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Precast concrete sandwich wall panels are commonly constructed of
two wythes of concrete separated by a layer of thermal insulation. In
these two-wythe panels, solid concrete regions which extend directly
through the entire thickness of the panel are often provided with
embedded hardware for lifting, handling, and connections, or to
provide composite action. These solid concrete regions have a
significant adverse impact on the thermal performance of the panels.
This research was directed towards the development of precast
concrete three-wythe sandwich wall panels with improved thermal
and structural performance. A three-wythe panel has three concrete
wythes and two insulation layers, and all three concrete wythes are
connected by solid concrete regions that are staggered in location so
that no concrete path extends directly through the entire thickness of
the panel. Practical panel configurations of three-wythe panels were
developed, and their thermal performance was evaluated by
estimating thermal resistance (R-value) using finite element method.

recast concrete sandwich wall
P panels are often used for build-
ing exterior cladding and may
also serve as bearing or shear walls.
Often, both concrete wythes are of the
same thickness, and the surface of the
exterior wythe may include architec-
tural details such as reveal strips to
provide the desired panel aesthetics. In
this paper, panels with two concrete
wythes and one insulation layer are re-
ferred to as two-wythe panels.
In a typical sandwich wall panel,
wythe connectors are used to tie the

two concrete wythes together and to
keep the panel intact during handling
and service conditions. The wythe
connectors pass from one concrete
wythe to the other concrete wythe
through the insulation layer. Thus, the
placement of the connectors interrupts
the continuous insulation layer. These
interruptions are known as “thermal
bridges.” Depending upon the material
used to make the connectors in a
panel, these thermal bridges can con-
duct energy at a much higher rate than
the insulation, thus reducing the effec-
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tiveness of the insulation.! According
to McCall 2 in some cases, the thermal
performance of a panel may be de-
creased by as much as 40 percent by
the large quantities of heat conducted
through the shear connectors and the
concrete regions that penetrate the in-
sulation.

The thermal performance of a panel
can be evaluated by estimating its
thermal resistance (R-value, the recip-
rocal of material conductance). The R-
value of a material or assembly of ma-
terials is a quantity that is often used
to describe the thermal performance of
building construction.® * The R-value
calculation for a sandwich panel in-
cludes analyzing the panel for the ef-
fects of thermal bridges.

Fig. 1 shows three typical two-
wythe panels. The panels are com-
monly described by a three-digit se-
quence of numbers, where each digit
in the sequence denotes the thickness
of one of the layers in the panel. For
example, a 3-2-3 panel is comprised of
two 3 in. (76 mm) thick concrete
wythes separated by a 2 in. (51 mm)
thick insulation layer.

As shown in Fig. 1, solid concrete
regions (i.e., regions where the insula-
tion layer is omitted) are provided for
a variety of reasons including the
placement of inserts for lifting and
handling, connections to the founda-
tion and roof, and connections to adja-
cent panels. These locations of solid
concrete also act as thermal bridges
and can have a significant adverse im-
pact on the thermal performance of the
panels. Kasny et al.’ tested panel con-
figurations similar to those presented
in Fig. 1(a) using the Guarded Hot
Box Method.® They reported that a 45
percent reduction in R-value was ob-
served when solid concrete regions
were added.

The research described in this paper
is directed towards the development of
precast concrete three-wythe sandwich
wall panels (referred to as the three-
wythe panels) with improved thermal
performance as compared to the insu-
lating properties of currently produced
two-wythe panels. Fig. 2(a) shows a
typical three-wythe panel. A three-
wythe panel has three concrete wythes
and two insulation layers. Solid con-
crete regions between successive con-
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Fig. 2. Three-wythe panel configurations.

crete wythes are staggered in location,
thereby eliminating al direct through-
thickness thermal paths through solid
concrete. Further explanation of the
three-wythe panel is given in the next
section.

The authors describe the thermal
performance of precast concrete three-
wythe sandwich wall panels. Possible

panel configurations of the three-
wythe panels are proposed, and their
thermal performance is studied by es-
timating R-values using the finite ele-
ment method (FEM) analysis. Also,
R-values computed using FEM were
compared with experimental results
and with R-values computed using
ASHRAE Handbook methods. Com-
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Fig. 3. lllustration of the parallel flow and isothermal plane methods.

plete details of the work presented in
this paper are provided by Lee and
Pessiki.”8

PROPOSED THREE-WYTHE
PANELS

Fig. 2 shows three possible general
configurations of the three-wythe
panel. Similar to the two-wythe pan-
els, the three-wythe panels are de-
scribed by a five-digit sequence of
numbers. For example, a 2-1-3-1-2
panel is comprised of two outer 2 in.
(51 mm) thick concrete wythes, one
inner 3 in. (76 mm) thick concrete
wythe, and two 1 in. (25 mm) thick in-
sulation layers between concrete
wythes as shown in Fig. 2.

In contrast to the two-wythe panels
shown in Fig. 1, the three-wythe pan-
els do not include any regions of solid
concrete that extend directly through
the full thickness of the panel. Thus,
the thermal path length through which
heat is conducted through the concrete
is increased in the three-wythe panel
as compared to the two-wythe panel.

In Configuration | (Fig. 2a), the
solid concrete regions between wythes
are staggered in the width direction of
the panel. For this configuration, the
panel cross section is uniform along
the panel span. In Configuration I
(Fig. 2b), the solid concrete regions
between wythes are staggered in the
span direction of the panel so that the
panel cross section is uniform across
the width of the panel. Finally, for
Configuration Il (Fig. 2c), the loca-
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tions of solid concrete regions be-
tween wythes are staggered in both the
width and span directions.

Several potential advantages of the
three-wythe panel include the follow-
ing:

1. Improved thermal performance
over that of the current two-wythe
panel due to the staggered placement
of the concrete connections between
wythes. Increased R-values may lead
to areduction in the life-cycle costs of
buildings made with the three-wythe
panel. Results of an investigation of
the steady-state thermal performance
of the three-wythe panel are presented
in this paper.

2. Composite action between wythes
may be provided by concrete.

3. Increased spanning capabilities
due to thicker overal wall panels may
lead to extension of the range of appli-
cability of precast concrete sandwich
wall panels.

4. Locations of thickened concrete
regions where wythes are connected
may be used for the placement of the
embedded hardware that is required to
handle and erect the panels.

5. All of the prestressing steel may
potentially be placed in the center of
the three-wythe panel, which should
afford better corrosion protection; fur-
ther, this may also reduce at least one
production requirement (prestressing
is only done once), which may par-
tially offset the increased production
requirements of the three-wythe panel
as compared to the two-wythe panel.

The three-wythe sandwich wall

panel includes several potential disad-
vantages as compared to the two-
wythe panel, the most obvious of
which may be increased production
time and cost. Thus, the three-wythe
panel may not be economically feasi-
blefor al applications.

ASHRAE R-VALUE
ESTIMATES

The American Society of Heating,
Refrigerating and Air-Conditioning
Engineers Handbook — Fundamentals
(ASHRAE Handbook®) describes three
methods to compute R-values through
a material or assembly of materials
using electric-circuit analogies. These
methods are the parallel flow, isother-
mal plane, and zone methods. In these
methods, the thermal resistances of the
materials are treated as electrical resis-
tances that are arranged in parallel or
in series flow methods, or a combina-
tion of the two analogies, to estimate
the thermal resistance of the assembly.
A brief description of each method is
given below.

Parallel Flow Method

The parallel flow method computes
the R-value by assuming that heat
flows in paralel paths with no lateral
heat flow between paths. The R-value
calculation of an assembly of materi-
als using the parallel flow method is
illustrated in Fig. 3. The assemblage
(Fig. 3a) is comprised of six different
materials with resistances, R; through
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Rs, and heat flows in the negative Z-
direction. The R-value is computed
considering each independent heat
flow path (a, b, and c) in parallel as
shown in Fig. 3a. The resistance of
each path is the sum of the individual
resistances in series along the path as
shown in Fig. 3b. The parallel flow
method can be written in equation
form as:

LR
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where R, Ry ... R, are the net resis-
tances of each parallel path, and x,, X,
.. X, are the respective fractions of
the total length, L, of the assemblage
(L=Xq+ Xp+ ... +Xp).

Isothermal Plane Method

The isothermal plane method com-
putes the R-value by assuming that
lateral heat flows in each layer so that
isothermal planes result. For a layer
that includes two or more materials
with different conductivities, the par-
alel flow method is used to obtain the
resistance of that layer. The resis-
tances of succeeding layers are added
in series to obtain the resistance of the
entire assembly. The R-value calcula-
tion of the isothermal plane method is
illustrated in Fig. 3c for the same as-
sembly of materials used to illustrate
the paralel flow method. The isother-
mal plane method can be written in
equation form as:

R=R; +R,+R;s;+ .. +R,
2

where R 1, R ... R, are individual
resistances of each layer that are calcu-
lated by the parallel flow method de-
scribed in Eq. (2).

Zone Method

When an assembly contains widely
spaced, high thermal conductivity ele-
ments of substantial cross-sectional
area, the zone method to compute the
R-value can be used. The zone method

July-August 2004

Table 1. R-value calculation of two- and three-wythe panels.

R-value (hr[sq ftEF/Btu)
Parallel flow | sother mal
Panels method plane method FEM
Case (a)
| i R 9.13 9.13 9.13
SOnCTESE
- o TR
Case (b)
ol 5 aten 6.55 3.04 5.86
h (Ll ie
- =0 13 oG mnie
Case ()
ol | 1 concrels
il a ukann
i I 7.85 2.77 7.21
(IR - R N THI
Case (d)
T concrels
il siEbon
i ! 7.85 2.77 6.06
e S L2 ZE. s ok
Note: 1 hrisq ftPF/Btu = 0.1761 m?IC/W; 1in. = 25.4 mm.
panels.tt 2

involves two separate computations;
one for a chosen limited portion con-
taining the highly conductive element,
and the other zone for the remaining
portion of simpler construction. The
isothermal plane method is applied by
adding area resistances, R/A, of ele-
ments in series for each separate zone.
The two computations are then com-
bined using the parallel flow method.
The key to successful application of
the zone method is the correct deter-
mination of the size of each zone. The
ASHRAE Handbook explains empiri-
cal width calculations for each sepa-
rate zone. The PCl Design Handbook
uses the zone method to calculate the
influence of thermal bridges created
by metal wythe connectors.'® Recent
work at Lehigh University provides an
aternative method to calculate the in-
fluence of thermal bridges created by
regions of solid concrete in two-wythe

ASHRAE Handbook Methods
Versus Finite Element Analyses

In current practice in the precast
concrete industry, R-values of wall
panels are sometimes estimated using
the parallel flow and isothermal plane
methods. However, these ASHRAE
Handbook methods do not adequately
consider the lateral heat flow that oc-
curs in sandwich wall panels. Table 1
demonstrates the weaknesses of the
ASHRAE Handbook methods, and
supports the rationale for using FEM
calculations in the current work pre-
sented in this paper.

Table 1 shows R-value calculations
for different panel configurations in-
cluding both two- and three-wythe
panels. Shown in the table are cross
sections of prismatic panels and corre-
sponding R-values computed using the
parallel flow method, the isothermal
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Fig. 4. Finite element method model.

plane method, and FEM analysis.

In al cases, constant material con-
ductivity values of kg, = 12.05
Btulih./hrlsq ftOF (1.74 W/mCC) for
concrete and k;, = 0.26 Btulih./hr(sq
ftOF (0.037 W/mAC) for insulation
were used. Air film resistances of 1.46
and 4 Btu/hrisq ftOF (8.29 and 22.7
W/m?[9C) were used. For the FEM
analyses, two-dimensional steady-
state heat transfer analyses were exe-
cuted. Details of the FEM anayses are
explained in the next section. The pur-
pose of Table 1 datais for comparison
of the results obtained from the
ASHRAE Handbook methods to that
of FEM analyses.

For Case (@) of a 3-2-3 panel (Table
1), which does not have any thermal
bridges, the same R-value is obtained
from the parallel flow and isothermal
plane methods. The FEM analysis also
predicts the same R-value as shown.
For Case (b) of a 3-2-3 panel (Table
1), which includes a thermal bridge,
different R-values are obtained from
the parallel flow and isothermal plane
methods. The FEM analysis also pre-
dicts a different R-value from the two
ASHRAE Handbook methods.

For Cases (c) and (d) presented in
Table 1 for the 2-1-3-1-2 panels con-
taining the same amounts of concrete
and insulation in each wythe, one can
intuitively expect that these two dif-
ferent panel configurations would lead
to different R-value results because
the placement of the concrete and in-
sulation is different in the fourth
wythe between the two cases. How-
ever, when the electric-circuit analogy
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is used, the parallel flow method gives
the same R-value of 7.85 hr(3q
ft@F/Btu (1.38 m2[?C/W) for both pan-
els, and the isothermal plane method
gives the same R-value of 2.77 hrisq
ftl@F/Btu (0.49 m2[°C/W) for both pan-
els. Therefore, the parallel flow and
isothermal plane methods are not ca-
pable of accounting for the difference
in thermal performance between the
two panels. On the other hand, for the
FEM results, Case (c) produces a
higher R-value as compared to Case
(d) because Case (c) has a longer heat
flow path through the thickness of the
panel along the concrete thermal
bridge between wythes.

From the discussion above, it is
concluded that the ASHRAE Hand-
book R-value calculation methods
cannot be applied to estimate the R-
value of the three-wythe panels — this
is because the ASHRAE Handbook
methods do not properly include the
effect of lateral heat flow occurring in
the three-wythe panels.

FEM APPROACH

Several ASTM Standard Test Meth-
ods are available to estimate the
steady-state thermal resistance of
building components such as walls,
floors, and roofs. ASTM’s Guarded
Hot Box Method is a general test
method which can be used to estimate
the thermal performance of sandwich
wall panel assemblies.® In this work,
the FEM approach was used to esti-
mate the R-value of the three-wythe
panel by modeling the Guarded Hot

Box Method. The Guarded Hot Box
Method is briefly described below,
followed by an explanation of how
this method is modeled using finite el-
ements.

Guarded Hot Box Method

The Guarded Hot Box Test Method
is performed using an apparatus of the
same name; the guarded hot box con-
sists of a metering box, a guard box,
and a cold box. The test panel is placed
between the metering box and the cold
box, and exposed to warm air at the
metering and guard boxes, and cold air
at the cold box. In the Guarded Hot
Box Method, testing is performed by
establishing and maintaining the de-
sired steady temperature differential
across a test panel for a period of time
to ensure constant heat flow and steady
temperatures. At this time, the heat
flow, Q (Btu/hr), is measured.

Q is a measure of heat in the meter-
ing box through a known area of the
panel, A (sq ft). Surface temperatures
of the warm and cold sides of the test
panel are also measured under steady-
state conditions. Then, the thermal re-
sistance, R, can be obtained as:

R= Alt, -t) 3

Q

where t;, t, (°F) are area-weighted
mean temperatures of the two sur-
faces.

An alternative approach is to in-
clude air film resistances in the deter-
mination of thermal resistance. In that
case, the overall thermal resistance,
Ry, is

_ A - t)
Re o ©)

where t. and t;, are ambient air temper-
atures (°F) of cold and warm sides, re-
spectively.

In building applications, the overall
thermal resistance, Ry, is often used as
the R-value for a panel; in this paper,
al R-values are presented in terms of
overall thermal resistance values.
Often, the thermal resistance, R, given
in Eqg. (3) is called surface-to-surface
R-value, and the overall thermal resis-
tance, Ry, given in Eq. (4) is called
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Fig. 5. Sandwich wall panel tested by Kosny et al.

air-to-air R-value.

FEM Approach to
Determine R-values

A panel under study was modeled
using finite elements for conditions
present in the Guarded Hot Box test®
and results of the analysis (tempera-
ture and heat flow) were used to com-
pute an R-value. All FEM heat trans-
fer analyses were executed using the
SAP 90 Heat Transfer Analysis Pro-
gram.?

FEM model — Fig. 4 shows the
FEM model of atest panel in the me-
tered area of the Guarded Hot Box
Method. Only convection and conduc-
tion heat transfer are considered. From
the warm air to the surface of the
panel, convection heat transfer occurs
according to a relationship of Q =
—hp(t, — tp); where h,, is a convection
coefficient on the warm side of the
panel. Inside the test panel, heat is
transferred in conduction, and heat is
transferred with a relationship of Q =
—k(AAT); where k is the material con-
ductivity and AT is a temperature dif-
ference.

Finally, from the panel to the cold
air, convection heat transfer occurs
again with arelationship of Q = —hy(t;
—to); where h. is a convection coeffi-
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cient on the cold side of the panel. All
radiation effects were ignored because
these are minimized with selected ma-
terialsin guarded hot box facilities.

Depending upon the panel geometry,
either two- or three-dimensional heat
transfer analyses were performed to es-
timate R-values of the panels. When
the panel is prismatic (see Fig. 2a and
b), such two-dimensional heat transfer
analysis is conducted with the two-di-
mensional FEM model. When the
panel is non-prismatic such as the case
of Fig. 2(c), three-dimensional heat
transfer analysisis conducted using the
three-dimensional FEM model.

The concrete and insulation were
modeled with plane elements in the
two-dimensional analyses, and with
solid elements in the three-dimen-
sional analyses. Mesh refinement
studies were performed to determine
an appropriate element size and aspect
ratio of the element (a ratio of the
longest dimension to the shortest di-
mension of an element). The impact
on R-values as a function of element
size and aspect ratio, along with pro-
gram execution time, were examined
to arrive at final element size and
shape. Complete details of the model-
ing are given in Lee and Pessiki.”®

Material conductivities — All ma-

terials were treated as isotropic with
constant conductivity. A concrete con-
ductivity of k., = 12.05 Btulih./hr(Sg
ftOF (1.74 W/m[C) and insulation
conductivity of ki, = 0.26 Btulih./hr(Sq
ftOF (0.037 W/m[C) were consis-
tently used for all FEM analyses un-
less kg, and ki, were parameter vari-
ablesto study the influence of material
conductivity. According to McCall,?
Keon = 12.05 corresponds to the con-
crete material having a density of 150
pcf (23.6 kN/m®), and k;, = 0.26 corre-
sponds to the expanded polystyrene
insulation material.

Boundary conditions — Convec-
tion boundaries were specified as
shown in Fig. 4 on both surfaces of
the panel. Convection boundaries also
function as loading. Plane elements
were used to specify convection
boundaries in three-dimensional anal-
yses, and frame elements were used in
two-dimensional analyses. In the
Guarded Hot Box Method, the test
panel is in contact with moving cold
and warm air. Considering air veloc-
ity, temperature, and surface material
of the panel, convection coefficients
were determined according to the
ASHRAE Handbook.

In the FEM model, a forced convec-
tion boundary was specified for the
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Table 2. Comparison of R-values for a sandwich wall panel tested by

Kosny et al.®
R-value Analysisresult
Method (hr(sq ftOF/Btu ) Experimental result
Parallel flow method 6.47 112
Isothermal plane method 3.36 0.58
FEM 5.48 0.94
ASTM C-236 5.80 —

Note: 1 hr(sq ftOF/Btu = 0.1761 m2[C/W.

* All R-valuesin this table are surface-to-surface R-values.

cold surface of the panel, and a natural
convection boundary was specified for
the warm surface of the panel. For
both convection boundaries, constant
convection coefficients were used. An
adiabatic surface was assumed where
a symmetry boundary condition ex-
isted. In order to simplify the numeri-
cal model and analysis, and to reduce
program execution time, a symmetry
condition of the panel was used.

Verification of the FEM Model

The results of physical experiments
to measure R-values of three different
wall systems were compared with
FEM analyses of the same three wall
systems to verify the FEM approach
to determine R-values. The three wall
systems are: (1) sandwich wall panel
containing regions of solid concrete;®
(2) sandwich wall panel without any
concrete thermal bridge;** and (3) con-
crete block walls with core insula-
tion.” Thefirst verification exampleis
presented here, and complete details
are presented in Lee and Pessiki.”8

Kosny et al. studied the thermal per-
formance of sandwich wall panels that
included solid concrete regions. The
solid concrete regions were used as
panel wythe connectors, and their ef-
fect on the therma performance of the
panel was investigated experimentally.

Fig. 5a shows the configuration of
the sandwich wall panel. The wall
panel is a 3-2-3 sandwich wall panel,
and the concrete wythes are connected
by eight 85 x 85 in. (219 x 219 mm)
solid concrete regions. The panel was
tested using the Guarded Hot Box
Method.** Because the panel had to be
supported to the testing frame, the
guarded box covered only four con-
crete penetrations as shown in the dot-
ted linein Fig. 5a. The remaining four
penetrations straddled the boundary
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between the metering box and the
guard box.

FEM model and analysis — The
FEM model is shown in Fig. 5b. This
is a three-dimensional heat transfer
problem where one-quarter fraction of
the panel was modeled considering
panel symmetry conditions as shown
inFig. ba

Eight-node solid elements were
used for both concrete and insulation.
The maximum aspect ratio of the ele-
ments was 1:3. Constant conductivity
was used for each material as k., =
12.5 Btulih./hrgq ftOF (1.80 W/mC)
for concrete, and k;,, = 0.2 Btulih./hr(Sq
ftOF (0.029 W/mUC) for extruded
polystyrene insulation. These conduc-
tivity values were obtained from Ref-
erence 5. For the boundary condition
of the FEM model, an adiabatic wall
boundary was specified for both sym-
metry sides and free edges of the
panel. For warm and cold surfaces of
the panel, shell elements were used to
specify convection heat transfer, and
coefficients are shown in Fig. 5b.

Comparison — Table 2 shows the
R-values obtained from the experi-
ment and from the different analysis
methods. All R-valuesin thistable are
surface-to-surface R-values without
including air resistances of the panel.
Also shown in the table is the ratio of
each analytical result, divided by the
experimental result. Table 2 shows
that the parallel flow method overesti-
mated the experimentally determined
R-value, and the isothermal plane
method underestimated the R-value.
The FEM result was very close to the
experimental result, and it was ap-
proximately 6 percent lower.

TEMPERATURE
DISTRIBUTIONS

The FEM heat transfer analysis pro-

vides the temperature at each node for
all of the elements. The temperature
distributions in the two- and three-
wythe panels help to understand the
manner in which heat is transferred
through the panels. Panel cross sec-
tions and typical temperature distribu-
tions in two- and three-wythe panels
are shown in Fig. 6. For both two- and
three-wythe panels, the concrete ther-
mal bridge width is 24 in. (610 mm),
and the top and bottom ambient air
temperatures are 125°F (51.7°C) and
25°F (—3.9°C), respectively.

As shown in Fig. 6a, the panel sur-
face temperatures in the two-wythe
panel deviate dramatically from the
ambient air temperatures at the solid
concrete region. This solid concrete
region clearly functions as a thermal
bridge. Also, lateral heat transfer oc-
curs in the panel near the solid con-
crete region, as can be seen from the
temperature contours (the direction of
heat flow is perpendicular to the tem-
perature contours).

In contrast, for the three-wythe
panel of Fig. 6b, the panel surface
temperatures at both the hot and cold
sides are relatively uniform as com-
pared to the two-wythe panel. Lateral
heat flow also occurs in the three-
wythe panel, primarily in the center
concrete wythe of the panel as shown
by the temperature contours. It is also
noted that the temperature on the sur-
face of the three-wythe panel is simi-
lar to ambient air temperature, and,
therefore, may prevent condensation
on the surface of the panel.

PARAMETRIC STUDIES

The thermal performance of the
three-wythe panels were analyzed and
compared with that of two-wythe pan-
els. Parametric studies were performed
for various panel configurations of
two- and three-wythe panels, and ma-
terial conductivity variations were also
considered in the study.

Panel configurations and corre-
sponding FEM models treated in the
parametric studies are shown in Figs.
7 through 10. Depending on the panel
configurations, either panel cross sec-
tion or plan views are shown with a
light gray color representing concrete
and pink indicating insulation. All
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panels are 12 ft (3.66 m) wide and 40
ft (12.19 m) long.

Variables

Panel configuration — The A- and
B-series panels are al two-wythe pan-
els with Fig. 7a showing a cross sec-
tion view of an A-series panel. In the
analyses of the A-series panels, the
concrete thermal bridge width (x1) is
varied (see Fig. 7a). The A-series pan-
els are idealized cases of two-wythe
panels. In typical two-wythe panels,
solid concrete regions are located at ei-
ther the ends, sides, or inside of the
panel as shown in Fig. 1. Two different
panel thickness combinations (3-2-3
and 3-4-3) and eight concrete thermal
bridge widths [x1 =0, 4, 8, 12, 24, 36,
48, and 60 in. (x1 = 0,102, 203, 305,
610, 914, 1220 and 1525 mm)] were
considered in the A-series panels.

Fig. 7b shows a B-series panel in
plan view at the insulation layer. The
B-series panels are the same as shown
in Fig. 1la. The length of the concrete
thermal bridge (x2) varies as shown in
Fig. 7b, and the width of the thermal
bridge is kept constant at 1 ft (305
mm). Only one panel thickness of 3-2-
3isconsidered for the B-series panels.

Fig. 8 shows a cross section view of
an E-series panel. The E-series panels
are three-wythe panels and correspond
to Configuration | shown in Fig. 2a.
Variables treated in the E-series panels
are the panel thickness and the con-
crete thermal bridge width (x1) (see
Fig. 8).

Three different panel thickness
combinations (3-1-3-1-3, 2-1-3-1-2
and 2-1-2-1-2) and eight concrete ther-
mal bridge widths [x1 = 0, 4, 8, 12,
24, 36, 48, and 60 in. (x1 = 0, 102,
203, 305, 610, 914, 1220 and 1525
mm)] were considered in the analyses
of the E-series panels. As an example,
the 2-1-3-1-2 panel, with x1 = 24 in.,
is shown in Fig. 8. D-series panels are
similar to the E-series panels. The D-
series panels have a total 4 in. (102
mm) insulation thickness while the E-
series panels have a total 2 in. (51
mm) insulation thickness.

Fig. 9 shows a cross section view of
an O-series panel. The O-series panels
are three-wythe panels similar to the
E-series panels, but with more con-
crete ribs in the cross section. It is
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Fig. 6. Temperature distribution of two- and three-wythe panels.

noted here that the O-series panels
may actually be a more practical panel
configuration for panel handling and
the installation of embedded lifting
hardware.” 8 Variables treated in the
O-series panels are the panel thickness
combinations (3-1-3-1-3, 2-1-3-1-2,
and 2-1-2-1-2) and the concrete ther-
mal bridge widths [x1 = 0, 4, 8, 16,
24, 32, 48, and 64 in. (x1 = 0, 102,
203, 406, 610, 813, 1220 and 1626
mm)]. As an example, the 2-1-3-1-2
panel, with x1 = 24 in., is shown in
Fig. 9. Similarly, the N-series panels
have atotal 4 in. (102 mm) insulation
thickness while the O-series panels
have a total 2 in. (51 mm) insulation
thickness.

Fig. 10 shows a longitudinal cross
section view of a G-series panel. The
G-series panels are three-wythe panels
and correspond to Configuration 11
shown in Fig. 2b. Variables treated in
the G-series panels are the panel thick-
ness and the insulation overlap length

(x3) as shown in Fig. 10. A fixed con-
crete thermal bridge width of 12 in.
(305 mm) is used for all panels as
shown in the figure; this width is sim-
ply assumed for the purpose of esti-
mating the R-value of the panel with
respect to the insulation overlap length
(x3).

Three different panel thickness
combinations (3-1-3-1-3, 2-1-3-1-2,
and 2-1-2-1-2), and six insulation
overlap lengths [x3 = 0, 6, 12, 24, 36,
and 48 in. (x3 =0, 152, 305, 610, 914,
and 1220 mm)] are considered in the
analyses of the G-series panels. As an
example, the 2-1-3-1-2 panel, with x3
=12 in. (305 mm), is shown in Fig.
10. The F-series panels are similar to
the G-series panels. The F-series pan-
els have atotal 4 in. (102 mm) insula-
tion thickness while the G-series pan-
els have a total 2 in. (51 mm)
insulation thickness. Several other
panel configurations corresponding to
Configuration Il shown in Fig. 2c
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were also considered in the parametric
studies. Complete details are presented
in Lee and Pessiki.”®

Material conductivities — The con-
ductivities of the insulation and con-
crete were varied to examine how the
R-values of the panels were affected.
The R-values are compared for A-se-
ries (3-2-3), E-series (2-1-2-1-2), and
O-series (2-1-2-1-2) panels with same
total thickness of insulation and con-
crete. Only panels having total thermal
bridge widths of 24 in. (610 mm) were
investigated for the material conduc-
tivity variation; these are considered to
be more practical than other panel
configurations.

Table 3 shows insulation conductivi-
ties for various insulation materials
which are typically used for the sand-
wich wall panelsin practice.* As shown
in the table, insulation conductivity
ranges from 0.1 to 0.35 Btulih./hr[Sq
ftCF (0.014 to 0.05 W/m[IC). Based on
these values, four insulation conductiv-
ities, ki, = 0.1, 0.2, 0.26, and 0.35, were
selected as variables, and in these anal-
yses the concrete conductivity is kept
constant at k., = 12.05 Btulih./hrSq
ftOF (1.74 W/mC).

Table 4 shows a relationship be-
tween concrete conductivity and con-
crete density adapted from ASHRAE
Handbook,® McCall,? and PCI Design
Handbook.*® As shown in Table 4,
concrete conductivity ranges from 4.2
to 20 Btulin./hrisq ftOF (0.6 to 2.9
W/m[C). Based on these values, four
concrete conductivities, Ky, = 4.17,
7.14, 12.05, and 13.33, were selected
as variables, and in these analyses, the
insulation conductivity is kept con-
stant at ki, = 0.26 Btulih./hr(3q ftOF
(0.037 W/m[2C).

Parametric Study Results —
Panel Configuration

A-, E- and O-series panels — Fig.
11 shows a plot of R-values versus
concrete thermal bridge width, x1
(in.), for A-, E-, and O-series panels
which have atotal of 2 in. (51 mm) in-
sulation thickness. As shown in Fig.
11, all R-values decrease with in-
creased thermal bridge width, i.e., the
thermal performance of the panel de-
creases with an increased area of solid
concrete that penetrates the insulation
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layer.

The R-value decreases rapidly at
small values of x1, and slowly con-
verges to the R-value of solid concrete
panel case (R-valueis 1.6 hrift?[F/Btu
(0.28 m?AC/W) for the solid concrete
panel). Thus, the thermal bridge effect
is more significant at a smaller ther-
mal bridge width, and then gradually
decreases. However, the degree of R-
value decrease of the three-wythe
panel is less than that of the two-
wythe panel.

As shown in Fig. 11, the three-
wythe panels (E- and O-series) exhibit
higher R-values than the two-wythe
panels (A-series). Therefore, better
thermal performance of the panel can
be achieved using the three-wythe
panel. If it is assumed that a practical
concrete region width is in the range
of 12 to 24 in. (305 to 610 mm), then
30 to 50 percent higher R-values were
obtained for the E-series panels as
compared to the A-series panels, and
20 to 35 percent higher R-values were
obtained for the O-series panels as
showninthe Fig. 11.

Comparing E- and O-series panels,
R-values of the E-series panels were
higher than those of the O-series pan-
els. Thisis because the thermal path of
O-series panels is shorter than that of
the E-series panels. The R-values of
the O-series panels were about 10 per-
cent lower than the E-series panels.

A-, D- and N-series panels — Fig.
12 shows a plot of R-values versus
concrete thermal bridge width, x1
(in.), for A-, D-, and N-series panels
that have a total of 4 in. (102 mm) in-
sulation thickness. The plot of Fig. 12
is very similar to Fig. 11. R-values
decrease with increased x1, and the
three-wythe panels (D- and N-series)
exhibit higher R-values than the two-
wythe panels (A-series). If it is as-
sumed that a practical concrete region
width is in the range of 12 to 24 in.
(305 to 610 mm), then 50 to 90 per-
cent higher R-values were obtained for
the D-series panels as compared to the
A-series panels, and 40 to 70 percent
higher R-values were obtained for the
N-series panels as shown in Fig. 12.
Thus, a three-wythe panel can be more
efficient when using thicker insulation
panels.

Comparing D- and N-series panels,
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Table 3. Insulation conductivity for various insulation types.*

Insulation conductivity, ki,
Insulation material (Btulih./hr[Sq ftEF)
) 0.18
Polyisocyanurate e
Expanded polystyrene — 02
extruded (smooth skin surface)
Expanded polystyrene —
- moIdZd )t;ea):j 0.26~0.23
Phenolic 0.16~0.23
Cellular glass 0.35

Note: 1 Btulih./hr(sq ft®F = 0.1442 W/m[C.

Table 4. Concrete conductivity for various concrete densities.

Concrete conductivity, ke, (Btulih./hr[Sg ftEOF)
Concrete density (pcf) | ASHRAE Handbook® McCall? PCI Design Handbook?®
150 10~20 12.05 —
145 — 10.9 13.33
140 9~18 9.87 12.05
120 79 6.61 7.14
100 515 443 4.17
Note: 1 Btulih./hrisq ftOF = 0.1442 W/mEC; 1 pcf = 0.1571 kN/m?®.
Id
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% ,
BN - 1
= l"'.il| = _':.::--_L'_'.._i.
Qo 7 e
I ™ e Epay T
- B = - B T S
L ""'H-»__ T=S= ::;_-___'___*_'—-2-:.1
E 51 PR 4
2 4 / T
T oz Acseries panels D-l —
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D 12 24 36 48 G

Thermzsl bridoge widib, =1 (in)

Fig. 11. R-value versus thermal bridge width for A-, E-, and O-series panels.

R-values of the D-series panels were
higher than those of the N-series pan-
els. Again, this is because the thermal
path of N-series panels is shorter than
that of the O-series panels. The R-val-
ues of the N-series panels were about
15 percent lower than the D-series
panels.

In Fig. 12, the top three results show
the 3-2-3-2-3, 2-2-3-2-2, and 2-2-2-2-
2 D-series panels with a total of 4 in.
(102 mm) insulation thickness. The
middle three results are from the 3-2-
3-2-3, 2-2-3-2-2, and 2-2-2-2-2 N-se-
ries panels with a total of 4 in. (102
mm) insulation thickness. The plots

97



-  D-sernes pansls
3 {
et
T e e
o B i N o
: ¥ - -'-F-.-- -
27 B { T
= ' Tm——
=y A-series pansls e
- (3-4-3) M-seres panels
C
0 12 24 36 a8 &l
Thigarmuzal bercdiges wicliby, «7 (in :.

Fig. 12. R-value versus thermal bridge width for A-, D-, and N-series panels.

20
perfectly insulated pancls——
18
Y.
o 16 -
=
% 14 - F-sarias panals
- k __,_-—'ﬁ
R , -
E= > B
£ 10 LT Y
S g ;«‘f} g
e A *
I:I': _4 ﬁ""r '|_
- G-zeres panels
&
[
0 12 24 36 48 &1
Irnsnalzlionn ansarlap kel =M (e _':1

Fig. 13. R-value versus insulation overlap length for F- and G-series panels.

for individual panels within each se-
ries are almost identical, indicating
that the concrete wythe thickness does
not have much of an effect on the R-
value of the panel. This result also can
be seen in Fig. 11 of the E- and O-se-
ries panels.

F- and G-series panels — Fig. 13
shows a plot of R-values with respect
to the insulation overlap length, x3
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(in.). The plot shows that the R-value
increases when the insulation overlap
length, X3, increases, and converges to
the perfectly insulated panel. This is
because the thermal path along which
the heat flows increases when x3 in-
creases, o that better thermal perfor-
mance is obtained for a large insula-
tion overlap length panel. On the other
hand, the slope (or rate of change) of

R-value decreases with increasing x3.
This decreasing R-value gradient indi-
cates that the insulation overlap effect
is more significant at smaller overlap
lengths, and then gradually decreases.

In Fig. 13, the top three results are
from the F-series panels that have a
total of 4 in. (102 mm) insulation
thickness. The bottom three results are
from the G-series panels which have a
total of 2 in. (51 mm) insulation thick-
ness. These results indicate that a con-
crete layer thickness does not greatly
affect the R-value of the panel, but in-
sulation thickness does significantly
affect the R-vaue.

When x3 is equal to 48 in. (1220
mm), R-values of the F- and G-series
are 12.8 and 7.6 hrisq ftOF/Btu (2.25
and 1.34 m?[C/W), respectively.
These values correspond to 76 and 83
percent of the R-values for perfect
panels which do not contain any ther-
mal bridges [16.9 and 9.2 hr(sq
ftPF/Btu (2.98 and 1.62 m2[C/W), re-
spectively].

Parametric Study Results —
Material Conductivity

As noted earlier, insulation conduc-
tivities were varied from 0.1 to 0.35
Btulin./hrisq ft9F (0.014 to 0.05
W/mEC), with the constant concrete
conductivity of ke, = 12.05
Btulin./hri8q ftOF (1.74 W/mQOC).
Concrete conductivities varied from
4.2 to 20 Btulih./hr(sqg ftEF (0.6 to 2.9
W/m[C), with the constant insulation
conductivity of k;, = 0.26 Btulih./hr(Sq
ftlF (0.037 W/m[C).

Insulation conductivity variation
— Fig. 14 shows the relationship be-
tween R-value and insulation conduc-
tivity, ki,. For both the two-wythe (A-
series, 3-2-3) and three-wythe (E- and
O-series, 2-1-2-1-2) panels, the R-val-
ues decrease when the insulation con-
ductivity increases, and the R-values
of the three-wythe panels are higher
than those of the two-wythe panels for
the given panel configurations.

Asshown in Fig. 14, the R-values of
the three-wythe panels are relatively
higher than those of the two-wythe
panels for low insulation conductivi-
ties. This demonstrates that a three-
wythe panel can be more efficient
when using low conductivity insula-
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tion material. Using an insulation ma-
terial of k;, = 0.2, which is often used
in practice, 64 and 50 percent higher
R-values were obtained for E- and O-
series panels, respectively, as com-
pared with the A-series panels.

Concrete conductivity variation —
Fig. 15 shows the relationship be-
tween R-value and concrete conduc-
tivity, ke For both the two- and
three-wythe panels, the R-values de-
crease when the concrete conductivity
increases, and the R-values of the
three-wythe panels are higher than
those of two-wythe panels.

Fig. 15 also shows that the impact
of concrete conductivity on thermal
resistance is small and is about the
same for the two- and three-wythe
panels in a practical concrete conduc-
tivity range. When a concrete with a
density of about 140 to 150 pcf (22 to
24 kKN/m?®) is used to make a panel, the
concrete conductivity is in a range of
Keon = 9 to 15 Btulih./hriSg ftOF (1.3 to
2.2 W/mEC).

As shown in Fig. 15, R-value plots
arerelatively flat in the practical range.
Comparing E- and O-series panels,
which are considered to be practical
panels, the R-values of the E-series
panels were approximately 7 percent
higher than the O-series panels.

Further Discussion

Fig. 16 shows the relationship be-
tween R-vaue and the solid concrete
area ratio, and illustrates the thermal
performance of the two- and three-
wythe panels having a total of 2 in.
(51 mm) insulation thickness. The
solid concrete area ratio (sq ft/sq ft) is
computed by dividing the solid con-
crete area by the total panel area. For
the two-wythe panels of the A- and B-
series panels, the solid concrete area is
the concrete area that penetrates the
insulation layer. For the three-wythe
panels, the solid concrete area is the
average area of solid concrete that
penetrates the top and bottom insula-
tion layers. The total panel areais uni-
form for all panels, and is equal to 480
sq ft (44.6 m?).

The trend lines in Fig. 16 show that
the R-value decreases as the solid con-
crete area ratio increases. The bottom
dotted trend line represents the two-
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wythe A- and B-series panels, and the
upper trend lines represent the three-
wythe panels. The R-values of the
three-wythe panels are higher than
those of the two-wythe panels with re-
spect to same solid concrete arearatio.

Thisindicates that the solid concrete
area does not affect the R-value of the
three-wythe panel as much as it im-
pacts the R-values of the two-wythe

panel. It is, therefore, concluded that
the thermal performance of concrete
sandwich wall panels can be improved
by using three-wythe panels instead of
the traditional two-wythe panels.
Finally, it is noted that traditional
two-wythe panels have significantly
reduced R-values, even with a small
solid concrete area ratio (see Fig 16).
When the solid concrete area ratio is
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0.1, the R-value of the two-wythe
panel is 5.5 hrisq ft@F/Btu (0.97
m?OC/W), almost a 40 percent reduc-
tion in R-value from that observed for
the perfect panel with an R-value of
9.2 hrisq ftOF/Btu (1.62 m?C/W).

CONCLUSIONS

The major conclusions based on the
analyses presented are as follows:

1. ASHRAE Handbook R-value cal-
culation methods do not provide accu-
rate estimates of the R-values of three-
wythe panels. Other methods should
be used to estimate the R-values of
three-wythe panels, such as FEM anal-
yses or experimental methods. From
the work presented in this paper, the
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FEM approach is shown to be an ac-
ceptable means to compute R-values
of three-wythe panels.

2. The thermal performance of a
three-wythe panel is superior than that
of a two-wythe panel due to the in-
creased length of the thermal path
through the solid concrete in the three-
wythe panel as compared to the two-
wythe panel.

3. The R-value of a three-wythe
panel increases as the insulation over-
lap length increases because the ther-
mal path length through the solid con-
crete increases. The insulation overlap
effect is more significant at smaller
overlap lengths, gradually decreasing
as overlap length increases.

4. Concrete wythe thickness does

not have a significant effect on the R-
value of either two- or three-wythe
panels. Insulation layer thickness does
have a significant effect on the R-
value,

5. Three-wythe panels demonstrate
superior thermal performance (i.e.,
have a higher R-value) from the use of
a thicker insulation panel, or a lower
conductivity insulation material, as
compared with two-wythe panels.

6. Panel surface temperatures for the
three-wythe panel are more similar to
ambient air temperature as compared
to the two-wythe panel; this may pre-
vent condensation on the surface of
the panel.
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APPENDIX — NOTATION

metered areain Guarded Hot Box Method (sq ft)
convection film coefficient for cold side of panel
(Btu/hr-sq ft-°F)

convection film coefficient for warm side of panel
(Btu/hr-sq ft-°F)

= concrete conductivity (Btu-in./hr-sq ft-°F)

n = insulation conductivity (Btu-in./hr-sq ft-°F)
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Q = heat flow (Btu/hr)

R = R-value, thermal resistance, surface-to-surface R-
value (hr-sqg ft-°F/Btu)

Rr = R-value, overall thermal resistance, air-to-air R-
value (hr-sqg ft-°F/Btu)

t; = area-weighted surface temperature of cold side
(°F)

t, = area-weighted surface temperature of warm side
(°F)

t. = ambient air temperature for cold side of panel (°F)
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