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Thermal Analysis of Wall/Floor Intersections in Building Envelope
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ABSTRACT: Wall/floor intersection is important parts of a building envelope system. These
intersections can be sources of thermal bridging effects and/or moisture condensation pro-
blems. This paper provides a detailed analysis of the thermal performance of wall/floor inter-
section. In particular, two-dimensional steady-state and transient solutions of the heat con-
duction within the wall/floor joint are presented. Various insulation configurations are consid-
ered to determine the magnitude of heat transfer increase due to wall/floor joint construction.

Nomenclature

C, : specific heat [Btu/1b.°F]

h  : connective heat transfer coefficient

%k thermal conductivity [Btu/hr.ft."F]

r . vector space of x, ¥

t : time [hour]

T : ambient temperature [°F]

T : wall and slab surface temperature [°F]

Greek symbol
p : density of material [Ib/ft’]
1. Introduction

In current energy analysis procedures, the
building envelope components are analyzed sep-
arately. However, most of these components
are integrated together. Building envelope com-
ponent intersections are prone to thermal bridg-
ing effects such increase of heat transfer and/
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or moisture condensation problems. Therefore,
special care should be considered in the ther-
mal analysis of wall/floor intersection.

To perform an energy analysis of a building
envelope, it is a common practice to assume
that for each component (such as walls, floor,
or roof) heat follows a one-dimensional path.
However, this is not always the case, especi-
ally at sections of the building envelope where
walls meet with the floor or the roof. Indeed,
at the wall/floor joint, the heat conduction has
at least a two-dimensional character typically
resulting in higher heat losses and lower in-
terior surface temperature than would be pre-
dicted by one-dimensional analysis methods.
When interior envelope surface temperature
drops below the dew point of the surrounding
air inside the building, moisture condensation
may occur and structure damages may result.

Two-dimensional analysis of various building
envelope sections has been developed by a num-
ber of authors including Carslaw and Jaeger,“)
Langmuir et al,? Letherman and Sarkis,
Mathews.” Most of the available studies as-
sume isothermal boundary conditions for both
outside and inside envelope surfaces to arrive
at an analytical or graphical solution of the
heat conduction equations. These solutions are
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typically used to calculate conduction shape
factors. Recently, Mao and Johannesson,@ Kim
et al.,(s) Al-Sanea” and Fukuyo‘S) developed
analytical or numerical mode! to analyze the
thermal bridge effect of building envelope. How-
ever, a detailed analysis of wall/floor joint is
limited when both steady-state and transient
conditions are considered.

Two spaces with different indoor room tem-
peratures such a conditioned house above a
crawlspace or an unheated basement are con-
sidered. The analysis of this room configu-
ration provides the effects of insulation levels
and the heat transfer to both outdoor environ-
ment and unconditioned spaces and suggests
the optimal insulation installation to minimize
heat loss and to prevent moisture condensation
of the conditioned room from unheated space.

This paper provides a summary of the re-
sults of a detailed study to investigate the
thermal performance of several insulation con-
figurations for wall/floor intersection. The first
section describes briefly the numerical solution
used to solve the heat conduction within the
various elements of the building envelope. The
second section of this paper presents a com-
pilation of some of the results obtained by the
numerical solution to characterize the tempera-
ture distribution, the surface heat flux, and the
total heat transfer for a wall/floor joint that
separates two spaces with different indoor air
temperatures.

2. Solution approach
2.1 Problem description

Figure 1 illustrates a model for an exterior
wall and a floor separating a conditioned room
and an unconditioned space such as a crawl
space. The unconditioned space air temperature
depends on both the outdoor ambient and in-
door room temperatures. Thermal insulation can
be placed either at the inside or the outside
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Fig. 1 Model of a crawl space structure.

wall/floor surfaces. The problem is to deter-
mine the effect of the insulation placement on
the thermal performance of both the wall and
the floor.

2.2 Mathematical formulation

The temperature field within the building en-
velope is subject to the time-dependent heat
conduction equation in a non- isotropic medium
and can be expressed by the following differ-
ential equation:
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For steady-state conditions, the temperature
field of the building envelope is solution of the
following equation:

The interior and exterior wall surfaces and
slab interior surface can be modeled by a con-
vective type boundary condition. Specifically,
the heat flux to or from the wall and the floor
surfaces is governed by Newton’'s equation:

q= hoo(Too—Tss) (3)
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2.3 Finite difference solution

Using a pure implicit finite difference tech-
nique (Pantankar'®), Eq.(1) can be solved. The
pure implicit method was chosen since it pro-
vides a solution that is unconditionally stable.
Indeed, an implicit finite difference solution has
the advantage of providing a stable solution for
any space and time increment. That is, there
is no stability criterion nor any restriction on
the selection of space or time increment.

The control volume and its associated nodal
dimensions are shown in Fig.2. For a node P,
E and W are its x—direction neighbors, while
N and S are its y-direction neighbors. The
shaded area shows the control volume of node
P. Thus, Eq. (1) can be discretized as follows:

ayTy=agTegtawTwtayTytasTs (4

where, ag = kgdY[(6x) g
aw= kwdY/[(6x)w
ay = kydX/(8x)n
as = ksdX/[(8%)s

with, o = Ll dxdy

’ at

The steady-state heat conduction solution
(i.e., solution for Eq.(2)) can be easily obtained
from the transient solution by setting the spe-
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Fig. 2 Control volume for the two-dimensional
heat conduction problem.

cific heat (C,) to zero.

Once the nodal network is set and an ap-
propriate finite difference equation is written
for each node, a system of linear algebraic
equations is obtained and needs to be solved.
Standard or general matrix solvers such as
Gauss-Jordan and Gauss-Seidel methods are
not suitable for this relatively large set of
equations. Instead, a special matrix solver call-
ed "LAPACK""" is used to solve the set of
linear systems.

2.4 Discretization of building structure

Typically, the discretization grid is selected
to be fine near surface boundary conditions
and near the interface between any two ma-
terials with different thermal properties and is
rough in the middle of the domain (ie, wall or
floor layers). This non-uniform discretization
scheme is usually used to save computer time.
For this study, a uniform but fine discretiza-
tion is used to obtain accurate solution. The
space increments used are x=0.0467 ft (1.4 cm),

and y=0.05ft(1.5cm). The total nodal points
are 8500 for the model of wall/floor intersec-
tion presented in Fig. 2.

Two approaches are used to model the effect
of the thermal insulation. The first approach
models the actual thickness of the insulation
layer. In the second approach, the insulation
layer thickness is neglected but its thermal re-
sistance (i.e, R-value) is included in the heat
transfer coefficient at wall or floor.

2.5 Analysis parameters

Figure 3 presents six insulation placements
for both wall and floor surfaces when the wall/
floor intersection separates a conditioned space
from an unconditioned area. For this study,
three insulation levels are used R-5(1.03 m*C/
W), R-10 (2.05m’ C/W), and R-20 (4.10 m*C/
W). In addition, thermal conductivity values of
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Fig. 3 Insulation location for the crawl space structure.

these insulation levels are 0.97 kcal/m%h-C, 0.49
keal/m®h-C, 0.24 kcal/m®h-C, respectively. For
example, R-10 can be used to comply Korean
thermal conductivity level of exterior wall as
05 kcal/m*-h-C applying Southern region.

3. Results and discussion

3.1 Steady state resulis

Figure 4 shows the temperature isotherms
within the wall/floor joint when R-10(2.05 m*
CT/W) thermal insulation is placed (i) at the
outside of the wall surface and (ii) at the lower
surface of the floor (i.e, case 1 as shown in
Fig. 3). The conditioned room air temperature
is kept at 70°F (21.1C), while the outdoor air
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temperature is —12°F (—11.1°C) {winter condi-
tions], and the unconditioned space air temper-
ature is 27.8°F (—1.8T). Both the walls and
the floor are made up of concrete. Figure 4(a)
presents the temperature within the wall/floor
intersection for the case where the thermal in-
sulation is modeled by a heat transfer coef-
ficient. Figure 4(b) illustrates the temperature
isotherms for the case where the actual layer
of the thermal insulation is modeled.

Figures 4(a) and 4(b) indicate almost the
same temperature pattern within the concrete
layer of both the wall and the floor. However,
the temperature changes significantly within the
insulation layer when it is accounted for as
shown in Fig. 4(b). Both Figs.4(a) and 4(b)
clearly illustrate the two-dimensional nature of

TEMPERATURE ISOTHERMS
case 1, actual insulation, R-10, winter

70 °F

height [ft)

27.8 °F

1 2 3
length [ft]

(b)

Fig. 4 Temperature isotherms for the insulation configuration of case 1 (Conversion: ['F-321X5/9="T,

1ft=0.3m).
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the temperature variation in the neighborhood
of the wall/floor joint. Later on in this paper,
the increase in heat transfer due to the wall/
floor joint will be discussed in detail.

Figure 5 presents the temperature distribu-
tion within the wall and the floor when ther-
mal insulation is placed at the inner wall sur-
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face and at the top of the floor surface as
indicated for case 4 in Fig.3. For Fig.5, the
insulation layer is modeled as a resistive co-
efficient (included in the heat transfer coeffici-
ent at the inner surface of both the wall and
the floor) with no physical thickness. The in-
door air temperature is kept at 70°F (21.17C),
while the outdoor ambient air temperature is
—12°F (=11.1C). The unconditioned space air
temperature is allowed to float and depends on
the insulation thermal resistance. The tempera-
ture distribution within the wall/floor intersec-
tion changes with the thermal resistance of the
insulation as shown in Fig.5(a) for R-5(1.03
m? C/W) insulation, in Fig.5(b) for R-10(2.05
m? C/W) insulation, and in Fig.5(c) for R-20
(410 m*-"C/W) insulation.

Figure 5 shows that the higher the thermal
insulation R-value, the colder the floor and the
wall interior surfaces. It is because the thermal
insulation layer is modeled by a simple co-
efficient. Generally, the higher the thermal in-
sulation R-value, the closer to the room air
temperature the floor and the wall interior sur-
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Fig. 5 Temperature isotherms for the insulation configuration of case 4 (Conversion: ['F-32]1X5/9=T,

1ft=0.3m).
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Fig. 6 Temperature isotherms for the insulation configuration of case 6 (Conversion: [‘F-32]xX5/9="T,

1ft=03m).

face temperatures. In addition, Fig.5 indicates
that the temperature gradient is high at the
joint section connecting the floor to the wall.
This result indicates that a large heat transfer
loss occurs at the wall/floor joint. This signifi-
cant temperature gradient at the joint section
is independent of the level of thermal insu-
lation.

Figure 6 shows the temperature distribution
for the insulation configuration presented by
case 6 in Fig. 3 (i.e., the thermal insulation lay-
er is placed only at the inner wall surface of
the conditioned space but extends to the wall/
floor joint). Two insulation levels are consid-
ered: R-5(1.03m”T/W) in Fig.6(a) and R-20
(410 m%- T/W) in Fig. 6(b). The air temperature
is 70°F (21.1C) in the conditioned space, and is
224°F (—5.3TC) in the unconditioned space. The
actual thickness of the insulation is modeled to
obtain the results shown in Fig.6. The higher
insulation level results in an increase of the
temperature at the inside surface, but in a de-
crease of the temperature at the outside sur-
face of the conditioned space wall. The tem-

perature variation for the unconditioned space
wall is independent of the insulation level.

3.2 Heat flux distribution

Figure 7 presents the heat flux profiles at
the conditioned space wall and floor inner sur-
faces for the six insulation configurations pre-
sented in Fig.3. The heat flux profile for the
case where the wall and floor are uninsulated
is shown for a comparative analysis.

For all the insulation configurations, the wall/
floor joint has higher heat flux than other wall
and floor sections located away from the joint.
This increase in heat flux at the wall/floor
joint is a measure of the magnitude of the
thermal bridging effects for each insulation con-
figuration. As illustrated in Fig.7, the insula-
tion configuration that minimizes the thermal
bridging effect of the wall/floor is that pre—
sented by case 4 and case 5 with insulation
placed at the inner surface of both the wall
and the floor. Indeed, the heat flow is almost
one-dimensional along the entire building en-
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velope interior surface for both cases 4 and 5.
Figure 8 shows the variation of the interior
surface temperature and heat flux profile when
the thermal insulation is placed at the outer
surface of the wall (i.e. case 1 of Fig.3). The
insulation layer is modeled using the two ap-

proaches: (i) actual thickness is modeled, (ii)
only a heat transfer coefficient is used to
model the thermal insulation. As shown in Fig.
8, the two modeling approaches for the in-
sulation provide almost the same surface tem-
perature and heat flux profiles. Moreover, The
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Fig. 9 Heat flux along the inner surface of the wall from the crawl space to the room (Conversion:
[Btu/hr.£t’] X 3.15=[W/m?], ['F-32]1xX5/9=", 1 ft=0.3m).

temperature profile of Fig.8 permits to assess
the vulnerability of the wall and floor surfaces
to any moisture condensation. For instance, Fig.
8 indicates that the inner surface temperature
is below 58°F (14.4T) at the wall/floor inter-
section. Therefore, whenever the indoor relative
humidity is above 50%, moisture condensation
can occur at the wall/floor intersection.

Figure 9 illustrates the two-dimensional char-
acter of the heat transfer along a vertical plane
at the inner wall surface of both the condi-
tioned and the unconditioned spaces. In parti-
cular, the heat flux along the x and the y
directions are provided in Fig.9 for case 4 in-
sulation configuration with R-5 (1.03 m? C/W)
insulation layer. Through the selected vertical
plane, the dominant heat flux occurs at the
x-direction. However, a significant increase in
both the x and y components of the heat flux
occurs at the wall/floor joint. Specially, the y
component of the heat flux becomes substantial
only at the corners of the wall/floor joint in-
dicating significant thermal bridging effects at
these locations.

3.3 Total heat loss

Table 1 summarizes the total heat losses from
the wall/floor intersection using the two insu-
lation modeling approaches for cases 1 through
5. As indicated in Table 1, when the insulation
layer is placed at the outer wall surface (ie.,
cases 1 and 3 in Fig.3), the thermal effect of
the insulation can be modeled by simply mod-
ifying the surface heat transfer coefficient.

This modeling simplification allows an analy-
tical solution of the same problem shown in
Fig.1 to be obtained using the ITPE technique
as applied by Krarti'’ to analyze the thermal
performance of building corners. However, this
modeling simplification cannot be used when
the insulation is placed at the inner wall sur-
face as in cases 2, 4, and 5 of Fig.3. Indeed,
Table 1 indicates that modeling the insulation
layer as a heat transfer coefficient can lead to
20% relative error in calculating the total heat
loss for the insulation configuration of case 5.

Two methods are used to calculate the total
heat losses: (i) one-dimensional approach using
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Table 1 Comparison of resistive and actual insulation heat losses

Heat loss 2-D [Btw/hr.ft] (W/m)

Total heat loss 2-D

Wall 61t) Floor (7 ft) [Btu/hr.ft] (W/m)

Resistive 8.47 (8.81) 4.83(5.02) 13.29 (13.83)

CASE 1 Actual 838 (8.71) 5.42 (5.64) 13.80 (14.35)
Percent of difference [%] 1.08 10.92 3.63

Resistive 7.30 (7.59) 8.23 (8.56) 1553 (16.15)

CASE 2 Actual 9.00 (9.36) 8.33 (8.66) 17.33 (18.02)
Percent of difference [%] 18.93 1.15 10.39

Resistive 9.65 (10.03) 3.64 (3.78) 13.28 (13.81)

CASE 3 Actual 9.16 (9.53) 3.82 (3.97) 12.98 (13.50)
Percent of difference [%] 5.29 483 2.31

Resistive 7.34 (7.63) 3.80 (3.95) 11.13 (11.58)

CASE 4 Actual 9.08 (9.44) 4.88 (5.07) 13.96 (14.51)
Percent of difference [%6] 19.18 22.17 20.23

Resistive 7.37 (7.66) 6.38 (6.64) 13.75 (14.30)

CASE 5 Actual 9.13(9.49) 7.62 (7.93) 16.75(17.42)
Percent of difference [%] 19.30 16.24 17.91

the classical thermal network technique, and
(i1) the two-dimensional solution developed for
this study. Table 2 summarizes the results of
these calculations using three insulation levels

R-5 (1.03 m* C/W), R-10 (206 m* C/W), and R-
20 (4.10m*C/W). The difference between the
1-D and 2-D heat losses indicates the magni-
tude of the thermal bridging effects for each

Table 2 Comparison of one and two-dimensional heat losses

Heat loss 2-D Heat loss 1-D Difference Of Percent of
[(Btu/hr.ft] (W/m)  [Btuw/hr.ft] (W/m) 2-D and 1-D difference [%]

No insulation 99.8 (103.7) 96.6 (100.5) 31(3.3) 3.3

R-5 22.1(23.0) 19.6 (20.4) 2.5(2.6) 12.7

CASE 1 R-10 13.3(13.8) 109 (11.3) 2.4(25) 21.9
R-20 8.2(8.6) 5.8 (6.0) 25(2.6) 428

R-5 23.8 (24.7) 19.6 (20.4) 42 (4.4) 215

CASE 2 R-10 155(16.1) 109(11.3) 46 (4.8) 424
R-20 10.6 (11.0) 5.8 (6.0) 4.8 (5.0) 834

R-5 21.8(22.7) 19.6 (20.4) 2223 11.3

CASE 3 R-10 13.3(13.8) 109 (11.3) 2.4(25) 21.8
R-20 8.4 (3.8) 5.8 (6.0) 26 (2.7 45.7

R-5 20.0 (20.8) 19.6 (20.4) 0.4 (0.4) 2.0

CASE 4 R-10 11.1(11.6) 109 (11.3) 0.2 (0.2) 2.1
R-20 58(6.1) 5.8 (6.0) 0.1(0.1) 1.1

R-5 23.7(24.7) 235 (24.5) 0.2(0.2) 09

CASE 5 R-10 13.8 (14.3) 13.6 (14.2) 0.1 (0.1) 0.8
R-20 7.4(1.7) 74017 0.0 (0.0) 02

R-5 426 (44.3) 395 (41.1) 31(.2) 78

CASE 6 R-10 35.6 (37.0) 336(34.9) 20(2.1) 59
R-20 31.4(32.7) 30.2 (31.4) 1.2(1.2) 40
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insulation configuration, Table 2 clearly shows
that thermal bridging increases for cases 1, 2,
and 3 but decreases for cases 4, 5, and 6 with
the increase of the thermal resistance of the
insulation. The best insulation configuration with
minimal thermal bridging is case 4 with in-
terior wall and floor insulation. Case 2 insu-
lation configuration allows significant thermal
bridging through the wall/floor joint and is
therefore not recommended as an insulation
scheme. It should be mentioned that case 6
provides the highest total heat loss from the
wall/floor intersection since the floor separating
the conditioned room from the unconditioned
space is not insulated.

3.4 Transient results

Total heat loss is compared for all insula-
tion configurations under transient conditions
during one week representative of a cold cli-
mate. Figure 10 shows the results of the com-
parative analysis using Denver TMY weather
data when R-10(2.05m® C/W) insulation layer

is used for the configurations (case 1 through
case 6). The results of the transient analysis
confirm the basic findings of the steady-state
analysis discussed in the previous section.
Specifically, the heat loss from the conditioned
space through the wall/floor intersection is
minimized when the insulation is placed at the
inner surface of both the wall and the floor
(i.e., case 4 or 5) during the entire winter
week considered in Fig. 10. Meanwhile, insula-
tion configuration presented by case 6 (ie., in-
sulation placed only at the inner wall surface
extending at the joint wall/floor) leads by the
far to the worst thermal performance of the
wall/floor intersection.

4. Conclusions

The thermal performance of wall/floor inter-
sections is analyzed using an implicit finite
difference solution. In particular, the analysis
presented in this paper provides the tempera-
ture distribution within the building envelope,
the heat flux profile along the interior wall and
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Fig. 10 Total heat loss profile during a winter week (Conversion: [Btu/hr.ft] X 1.04=[W/m]).
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floor surfaces, and the total heat losses/gains
from the wall/floor intersection assembly. Based
on the results of the analysis, it was found
that by placing the thermal insulation at the
inner surface of both the floor and the walls
reduces significantly the thermal bridging ef-
fects. Moreover, it was found that the thermal
insulation layer can be modeled by a simple
heat transfer coefficient when the insulation is
placed at the outer surface of the wall. This
modeling simplification allows an analytical
treatment of the heat transfer problem within a
wall/floor intersection.
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