9 4.8 6.9 68.1 69.8 70.8
18 -1.0 4.4 6.3 68.0 69.5 70.8
19 -1.1 4.0 58 67.9 69.4 70.8
20 1.2 3.6 54 67.8 69.3 70.7
21 -1.2 3.2 50 67.7 69.3 70.7
22 -1.3 2.9 4.7 67.7 69.2 70.7
23 1.3 28 4.4 67.6 69.2 70.7
24 -1.3 2.7 4.2 67.6 69.2 70.7
26 -1.3 25 3.9 67.5 69.1 70.7
28 -1.3 2.3 3.7 67.4 69.1 70.7
30 -1.4 22 35 67.4 69.0 70.7
32 -1.4 2.3 3.4 67.3 69.0 70.7
34 -1.4 2.3 33 67.2 69.0 70.7
36 -1.4 2.2 3.2 67.3 69.0 70.7
38 -1.4 2.2 3.2 67.2 68.9 70.7
40 -1.4 241 3.2 67.3 69.0 70.7
42 -1.4 2.2 3.1 67.2 69.0 70.7
44 -1.4 2.0 3.1 67.2 69.0 70.7
48 -1.5 1.9 3.0 67.2 68.9 70.5
48 -1.6 1.8 29 67.1 68.8 70.5
50 -1.5 1.8 3.0 67.1 68.8 70.5
52 -1.4 1.9 3.1 671 68.9 70.6
54 1.4 1.9 3.0 67.1 68.9 70.6
56 1.5 1.9 3.0 67.1 68.9 70.6
58 -15 1.9 3.0 67.1 68.9 70.6
60 -1.4 1.9 31 67.1 68.9 70.6
62 -1.4 1.9 31 7.2 68.8 70.7
64 1.4 1.9 3.0 67.2 69.0 70.7
66 -1.4 1.9 3.1 67.2 68.9 70.7
68 1.4 1.9 3.1 67.2 69.0 70.6
70 -1.3 2.0 3.1 67.2 68.9 70.6
72 1.4 2.0 341 67.2 68.9 70.6
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TABLE D5(b) - MEASURED TEMPERATURES FOR TRANSIENT TEST ON WALL P3, SI UNITS

”

construction technology laboratories, inc.

Measured Tempaeratures,
Time, °C
hr
to t2 13 t4 t1 ti
Outdoor Qutdoor Internal Internal Indoor Indoor
Air Surface QOutdoor Indoor Surface Air
0 228 20.7 22.6 22,5 22.2 -17.8
1 7.2 14.5 22.0 22.5 22.2 -17.8
2 -7.2 6.6 18.0 22.4 22.2 -17.8
3 -11.7 1.7 12.6 22.3 22.2 -17.8
4 -13.5 1.7 7.6 22.2 22.1 -17.8
5 -14.7 -4.3 3.4 21.9 22.0 -17.8
6 -15.7 -6.5 -0.1 21.7 21.9 -17.8
7 -16.3 -8.3 -29 21.5 21.8 -17.8
8 -16.8 9.8 -5.2 21.3. 21.6 -17.8
9 -17.1 -11.0 -7.1 21.1 21.5 -17.8
10 -17.4 -12.0 8.6 20.9 21.4 - -17.8
11 -17.6 -12.8 9.9 20.8 21.3° -17.8
12 -17.8 -13.4 -10.9 20.6 21.2 -17.8
13 -17.9 -13.6 -11.8 20.5 21.1 -17.8
14 -18.1 -14.1 -12.5 20.4 21.0 -17.8
15 -18.1 -14.5 -13.1 20.2 21.0 -17.8
16 -18.2 -14.8 -13.5 20.1 20.9 -17.8
17 -18.3 -15.1 -13.9 20.1 20.9 -17.8
18 -18.3 -15.3 -14.3 20.0 20.8 -17.8
19 -18.4 -15.6 -14.6 20.0 20.8 -17.8
20 -18.4 -15.8 -14.8 19.9 20.7 -17.8
21 -18.4 -16.0 -15.0 190.8 20.7 -17.8
22 -18.5 -16.1 -15.2 19.8 20.7 -17.8
23 -18.5 -16.2 -15.3 19.8 .20.7 -17.8
24 -18.5 -16.3 -15.4 19.8 20.7 -17.8
26 -18.5 -16.4 -15.6 19.7 20.6 -17.8
28 -18.5 -16.5 -18,7 19.7 20.6 -17.8
30 -18.5 -16.6 -15.8 19.6 20.6 -17.8
32 -18.6 -16.5 -159 19.6 20.6 -17.8
34 -18.6 -16.5 -16.0 19.6 20.6 -17.8
36 -18.6 -16.6 -16.0 19.6 20.6 -17.8
38 -18.8 -16.6 -16.0 19.6 20.5 -17.8
40 -18.6 -16.6 -16.0 19.6 20.6 -17.8
42 -18.6 -16.6 -16.1 19.6 20.6 -17.8
44 -18.6 -16.7 -16.0 19.6 20.5 -17.8
46 -18.6 -16.7 -16.1 19.5 20.5 -17.8
48 -18.6 -16.8 -16.1 19.5 20.5 -17.8
50 -18.6 -16.8 -16.1 19.5 20.4 -17.8
52 -18.6 -16.7 -16.1 19.5 20.5 -17.8
54 -18.6 -16.7 -16.1 19.5 20.5 -17.8
56 -18.8 -16.7 -16.1 19.5 20.5 -17.8
58 -18.6 -16.7 -16.1 19.5 20.5 -17.8
60 -18.6 -16.7 -16.1 19.5 20.5 -17.8
62 -18.6 -16.7 -16.1 19.6 20.5 -17.8
64 -18.6 -16.7 -16.1 19.6 20.5 -17.8
66 -18.5 -18.7 -16.1 19.6 205 -17.8
€8 -18.5 -16.7 -16.1 19.5 20.5 -17.8
70 -18.5 <16.7 -16.1 19.5 20.5 -17.8
72 -18.6 -16.7 -16.1 18.5 20.5 -17.8
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Fig. D9 Heat Flow for Transient Test on Wall P3
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TABLE D6(a) - HEAT FLOW FOR TRANSIENT TEST ON WALL P3, US UNITS

5o e

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Btu/hresq ft Btu/hresq ft
qw ghft ghft' qQss
Calib. HFT @ HFT @ Steady-
Hot Box In, Surf. Qut. Surf, State
0 -0.74 0.18 -0.35 -0.27
1 -0.70 -0.19 379 -1.37
2 -0.64 -0.22 -64.03 -2.76
3 -0.65 -0.30 -64.26 -3.60
4 -0.83 -0.48 -57.29 -4.17
5 -0.95 -0.71 -50.31 -4.60
6 -1.49 -1.07 -43.83 -4.96
7 -2.02 -1.47 -38.18 -5.24
8 -2.49 -1.89 -33.56 -5.46
9 -2.87 -2.30 -29.29 -5.65
10 -3.03 -2.70 -25.64 -5:78
11 -3.41 -3.06 -22.42 -5.90
12 -3.76 -3.48 -20.04 -5.98
13 -4.25 -3.80 17.77 -6.00
14 444 4.12 -15.95 -6.07
15 -4.59 -4.41 -14,37 -6.13
16 -4.87 -4.64 -12.90 -6.17
17 -5.12 -4.89 -11.99 -6.21
18 -5.33 -5.14 -11.02 -6.24
19 -5.42 -5.30 -10.36 -6.27
20 -5.58 -5.47 -9.71 -6.30
21 -5,53 -5.58 -9.17 -6.33
22 -5.70 -5.70 -8.77 -6.35
23 -5.83 -5.84 8.34 -6.36
24 -5.94 -5.91 -8.02 -6.37
26 -6.04 -6.11 -7.47 -6.39
28 -5.94 -6.11 717 -6.39
0 -6.00 -6.26 -6.99 -6.40
32 -6.32 -6.36 -6.77 -6.38
34 -6.27 -6.36 -6.71 -6.39
36 -6.37 -6.46 -6.63 -6.39
38 -6.52 -6.48 -£.46 -6.38
40 -6.53 -6.54 £.46 -6.40
42 -6.49 -6.49 -6.39 -6.40
44 -5.99 -6.45 -6.42 -6.41
46 -6.01 -6.38 -6.43 -6.42
48 -6.18 6.48 -6.41 -6.41
50 -5.83 6.37 -6.41 -6.41
52 -6.22 -6.46 -£.33 -6.41
54 -6.41 -6.57 -6.32 -6.41
56 -6.50 -6.58 642 -6.41
58 -6.36 -6.55 -6.39 -6.42
60 -6.32 6.52 -6.31 -6.41
62 -6.74 -6.59 -6.34 -5.41
64 -6.40 -6.57 -6.36 -6.42
66 -6.20 -6.54 -6.32 -6.41
68 -6.10 -6.46 -6.30 -6.41
70 -6.30 -6.49 -6.38 -6.41
72 -6.08 -6.53 -6.36 -6.41
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TABLE Dé(b) - HEAT FLOW FOR TRANSIENT TEST ON WALL P3, S UNITS

#

Calculated
Time, Measured Heat Flow, Heat Flow,
hr Wisqm Wrsqgm
qw ghft gqhft’ qss

Calib. HFT @ HFT @ Steady-
Hot Box In. Surt. Qut. Surdf. State
0 -2.35 -0.58 -1.11 -0.84
1 -2.20 -0.60 -119.61 -4,33
2 -2.01 -0.69 -202.02 -8.70
3 -2.06 -0.95 -202.73 -11.36
4 -2.62 -1.50 -180.74 -13.15
5 -3.00 -2.26 -158.74 -14.51
6 -4.70 -3.36 -138.30 -15.63
7 -6.,36 -4.64 -120.47 -16.52
8 -7.84 -5.96 -105.87 -17.23
9 -9.06 -7.25 -92.41 -17.81
10 -9.57 -8.50 -80.89 -18.24
11 -10.76 -9.67 -70.73 -18.61
12 -11.88 -10.97 -63.23 -18.87
13 -13.42 -11.98 -56.06 -18.94
14 -14,01 -12.99 -50.32 -19.15
15 -14.48 -13.90 -45.33 -19.33
16 -15.38 -14.63 -40.69 -19.48
17 -16.14 -15.43 -37.82 -19.60
18 -16.81 -16.23 -34.77 -19.70
19 -17.11 -16.71 -32.68 -19.78
20 -17.60 -17.27 -30.63 -19.88
21 -17.46 -17.60 -28.92 -19.98
22 -17.98 -18.00 -27.67 -20.04
23 -18.38 -18.44 -26.32 -20.07
24 -18.74 -18.65 -25.32 -20.10
26 -18.06 -19.28 -23.56 -20.15
28 -18.75 -19.29 -22.63 -20.16
30 -18.92 -19.76 -22.06 -20.19
32 -19.93 «20.07 -21.36 -20.14
34 -19.77 -20.07 -21.16 -20.16
36 -20.09 -20.39 -20.92 -20.17
38 -20.56 -20.44 -20.29 -20.14
40 -20.61 -20.64 -20.39 -20.20
42 -20.47 -20.46 -20.16 -20.20
44 -18.90 -20.34 -20.25 -20.22
46 -18.95 -20.12 -20.30 -20.24
48 -19.51 -20.38 -20.21 -20.24
50 -18.39 -20.09 -20.24 -20.23
52 -19.62 -20.38 -19.97 -20.22
54 -20.22 -20.73 -19.93 -20.22
56 -20.50 -20.76 -20.25 -20.23
58 -20.07 -20.65 -20.16 -20.25
60 -19.94 -20.57 -19.91 -20.24
62 -21.25 «20.79 -20.01 -20.24
64 -20.19 -20.73 -20.07 -20.25
66 -19.57 -20.62 -19.94 -20.24
68 -19.26 -20.38 -19.88 -20.24
70 -19.88 -20.46 -20.14 -20.21
72 -19.19 -20.60 -20.08 -20.22
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