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ABSTRACT

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

The three walls tested were similar except for the type of connectors Jaining tpe
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 Tayers. 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-tensila
fiberglass-composite ties.

Walls were tested in the calibrated hot box facility (ASTH designation: (976) at a
national laboratory, Steady-state tests were used to measure thermal resistance (Ry) ang
thermal transmittance (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-tensiie fiberglass-composite ties showed that the ties dig
not measurably 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 five to six hours for the three walls, The
tie systems present in walls P2 and P3 did not significantly affect thermal Tag of the wall
systems.

Thermal resistances of insulations used in the walls were measured using a guarded hot
plate (ASTM designation: C€177). Mall resistances measured in a calibrated hot box were
compared to resistances calculated from wall material properties.

[NITRODUCTINN

A significant amount of energy is lost from conditioned enviromments of buildinas through
thermal hridges. Heat transfer measurements of huilding 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.

Martha G. Van Geem, Senior Research Engineer, Fire/Thermal Technoloay Section, Construction
Technology Laboratories, Inc., 5420 01d Orchard Road, Skokie, [L 60077, 312-9A5-7500,
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Tests were conducted to evaluate thermal perfarmance of three insulated concrete sandwick
panel walls. Heat transfer through the walls was measured for steady-state an” dynamic
temperature conditions in a calibrated hot box. The three walls tested were similar except
for the type of connectnrs joining the insulation and concrete layers. Each wall consisted of
7 in. (50 mm) of extruded polystyrene insulation board sandwiched between two 3 in. {75 rm)
normal weiqght concrete layers. The first wall, designated wall P), was a control wall and
contained no ties. Lavers of the second wall, designated wall P2, were connected using
stainless steel ties and anchors. Layers of the third wall, designated wall PI, wers
connected using high-tensile fiberglass-composite ties.

The objective of thne test program was to investigate thermal effects of metal and
non-metal ties connecting wall lavers on thermal properties of insulated sandwich panel
walls, Vap Geem and Shirley (1987) gives more detailed information on test specimens,
instrumentation, equipment, procedures, and test results.

BACKGROUND

One method of insulating structural concrete walls is to provide a layer of insulation between
two layers of concrete. Ties or other fastemers are used to comnect the three layers. Ties
are often necessary for stability and load transfer, as either or both concrete layers may he
designed to be load bearing.

Ties or other elements that penetrate an fnsulation Tlayer act as thermal bridaes when
their conductivity {s 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 illustrated in Figure 1. Metal ties connecting layers of insulated concrete sandwich panel
walls reduce the thermal resistance of a wall assembly,

Materials ather than metal may be used fer connectors if they provide enough strenath to
resist the conductor resign leads. High-tensile fiberglass-composite ties have been developed
to reduce thermal bridging through dinsulation. The conductivity of the fiberglass-composite
material s approximately 1/10C that of stainless steel. Tie thermal! conductivities are
documented in the "Design Heat Transmission Coefficients" portion of this paper.

The nuarded hot nlate test method [ASTH designation: €177 (ASTH 1985}] is the most
widely accepted method of measuring thermal resistance of building materials. Generally,
tetts are pertormed using refatively small samples of homogeneous materials. Sample sizes
generzlly range from 0.7 to 4 ft2 {0.02 to 0.4 m?), depending on the hot plate used. Average
therma) resistance of & system containing & thermal bridge such as a stainless steel tie
cannot be measured using g guarded hot plate.

The calibrated hot hox [ASTH designation: C976 ([ASTH 1985)] and the auarded hot hox
[ASTI! designation: (236 (ASTM 1985)] are used to measure thermal performance of full-scale
wall assemblies. Specimens mav be constructed of homogeneous materials, such as concrete, or
composite systems, such as insulated frame walls, masonry walls, or panels with metal
connectors.  Some calibrated hot boxes are used to measure performance for steady-state or
dynamic temperature conditions. Dynamic testing is particularly important for massive
envetope components that store as well as transmit heat. Test results are used to evaluate
performance nf comparative wall systems and to verify analytical models. Heat transfer
characteristics of building elements must be known to evaluate energy Josses through a
building envelope.

TEST SPECIMENS

Three insulated concrete sandwich panel walls were constructed and suhsequently tested in a
calibrated hot box. Walls consisted of insulation hoard sandwiched hetween normal weight
cencrete lavers, as shown in Figure 1. Averall nominal dimensions of each wall were 103 by
103 in. {2.62 by 2.62 m). Hominal dimensions of concrete and insulation layers were 3 in.
(75 m} and 2 in. (50 mm), respectively.
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Wall Construction

Concrete and Insulation. Walls were reinforced with a single layer of 6 in. by 6 in.
(150 by 150 mm) W1.4 x W1.4 welded wire fabric lecated at the center of each 3 in. {750 mm)
concrete layer, as detailed in Figure 2. 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 Tayer by
concrete chairs. These chair supports raised the wire mesh off the formwork base before and
during concrete placement. Chair supports were also used to raise wire mesh above the
insulatton prior to casting the second concrete layer. Chair supports were 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 one side of walls P1, P2, and P3 at mid-thickness of the
concrete layer. The steel loop-type 1inserts were used to transport each wall after the
concrete had attained the necessary strength.

The same concrete mix design was used to construct walls P1, P2, and P3. Type I cement
and Elgin cearse and fine aggregate were used in the concrete for all walls. The nominal
maximum size of the coarse gravel was 3/4 in. (20 mm). These aggregates are considered
dolomitic (Abrams 1973). Laboratory test results for average measured slump, air content, and
unit weight of the fresh concrete are summarized in Table 1. The average water-cement ratio
of concrete used for each of the three walls was 0.57.

The 2 in. {50 mm) thick insulation board used for the walls was obtained in nominal 4 ft
by 8 ft (1.22 by 2.44 m) sheets and was identified as extruded polystyrene. Insulation was
pieced together to form 8 ft, 7 in. (2.62 m) square panels. Measured thicknesses and
densities of the insulations are presented in Table 1. Insulation for walls P1 and P2 were
obtained from one manufacturer, while insulation for wall P3 was obtained from a different
manufacturer. Insulation pieces for walls P! and P2 were secured at joints using continuous
strips of duct tape on each surface, Insulation pieces of wall P3 were joined using a
transparent cellophane tape provided by the dinsulation manufacturer. Taping of the seams
prevented infiltration of concrete paste during placement.

Placement of concrete to form the first 3 in. {75 mm} thick concrete layer was performed
initially. <Concrete was consolidated using a vibrating pad and then screeded to obtain a
upiform 3 in. (75 mm} thickness. Insulation board with thermocouple wires attached was then
placed on top of the concrete. After the insulation board and thermocouples were positioned,
construction procedures described above were repeated for the second concrete layer. The top
layer of concrete was troweled to obtain a uniform surface.

Walls were allowed to cure in formwork for 14 to 15 days. After removing formwaork, walls
were allowed to air dry in the laboratory at a temperature of 73+5°F (23+3°C) and 45%+15% RHM
for approximately three months. Prior to testing, wall faces were coated with a cementitious
waterproofing material to seal minor surface qimperfections. 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 not coated.

Tie Systems. Torsion anchors and ties, identified as stainless steel, were used to
connect concrete layers of wall P2. Locations of the 4 torsion anchors and 16 metal ties are
shown in Figure 3. A Type A-3 tie consists of two 0.118 in. (3 mm) diameter bars with a
nominal height of § in. {125 nm) penetrating the insulation. Dimensions of Type A and Type B
torsion anchors are shown in Figure 4. Connectors were installed per manufacturer's
instructions. Ties and torsion anchors were attached directly to the wire mesh of the lower
layer before concrete was placed. Two 28 in. (700 mm) long No. 2 {6 mm)} diameter) bars were
installed in the same planes as the wire mesh at the location of each torsion anchor.

Sections of insulation were cut out at locations of ties and torsion anchors. Cut-out
sactions were saved and replaced after insulation board was placed on the first concrete
layer. Seams of cut-out sections were taped on the top surface using duct tape.

Ties, described as high-tensile fiberglass-composite, were used to connect concrete
layers of wall P3. Thirty-six ties were placed in six rows of six, with a uniform spacing of
16.97 in, {0.42 m) between ties. Connectors were installed per manufacturer's instructions.
Dimensions of the 6 in, (150 mm) long connectors are shown in Figure 5. Prior to placing the
insulation on the concrete, 15/32 in. (12 mm} holes were drilled through the insulation at the
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location of ties. High-tensile fiberglass-composite ties were pushed through the pre-drilled
holes in the insulation into the lower concrete layer.

Wall Properties. Measured unit weights, thicknesses, and surface areas of walls P1, P2,
and P3 are summarized in Table 1. Selected insulation and concrete properties for the walls
are also listed., Average moisture content and unit weight of concrete in each wall at the
time of calibrated hot box tests were estimated using air dry and ovendry unit weights of
6 in. by 12 in. (150 by 300 mm) cylinders cast at the same times as individual walls.

Instrumentation

Ninety-six 20-gauge thermocouples corresponding to ASTM designation:  E230, "Standard
Temperature-Electromotive Force (EMF) Tables for Thermocouples," (ASTM 1985} Type T, were used
to measure temperatures during thermal testing. For each 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 3/4 in. (525 mm) apart in four rows of four 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.

Internal thermocouples placed at the concrete/insulation interfaces were taped directly
te the insulation board prior to placement in the wall. This technique ensured desirable
thermocouple location during concrete placement. Thermocouples were wired to form a
thermopile, such that an electrical average of four thermocouple junctions, located along a
harizontal row across the wall, was obtained. Wires for thermocouples mounted on insulation
were routed through side formwork prior to casting the second concrete layer of each wall.

Additional thermocouples were also used to monitor temperatures on and near ties bridging

concrete Tayers for walls P2 and P3. Llocations and readings of these additional thermocouples
are presented in VYan Geem and Shirley {1987).

THERMAL RESISTANCE OF INSULATION

Thermal resistance of insulation used to construct walls was determined in accordance with
ASTHM designation: C177, "Steady-5tate Thermal Transmission Properties by Means of the Guarded
Hot Plate” (ASTM 1985). 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 brand of insulation. Mominal specimen dimensions were 2 by 12 by 12 in. (50 by 300 by
300 mm). The measured thickness_and demsity of insulation used for walls P1 and P2 were
1.99 in. (49.8 mm) and 1.8 1b/ft3 (35.2 kg/m3), respectively. The measured thickness and
density of wall P3 insulation were 1.94 in. (48.5 mm)} and 2.2 1b/ft3 (35.2 kg/m3),
respectively.

Measured thermal resistances are presented in Figure 6 as a function of specimen mean
temperature, the average temperature of specimen cold and hot surfaces. The average
temperature difference across specimens ranged from 24° to 45°F (13° to 25°C) for the nine
F95t$.t' Tnermal resistance decreases with increasing mean temperature for both brands of
insulation.

Thermal resistances at specimen mean temperatures of 75°F (24°C) were 1linearly
interpolated from measured values. Insulation in walls P and P2 had a thermal resistance of
8.92 h ft¢ °F/Btu (1.57 m¢ X/W) and apparent thermal conductivity of 0.223 Btu in./h ft2 °F
(0.032 W/m K) at a specimen mean temperaturg of 75°F (24°C). Wall P3 insulation had a therma)
resistance of 9,02 h ft€ °F/Btu (1.59 m¢ X/W) and an apparent thermal conductivity of
0.215 Btu in./h ft2 °F (0.030 W/m K} at a specimen mean temperature of 75°F (24°C).

THERMAL RESISTANCE QF WALLS

Two steady-state calibrated hot box tests were performed on walls P1, P2, and P3. Heat flow
and temperature measurements were used to determine average thermal properties of total
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thermal resistance (RT) and transmittance (U}. Design heat transmission coefficients are
caleulated for the walls and compared to measured values,

Design Heat Transmission Coefficients

Design values are calculated in accordance with procedures established by the American Society
of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) [ASHRAE 1985). wall
configurations and thermal conductivities of wall materials are used to calculate design
values. Thermal conductivities used to calculate design heat transmission coefficients are
1isted in Table 2. Values of all materials are for a 75°F (24°C) temperature. Detailed
calculations are presented in Van Geem and Shirley {1987).

Calculated total thermal resistance of wall Pl is 10,15 h ft2 °F/Btu (1.79 m? K/W) and
was determined by summing resistances of wall layers. Tota] resistance values, Ry,* include
surface resistances equal to 0.68 h ft2 “F/Bte {0.12 mé K/M) for indoor surfaces and
0.17 h ft2 °F/Btu {0.03 mZ K/W} for outdoor surfaces (ASHRAE 1985). These values are commonly
used in design and are considered to represent still air on the indoor wall surface and an
airflow of 15 mph (24 km/h) on the outdoor wall surface. Actual surface resistances may be
calculated using measured temperatures and heat flux presented in the "Calibrated Hot Box Test
Results" section of this paper. Thermal transmittance, U, is equal to the reciprocal of total
thermal resistance, Ry.

Calculations of design heat transmission coefficients for wall P2 were made using the
isothermal planes method, also designated the series parallel method (ASHRAE 1981; Valore
1980}. 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 is assumed to
result in isothermal planes. These planes provide a means for heat flow toward 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.

The 16 stajnless steel ties Eenetratiqg the insulation of wall P2 had an aggregate
cross-sectional area of 0.351 in {226 mm<)., The four torsion anchors had an aggregate
cross-sectional area of 0.430 1'n.2 (277 mm2). Total cross-sectional area of stainless steel
in wall P2 was 0.781 in.2 (504 mm2).

Total thermal resistance of wall P2 calculated using the isothermal planes method is
9.64 h ft2 °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.

Design heat transmission coefficients for wall P3 were calculated using the parallel path
method. This method is preferred when the material penetrating the insulation has a Jower
conductivity than the highly conductive surrounding layer (ASHRAE 1981). In this case, the
high-tensile fiberglass-composite ties have a tower thermal conductivity than the cencrete.

Total thermal resistance of wall P3 calculated using the parallel path method is
10.25 h ft2 °F/Btu {1.81 mZ K/W). This value is 1% greater than the calculated thermal
resistance of the wall with no ties, wall P1, The higher resistance of wall P3 compared to
wall P1 js attributed to the different imsulation board used for wall P3. The high-tensile
fiberglass-composite ties cannot increase a wall's R-value when the thermal conductivity of
the ties is greater than that of the insulation, as is the case for wall P3.

Calibrated Hot Box Test Results

The most exact method of determining heat transmission coefficients of complex wall assemblies
such as walls P2 and P3 is to test them in a guarded or calfbrated hot box (ASTM
designations: (236 and (976, respectively) (ASTM 1985). ASHRAE calculation methods are
considered approximations, although calculated values frequently agree with hot box test
results (ASHRAE 1985},

*This paper uses the term total thermal resistance as defined by ASHRAE (1985}, This same
term is identified as overall thermal resistance, Ry, by ASTM (1985).
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Test Procedures. Steady-state heat flow measurements were performed in accordance with
ASTM designation: (€576, "Thermal Performance of Building Assemblies by Means of a Calibrated
Hot Box" (ASTM 1985). Instrumentation and calibration details are described in Van Geem and
Shirley (1987) and Fiorato (1981).

Steady-state calibrated hot box tests were conducted by maintaining constant indoor and
outdaor chamber temperatures. Results are calculated from data collected when specimen
temperatures reach equilibrium and the rate of heat flow through the test wall is constant.
Steady-state tests were run at 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 temperature differential of
approximately 61°F (34°C) and mean wall temperature of approximately 104°F (40°C). 1In 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
temp?rature differential of 75°F (42°C) and a mean wall temperature of approximately 34°F
{1°C).

Test Results. Steady-state results from calibrated hot box tests on walls P1, P2, and P3
are summarized in Table 3. Data are averages for 16 consecutive hours of testing. The second
cotumn of Table 3 Tists the mean wall temperature, » during each steady-state test. Wall
mean temperature is determined from the average of the indoor and outdoor wall surface
temperatures. Measured temperatures are presented in Table 3 using the following notation:

tga = outdoor air temperature
tos = wall surface temperature, outdoor side

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

tic = internal wall temperature at the interface of concrete and insulation on the indoor
side

tjs = wall surface temperature, indoor side
tiz = indoor air temperature

AT1 temperatures are averages of the 16 thermocouples located in each plane, as previously
described in the "Instrumentation" section of this paper.

Total thermal resistance and transmittance coefficients were %etermined usin% measured
values of heat flow and surface resistancg coefficients of 0.68 h ft¢ °F/Btu (0.12 m¢ K/} for
indoors and 0.17 h ft2 °F/Btu {0.03 m¢ K/W} for outdoors. Design heat transmission
coefficients are shown in the last row of each section in Table 3 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 calibrated hot
box is listed in Table 3,

Thermal Resistance Comparisons. Wall P1 is a control wall for this test program, Since
walls PT and PZ were constructed using the same concrete mix and insulation, differences in
thermal performances of the walls can be attributed to stainless stee] torsion anchors and
ties in wall P2. Walls P1 and P3 were constructed with the same concrete mix but different
brands of extruded polystyrene insulations. Differences in thermal performance of walls Pl
and P3 can be attributed to the insulations or the high-tensile fiberglass-composite ties in
wall P3.

Figure 7 shows measured and design thermal resistances for walls P1, P2, and P3 as a
function of mean temperature. At a mean wall temperature of approximately 104°F {40°C) the
measured total thermal resistance of wall P1 was B.89 h ftZ2 °F/Btu {1.57 m2 K/M}. At this
same¢ mean temperature walls P2 and P3 had measured total thermal resistances of B8.27 and
10.55 h ft2 °F/Btu (1.46 and 1.85 mZ K/}, respectively.

At a mean wall temperature of approximately 34°F (1°C) the measured total thermal
resistance of wall Pl was 10.95 h ftZ °F/Btu (1.94 m? K/M). At this same mean temperature
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walls P2 and P3 had measured total thermal resistances of 10.31 and 11.30 h ft2 °F/Btu (1.82
and 1.99 m2 K/W), respectively.

For steady-state tests at 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 temperature of 75°F (24°C) using the isothermal planes method is 5% less than that for
wall P;. The calculation 1s consistent with the measured decrease in thermal resistance of
wall P2.

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 P,
The design thermal resistance for wall P3 was 1% greater than that for wall 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
penetrating the concrete because of the small percentage of gross wall area represented by the
ties. Ties represent less than 0.06% of the wall area perpendicular te heat fiow. The use of
ties cannot increase a wall's R-value when the thermal conductivity of the ties is greater
than that of the insulation, as is the case for wall P3. The fincrease in resistance cannot be
attributed to the concrete because the concrete 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).

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 h ft2 *F/Btu (1.72, 1.60, and 1.91 m¢ K/W},
respectively. Values were linearly interpolated from measured resistances at 104°F {40°C) and
34°F {1°C).

Interpolated thermal resistances for walls P1 and P2, respectively, at a 75°F (24°C) mean
temperature 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.

Temperature data presented in Table 3 show that temperature profiles are similar for each
of the three walls. The presence of stainless steel connectors, used in wall P2, and
high-tensile fiberglass-composite ties, used in wall P3, does not significantly affect average
temperatures at the wall surfaces and concrete/insulation interfaces.

DY NAMIC TEMPERATURE CONDITIONS

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

Dynamic tests are a means of evaluating thermal response under controlied 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 using a calibrated hot box. For these
tests, the calibrated hot box indoor air temperature was held constant while the outdoor air
temperature was cycled over a pre-determined time vs. temperature relationship. The rate of
heat flow through a test specimen was determined from hourly averages of data.

A 24-hour (diurnal) temperature cycle, denoted the NBS test cycle, was applied to each
wall in this investigation and has been used in previous studies using the CTL calibrated hot
box (Van Geem 1986; 1987). This periodic cycle is based on a simulated sol-air* cycie used by

*So0l-atr temperature is that temperature of outdeoor air which, in the absence of all radiation
exchanges, would give the same rate of heat entry into the surface as would exist with the
actual combination of incident solar radiation, radiant energy exchange, and convective heat
exchange with outdoor air (ASHRAE 1985).
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the Nationgl Bureau of Standards in its evaluation of dynamic thermal performance of an
experimental masonry building (Peavy, et al. 1973). It represents a large variation in
outdoor temperature over a 24-hour period. The mean outdoor temperature of the cycle is
approximately equal to the mean indoor temperature.

Outdoor chamber air temperatures for the NBS test cycle applied to walls P1, P2, and P3
are fjllustrated in Figure 8, Outdoor air temperatures represent the average of the
16 thermocouples located 3 in. (75 mm) from the test specimen surface in the outdoor chamber.
Average indoor air temperature over the 24-hour period for each cycle was approximately 72°F
{z2°¢).

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

Test Results

Measured temperatures for the NBS test cycle applied to wall P1 are presented in Figure 9,
Outdoor air {tga), indoor air (tj,}, outdoor surface (t,g), indoor surface {tis), and internal
wall {t,. tic) temperatures are average readings of Ig thermocouples placed as described in
the “Instrumentation" section of this report. Internal concrete/insulation interface
temperatures on the indoor and outdoor sides, (tic) and (tyc), respectively, are average
readings of thermocouples placed on each side of the insulation board.

Measured Heat Flow. Figure 10 shows measured and calculated heat flows through walis P1,
P2, and P3 for the HBS temperature cycle. 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 is denoted Quw- Heat flow predicted by steady-state data analysis is
denoted Qss- Values were calculated on an hourly basis from wall surface temperatures using
the following equation:

where

9gs = heat flow through wall predicted by steady-state analysis,
Btu/h ft2 (W/mé)

R

average thermal resistance, h ft2 °F/Btu {m2 K/W)

tos = average temperature of outdoor wall surface, °F {°C)

tis = 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.

Measured heat flow curves, Gy, for walls P1, P2, and P3 show significantly reduced and
delayed peaks compared to calculated heat flows, qgg. The amplitudes of calculated heat
flows, qgq, for wall P2 are greater than those for wall P1 due to the decreased resistance of
wall P2. "Measured heat flows, Gy, for the NBS test cycle applied to walls P1, P2, and P3 are
not significantly different.

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.

Thermat Lag. One measure of dynamic thermai performance is thermal lag. Thermal lag is
d 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.
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Average thermal tag values range from five to six hours for the NBS temperature cycle
applied to walls P1, P2, and P3. Calibrated hot box thermal lag is quantified by two
methods. In one measure, 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. In the second measure, 1ag is calculated as the time required for the maximum or
minimum heat flow rate, q,, to be reached after the maximum or minimum heat flow rate based on
steady-state predictions, qgg, is attained. Both measures give similar results. 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 predominantly 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 is 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 Joads, it may be possible to improve overall energy
efficiency. The "lag effect" is also of interest for passive solar apptications,

1t should be noted that comparison of total measured heat flow values for the test walls
is limited to specimens and dynamic cycles evaluated in this program. Results are for a
particular diurnal test cycle and should not be arbitrarily assumed to represent annual
heating and cooling Tloads. In addition, results are for individual opaque wall assemblies.
As such, they are representative of only one component of the building envelope.

SUMMARY AND CONCLUSIONS

This paper presents results of an experimental dinvestigation 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 tersion
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.

1. Measured thermal conductivity of extruded polystyrene uwsed in construction of
walls P1 and P2 was 0.22 Btu in/h ftZ °F (0.032 W/mX) for a specimen mean
temperature of 75°F (24°C). Measured thermal conductivity of extruded polystyrene
used in construction of wall P3 was 0.21 Btu in/h ft2 °F (0,030 W/m K} for a specimen
mean temperature of 75°F (24°C). Values were linearly interpolated from steady-state
guarded hot plate {ASTM designation: C177} test results.

2. Total thgnna1 resistances, R, for walls P, P2, and P3 were 9.7, 9.1, and
10.9 h ftZ °F/Bte (1.72, 1.60, and 1.91 m2 K/W). Resistances are for a wall mean
temperature of 75°F ({24°C} and were linearly interpolated from steady-state
calibrated hot box test results. Values include standard surface film resistances.
The higher R-value for wall P3 compared to wall P1, the control, should not be
interpreted to mean the high-tensile fiberglass-composite ties increase a wall's
R-value. The use of ties cannot increase a wall's R-value when the thermal
conductivity of the {ies 1is greater than that of the insulation, as is the case for
wall P3.

3. A comparison of steady-state calibrated hot box test results from walls P1 and P2
shows that stainless steel connectors reduced total wall resistance by 7%.

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

5. The isothermal planes method of calculating total wall thermal resistance predicted
performance of wall P2, A 5% decrease in total resistance for wall P2 compared to
wall P1 was predicted. A 7% decrease was measured.

6. Design total thermal resistances for walls P1, P2, and P3 were within 6% of
calibrated hot box test results.
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7. 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 five to six hours for walls P1, P2, and P3. The tie systems present in walls P2
and P3 did not significantly affect thermal lag of the wall systems.

8. As indicated by the damping effect, heat storage capacities of the walls reduced peak
heat flows through specimens for the dynamic temperature condition considered when
compared to steady-state predictions. The tie systems present in walls P2 and P3 did
not significantly affect the reduction in peak heat flows for the wall systems.

Limitations

Calibrated hot box test results presented in this paper are limited to the test specimens and
temperature cycle 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 paper provide data on thermal response of concrete-insulation
sandwich panel walls subjected to steady-state and diurral sol-aijr temperature cycles. A
complete amalysis of building energy requirements must include consideration of the entire
building envelope, building orientation, building operations, and yearly weather conditions.
Data developed in this experimental program provide a quantitative basis for modeling the
building envelope, which is part of the overall energy analysis process.
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TABLE 1 - SUMMARY OF PHYSICAL PROPERVLES FOR WALLS P1, P2, and P3

Measured Value

Property Wall P1 Wall P2 | Wall P3
Unit Welght of Fresh Concrete, 1441 1449 143.3
1b/£t3 (kg/m3) (2308) (2321) (2296)
Slump of Fresh Concrete, In. (mm) 1.7 3.2 2.9
{94} {81} (14)
Alr Conktent of Fresh Concrete, % 7.3 6.1 7.8
Estimated Moisture Cantent of 1.8 2.3 2.2
Concrete at Start of Calibrated
Hot Box Tests, % Ovendry Weight
Estimated Unit Welght of Concrete 143 144 144
at Start of Callbrated Hot Box {2280) (2300) (2300)
Tests, 1b/ft3 (kg/m3)
Insulation Thickness, in. (mm) 2 2 2
(30} (50) (50)
Insulation Density, 1b/ft3 (kg/m3) 1.87 1.86 2.08
(29.9) {29.8) (33.3)
Unit Weight of Wall, 1b/ft2 (kq/m2) 77.1%% 74.5% 75.1%
(376) {364) {366)
Average Wall Thickness, in. (mm) 8.20 8.20 g.19
(208) {208) {208)
Wall Area, ft2 (me) 73.90 73.94 14.09
{6.86) (6.87) {b.H8)

*Measured bLefore calibrated hot box testing.
**Measured after callbrated hot Lox tests were completed.
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TABLE 2 - THERMAL CONDUC11VITIES USED 10 CALCULATE
DESLGN HEAT TRANSM1SSION COLFFICIENIS

Thermal
Conductivity*
Btuein
Material —_— W/meK Source
hrelt2eof

Norma1 Weight Concrete 16.0 2.1 Ref. 5§

Wall P1 and P2 lnsulation 0.223 0.0322 Interpolated for a mean temperature
of 75°F {24°C) from guarded hot
plate test results.

Wall P3 Insulation 0.215 0.0310 Interpolated for a mean temperature
of 75°F (24°C) from guarded hot
plate test results.

Stainless Steel 182 26.2 Ref. b

High-Tensile Fiberglass- 2.1 0.303 Manufacturer's literature, Ref. 7

Composite Tie

*yalues are for material temperatures of 75°F {24°C).
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Outdoor chamber air temperature for the dynamic temperature cycle
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