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Therma Resistance and Condensation in the Light-frame
Timber Wall Structures with Various Composition of
Insulation Layers
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ABSTRACT

As energy costs increase, more people has become interested on energy efficiency and savings in residentid buildings.
The two main subjects related to energy in residential buildings are insulation and condensation. There are two
approaches to prevent condensation; increasing air tightness and maintaining the temperature inside of the wall structure
over the dew point, which is in turn related to insulation. Even though the Korean government has highlighted the
importance of energy efficiency for residential housings, and in spite of the customers' demands, the timber construction
industry is still using conventional light-frame construction without even trying to improve energy efficiency. In this
study, various types and combinations of wall structures were tested under cold outdoor and warm indoor temperatures
to analyse the temperature gradients and to determine the possible sites of condensation in the wall structures. In
addition to the experimental tests, three theoretical models were developed and their estimations of temperature change
through the wall structure were compared with the actual measurements to evaluate accuracy of the models. The
results of the three models agree relatively well with the experimental values, indicating that they can be used to
estimate temperature changes in wall structures. The theoretical analysis of different insulation layers' combinations
show that condensation may occur within the mid-layer in the conventiona light-frame wall structures for any
combination of inner-, mid-, and outer-layers of insulation. Therefore, it can be concluded that the addition of an
inner and outer insulation layer or increasing the thickness of insulation may not be adequate to prevent condensation
in the wall structure without preventing penetration of warm moist air into the wall structure.

Keywords: energy efficiency, insulation, thermal resistance, light-frame timber construction, temperature
change coefficient

1. INTRODUCTION is high and the issue on the weather change, caused

by the global warming which in turn caused by the

Recently, many people have concern on the energy increased CO, accumulation in the air, become one of
efficiency of buildings because the price for energy the major topics of the world. Most of the energy we
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use in these days is coming from the combustion of
the fossil fuel including oil, coal and natural gas. We
use the heat released from the combustion of the fossil
fuels for heating of the residential buildings or gen-
erating electricity that is used for hesting, air condition-
ing or lighting of the houses. Actudly, more than 35%
of the total energy consumed in our country is used
in the congtruction sector including residential buildings.
Therefore, it is important for the decrease of the total
energy consumption to increase the energy efficiency
of residentia housings.

In these days, people who want to build or select
their own houses want to have houses with better thermd
resstance and higher energy efficiency. Many countries
in this world have raised the basic requirements for
energy efficiency of buildings to reduce energy con-
sumption and to participate in the world’s movement
against the weather change caused by the global
warming. The timber construction industry cannot meset
these raised requirements for energy efficiency with
the conventional method for light-frame timber con-
struction in which only mid-layer insulation is applied,
which means ingdling only the insulation layer between
framing members. Sometimes, the thickness of the
mid-layer insulation is increased to increase the energy
efficiency and the insulation performance of the house
by inserting thicker insulation material between the
thicker framing members, even though it is questionable
whether the increased mid-layer insulation can
contribute to the increase of energy efficiency of the
whole building.

There may be infinitely many ways to increase the
energy efficiency of a house even though we cannot
test all the possible methods before determining one.
If there is a mple smulation method to estimate exactly
the energy efficiency or insulation properties of various
composition of building structures, we can save a lot
of money and time required for testing those specimens
under actua environment. Kang et al. (2007) showed

that transfer of heat and air through wall structures
can be expressed by sum of properties of each com-
ponent composing the wall (superposition principle).
Kim et al. (2011) tested heat transfer through various
composition of light-frame wood wall structures
including thick lumber panel interior finish and con-
cluded that the conventional wall structure cannot meet
the required heat transfer coefficient for Passive house
or even the increased requirement of insulation pro-
perties of these days. They aso concluded that thick
lumber panel interior finish showed higher thermal
performance than the conventiona gypsum board
interior finish. Kim (2013) tested many kinds of wall
structures for their thermal performance and compared
the results of tests with theoretical models developed
by application of superposition principle. In addition,
there have been some researches on the thermal
performance of wooden and concrete wall structures
by usng severd kinds of the developed or commercidly
available software (Kang and Kim, 2016; Seo et al.,
2017; Seo €t al., 2016; Yu et al., 2013). Even though
couple of researches on the heat transfer through the
wall structures were performed by applying some
exigting software and experiments, there are not enough
test data on the temperature distribution in the wall
structure, and analysis on where and how condensation
and water accumulation may be developed in the wall
structure.

In this study, light-frame timber walls with various
composition of insulation layers were exposed to
temperature differences between the warm interior and
cold exterior sides to measure the temperature change
through the wal thickness. In addition, three theoretica
models estimating thermal resistance of wall structures
with various compositions of insulation layers were
constructed and their estimation were compared with
the actual measurements of temperature changes
through wall thickness. The efficiency of theoretical
models and the effects of adding various insulation
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layers were verified through these comparisons between
theoretical and actual temperature changes inside of
the walls for wall specimens with various composition
of insulation layers.

2. MATERIALS and METHODS

2.1. Wall specimens

Wall specimens were constructed by applying the
light-frame timber construction method with 2 x 4 and
2 x 6 studs. All the framing lumbers were Northern
SPF No. 2 dimension lumbers. Wall sheathing was
11.1 mm thick OSB with span rating R-24. The interior
side of wall framing was covered with 12 mm thick
gypsum board thet wes attached to the framing members
by using 38 mm long screws with 150 mm spacing
along the edge and 300 mm spacing in the field. The
stud spacing applied to wal specimen construction was
406 mm. 8d nails were gpplied to atach OSB shesthing
with the spacing of 150 mm along the edge and 300
mm in the field. The insulation materid was batt-type
fiberglass with various thickness for mid-layer insula-
tion, and expanded Styrofoam mat for inner- and outer-
layer insulation. The exterior and interior finishing
material was not applied when making the specimen.
To check the effect of thick wallboard attached on
the exterior or interior side of the wall specimen, 35
mm thick larch and Hem-fir lumbers having T&G edge
were used as wallboards. The dimension of wall spe-
cimen was 900 mm x 900 mm with 406 mm stud

| @ — et

Fig. 1. Framing of wall specimen with 2 x 4 stud
of 406 mm spacing.

spacing and a sample of wall specimen framing is given
in Fig. 1.

To apply theoretical models and to compare the
thermal resistances, three types of wall specimens were
constructed as shown in Table 1.

2.2. Theoretical models

In this study, three theoretical models estimating the
insulation properties of the walls with various com-
position of insulation layers were constructed as follows:

1) Model 1: Model considering only the thermal
transmittances of materials composing the wall
specimens, expressed as Eq. (1)

Rtotal

-

Il
s

Ri =Ry +Ry++R, ... €]

12

in which, Reotar : Thermd resistance of whole wall
specimen

Table 1. Three types of wall specimen tested in this study

Type Inner-layer

Mid-layer

Outer-layer

| 35mm thick Hem-fir wallboard

2 x 4 stud

35mm thick Hem-fir wallboard

R11 fiberglass insulation

100mm thick Styrofoam insulation
9.5mm thick gypsum board

2 x 4 stud
R13 fiberglass insulation

11.2mm thick OSB
100mmm thick Styrofoam insulation

35mm thick Hem-fir wallboard

I 25mm thick Styrofoam insulation

11.1mm thick OSB
House wrap
25mm thick Styrofoam insulation

2 x 6 stud
R19 fiberglass insulation
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R;: Therma resistance of the ith materia
composing the wall specimen

2) Model 2: Model 1 plus consideration on the
thermal resistances of the interior and exterior
surfaces of the wall, expressed as Eq. (2)

n
Riotar = Rsr + Z Ri+Rso oo )
i=1
in which, Rss: Thermal resigtance of the interior
surface of the wall specimen
Rso: Thermal resistance of the exterior surface
of the wall specimen

3) Model 3: Model 2 plus consideration on the
thermal resistance of the surfaces of wood and
wood-based panels inside the wall structure,
expressed as Eq. (3)

in which, Rssj : Therma resistance of the surfaces
of wood and wood-based panels inside the wall
specimen

The ratio between the temperature change in one
layer and the total temperature change through the
structure is proportiona to the ratio of the thermal
resstance of the layer againg the tota therma resistance
as given in the following equations.

AT; R;
—— e idiseentessrseaee 4
ATtntal Rtatal ( )
ATy = Ti_q = Tj covevreereerenireinann, (5)

in which, AT;: Temperature difference between
the surface and the back of the i" layer
ATeorar : Total temperature difference between

interior and exterior

T;—1: Temperature of the surface of (i-1)™ layer
T; : Temperature of the back of i layer

Therefore, the temperature between each layer
composing the structure can be calculated as follows:

R;:
Ti = Ti—l =i —— ATtotal .............. (6)
1

Equation (6) means that the temperature reduction

ATyota

Ri ) ar, = total
equa to (m) total that is (R,,,m,) multiplied by Ri,
is developed when passing through i layer in the wall

ATyota

specimen. Therefore, the vaue for (R,,,m,) can be caled

as the temperature change coefficient.

2.3. Test method

2.3.1. Thermal resistance

The thermal resistance of the construction materials
was caculated as the reciproca of the thermd
conductivity multiplied by the thickness of the material.
The thermal conductivities of the materials composing
wall specimens were measured by guarded hot plate
method using thermal conductivity analyser, TCi, of
C-THERM technology Co. Ltd. The materias used to
measure heat conductivity were 35 mm thick larch
lumber, 89 mm thick SPF lumber, 35 mm thick Hem-fir
lumber, 11.1 mm thick OSB, 89 mm, 115 mm and
140 mm thick fiberglass insulation, 50 mm thick
Styrofoam and 12 mm thick gypsum board. The therma
resistances of house wrap, interior and exterior surfaces
of the wall specimen were obtained from the references
(Kim, 2013; Kim, et al. 2011).

2.3.2. Temperature change through wall
specimen

To measure the temperature change through the wall
thickness, wall specimen was placed between two
chambers maintaining constant temperatures in which
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<«—1— Wall specimen

Chamber simulating
the exterior condition
in winter(-20C)

Chamber simulating
the interior condition
in winter(25°C)

Fig. 2. Wall specimen placed between two chambers
simulating the exterior and interior temperature in
winter.

one chamber was simulating the cold exterior condition
(-207C) during winter and the other chamber was
simulating the warm interior condition (257) as shown
in Fig. 2. In Fig. 2, the perimeter of wall specimen
was covered by 200 mm thick Styrofoam to prevent
heet loss through the edges of wall specimen. Clamping
was applied on four sides of the instrument given in
Fig. 2 to secure tight contact between wall specimen
and two chambers. Temperature sensors were placed
on the exterior and interior surfaces of the wall
specimen, inside surfaces of wood-based panel and
gypsum board, and between insulation layers in the
wall specimen to measure the temperature changes
through the wall thickness.

Wall specimens with various compositions of
insulation layers were tested by using the instrument

as shown in Fig. 2. The temperature measurements
obtained from the tests were compared with the tem-
peratures estimated by using three theoretica models
given as equations (1), (2) and (3).

3. RESULTS and DISCUSSION

3.1. Thermal resistance of materials

The thermd resstances of materids used to construct
the wall specimens were obtained as given in Table
2. To obtain the thermal resistances of the materials,
the thermal conductivities of the materials were mea-
sured first for larch, SPF, Hem-fir, OSB, fiberglass,
Styrofoam and gypsum board. Then, the reciprocal of
the thermal conductivity was multiplied by the thickness
of the materia to caculate the therma resistance. The
vaues for the thermal resistances of the house wrap,
and the interior and exterior surfaces of wall specimen
were determined from references (Kim, 2013; Kim, et
al. 2011). The thermal resistance of the exterior surface
of wall specimen was determined as 0.05(m?h<C/keal)
and tha of the interior surface was determined as 0.13
(m?hc/keal). The values of the thermal resistances as
shown in Table 2 for various materids used to construct
wall specimen were combined together to make smula-

Table 2. Thermal resistances of various materials used in this study

Kind Thickness Thermal conductivity Thermal resistance
(mm) (kcal/m hC) (m?h°C /kcal)
SPF 89 0.133 0.669
OSB 111 0.101 0.110
Hem-fir 35 0.121 0.291
Larch 35 0.117 0.299
Fiberglass(R11) 89 0.039 2.286
Fiberglass(R13) 115 0.044 2.616
Fiberglass(R19) 140 0.035 3.949
Styrofoam 50 0.050 1.000
Gypsum board 12 0.019 0.632
House wrap 0.442
Exterior surface 0.05
Interior surface 0.13
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Table 3. Therma resistance and temperature change coefficient for three types of wall specimen

Thermal resistance

Temperature change coefficient

ecimen o kcal
Sptype (M?hC Ikcal) (52)
Model 1 Model 2 Model 3 Model 1 Model 2 Model 3
| 331 3.49 3.75 13.60 12.89 12.00
I 6.90 7.08 7.34 6.52 6.36 6.13
11 5.82 6.00 6.26 7.73 7.50 7.19

tion models given as equations (1), (2) and (3) for wall
specimens having corresponding composition.

3.2. Theoretical models

Three theoretica models corresponding to equations
(1), (2) and (3), namely model 1, model 2 and model
3, were constructed by inserting the thermal resistance
vaues as given in Table 2 for the materids composing
the wall specimen. The results of calculaion of therma
resistance and temperature change coefficient for three
types of wall specimens and three theoretica models
are given in Table 3.

Starting from setting the temperature of the interior
as Ty, the temperature on the interior wall surface (T>)
can be obtained by subtracting the temperature change
coefficients multiplied by the therma resistance of the

interior surface from T;. The temperature on the inside
of the first interior wallboard material (Ts) can be
obtained by subtracting the temperature change coeffi-
cients multiplied by the therma resistance of the first
interior wallboard material from T.. The same process
can be repeated by changing the thermd resstance vaue
of the layer as passing through the thickness of wall
specimen until it is reached to the exterior.

3.3. Temperature change through wall
thickness

The results of actual tests using the instrument as
given in Fg. 2 and the esimations of temperature change
through the thickness of wall specimen by three
theoretical models for type | wall specimen are given
in Table 4.

Table 4. Comparison between the actual temperature and the estimated temperature in Type | wall specimen

Estimated temperature(C)

Position Actual temperature(C)

Model 1 Model 2 Model 3
Interior air 25.00 25.00 25.00 25.00
Interior surface 24.00 25.00 23.52 23.61
Wallboard - 21.53 20.21 20.51
Vapour barrier 15.9 16.26 15.19 15.80
Inside surface - 16.26 15.19 14.41
Insulation - -10.97 -10.80 -9.97
Inside surface -12.6 -10.97 -10.80 -11.36
Vapour barrier - -16.24 -15.82 -16.07
Wallboard - -19.71 -19.13 -19.7
Exterior surface -19.2 -19.71 -19.7 -19.7
Exterior ar -20.00 -20.00 -20.00 -20.00
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Fig. 3. Temperature change through thickness for Type
I wall specimen exposed to cold condition.

Fig. 3 shows the temperature change through wall
thickness when the interior and exterior sides were
exposed to warm interior (25°C) and cold exterior (-207C)
condition, respectively, for Type | wall specimen.
Temperature changes estimated by Model 1, Model 2
and Model 3 were also shown together with the actua
measured temperature in Fig. 3. If the temperature and
RH of the interior air be assumed to be 257C and 50%
that may be common interior condition in winter, the

approximate dew point calculated by the genera
well-known equation based the current temperature and
reldive humidity is 15°C which is located in the interior
side of the wall structure, which means lower tem-
perature than the dew point in the mid-layer insulation
and may cause condensation and water accumulation
inside of the wall structure.

The results of the actua tests and theoretical
estimation by using three models for Type Il wall
specimen are given in Table 5.

Fig. 4 shows the temperature change through wall
thickness when the interior and exterior sides of the
second wall specimen were exposed to warm interior
(257C) and cold exterior (-20°C) condition, respectively.
Temperature changes estimated by Model 1, Modd 2
and Model 3 were aso shown together with the actual
measured temperature in Fig. 4. As shown in Fig. 4,
the dew point may be located in the inner-layer
insulation that is made of Styrofoam in which moist
ar penetration and water accumulation are not possible.
However, if warm and moist air penetrates into the
mid-layer insulation that is made of fiberglass, con-
densation and water accumulation may be developed
in that layer because the temperature in that layer is
maintained under the dew point during winter.

Table 5. Comparison between the actual temperature and the estimated temperature in Type Il wall specimen

Actua temperature

Estimated temperature (C)

Position

(C) Model 1 Model 2 Model 3
Interior air 25.00 25.00 25.00 25.00
Interior surface 24.50 25.00 24.17 24.20
Inner-layer insulation 11.60 11.94 11.45 11.93
Gypsum board 10.40 8.68 8.27 8.86
Inside surface - 8.68 8.27 8.07
Mid-layer insulation -8.10 -6.23 -6.26 -5.95
Inside surface - -6.23 -6.26 -6.75
0osB -8.90 -6.94 -6.96 -7.42
Outer-layer insulation - -20.00 -19.68 -19.69
Exterior surface -19.70 -20.00 -20.00 -20.00
Exterior air -20.00 -20.00 -20.00 -20.00
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Fig. 4. Temperature change through thickness for Type
Il wall specimen exposed to cold condition.

The results of the actual tests and theoretical esti-
mation by using three modds for Type Il wal specimen
are given in Table 6.

Fig. 5 shows the temperature change through wall
thickness when the interior and exterior sides of Type
111 wall specimen were exposed to warm interior (25C)
and cold exterior (-20C) condition, respectively.
Temperature changes estimated by Model 1, Model 2

30

...... Actual === Modell

25 Model2 —e—Model3

20 b

—————— Dew point: 15°C

Mid-layer

Temperature(°C)

1 2 3 4 5 6 7 8 9 0 11 12

-5 Interior ———> Exterior

Position in the wall structure

-10

................... N
-15 .‘
Outer-layer ™.

insulation
-20

425

Fig. 5. Temperature change through thickness for Type
Il wall specimen exposed to cold condition.

and Model 3 were also shown together with the actual
measured temperature in Fig. 5. As shown in Fig. 5,
the dew point may be located in the inner side of the
mid-layer insulation that is made of fiberglass in which
warm moist air can penetrate and develop condensation
causing water accumulation in the wall structure.

Table 6. Comparison between the actual temperature and the estimated temperature in Type Il wall specimen

Actual temperature

Estimated temperature (C)

Position s

() Model 1 Model 2 Model 3
Interior air 25.00 25.00 25.00 25.00
Interior surface 24.00 25.00 23.13 24.06
Wallboard 19.50 21.76 20.12 21.99
Inner-layer insulation 18.60 18.16 16.52 18.39
Inside surface - 18.16 16.52 17.45
Vapour barrier - 17.98 16.34 17.27
Mid-layer insulation -13.00 -10.43 -12.07 -11.13
Inside surface - -10.43 -12.07 -12.07
OSB -14.10 -11.22 -12.86 -12.86
House wrap - -14.40 -16.04 -16.04
Outer-layer insulation -18.10 -18.00 -19.64 -19.64
Exterior surface -19.50 -20.00 -20.00 -20.00
Exterior air -20.00 -20.00 -20.00 -20.00
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Fig. 6. Effect of increasing the thickness of the outer-
layer insulation on the temperature change through
thickness for Type 111 wall specimen exposed to cold
condition.

To verify the effect of increasing the thicknesses of
inner-layer or outer-layer insulation on the overall tem-
perature change through the thickness of wall structure,
the three theoretical models constructed for the third
wall specimen was used. First, to check the effect of
increasing the thickness of the outer-layer insulation,
the thickness of the outer-layer insulation was increased
to 100 mm in the models and their estimations are
given in Fig. 6. As shown in Fig. 6, it has an effect
of causing overall increase of the temperature inside
of wall structure and moving the location of the dew
point into the inside of the mid-layer insulation.
However, the dew point may be still located in the
mid-layer insulation in which warm moist air may
penetrate. Therefore, it can be said that it cannot prevent
condensation and water accumulation in the wall
structure by simply increasing the thickness of the
outer-layer insulation without preventing warm and
moist air penetrating into the wall structure.

The same theoretical models were used to verify the

30

-u-Model 1 Model 2 —e—Model3

Interior

\ g
55 Inner-layer
insulation

15 m = m e m e e m  — ———————— Dew point: 15°C

10

Mid-layer

insulation

Temperature(°C)

[} 1 2 3 4 5 6 7 8 9
-5 Interioe—m—

Position in the wall specimel

——> Exterior
-10
-15

Outer-layer

-20 i i
insulation Exterior

-25

Fig. 7. Effect of increasing the thickness of the inner-
layer insulation on the temperature change through
thickness for Type 11l wall specimen exposed to cold
condition.

effect of increasing the thickness of the inner-layer
insulation on the overall temperature change through
thickness of wall structure. In the three models, the
thickness of the inner-layer insulation was increased
to 100 mm and their estimations are given in Fig. 7.
As shown in Fig. 7, it has an effect of decreasing the
overal temperature inside of the structure and moving
the location of the dew point into the inside of the
inner-layer insulation. By moving the location of dew
point, the temperature of whole area of the mid-layer
insulation may be maintained under dew point, which
may cause condensation and water accumulation when
warm moist air penetrates into wall structure. Therefore,
increasing the thickness of inner-layer insulation may
cause the increased area of possible condensation in
the mid-layer insulation.

4., CONCLUSION

All three models used in this study were relatively
exact in estimating the temperature change through the
wall thickness when comparing with the actual tem-

- 541 -



Sang Sik Jang * Hyoung Woo Lee

perature measurements. All three models produced
similar results to each other, which are matching well
with the experimental results. Therefore, these models
can be used to estimate the thermal effectiveness of
wall gtructures of various composition and the possible
location of condensation in wall structure. From the
analysis of theoretical models, it can conclude that it
is very difficult to prevent condensation in wal structure
without preventing warm moist air penetration into wall
structure. All the combination of inner-, mid- and
outer-layer insulation applied in this study may cause
the temperature in the mid-layer of insulation being
maintained under dew point, which means that con-
densation and water accumulation may be possible if
warm moist air penetrate into the wall structure. To
prevent condensation inside of the wall structure, it
is important to prevent warm moist air from meeting
with the temperature under dew point in the wall
structure. Because dew point is aways located inside
of the wall structure as shown in this study, it is
recommended to prevent condensation in the wall
structure that air tightness of the structure be increased
or rigid foam insulation be used for the whole structure
so that warm moist air cannot penetrate into the wall
structure.
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