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Four tectonic forms samples were conducted to test their heat transfer coefficients. By analyzing and comparing the test values and
theoretical values of the heat transfer coefficient, a corrected-value calculation method for determining the heat transfer coefficient
was proposed; the proposed method was proved to be reasonably correct. The results indicated that the recycled concrete brick
wall heat transfer coefficient is higher than that of the clay brick wall, the heat transfer coefficient of recycled concrete brick wall
could be effectively reduced when combined with the EPS insulation board, and the sandwich insulation type was better than that
of external thermal insulation type.

1. Introduction

As urbanization has gradually been expanding, the rapid
speed of building construction and remarkable achievements
in energy conservation are also expanding [1]. Energy conser-
vation plays an important role in national energy strategies,
mitigating the substantial pressure on resources and the
environment [2, 3]. In building palisade components, the
external wall area occupies a larger proportion, compared
with the building roof, doors, windows, and so forth [4,
5]. The thermal preservation performance of the exterior
wall is the key to achieving energy efficiency in buildings
[5, 6]. Exterior wall differs among building materials, struc-
tural types and varies with environmental conditions. Clay
brick, being widely used in many existing buildings, has
caused great destruction of land resources. Its high tem-
perature kiln firing production process has also caused the
increase of greenhouse gas emissions. Therefore, a growing
need of researching green wall building materials and its
thermal preservation and thermal insulation performance
was induced. Recycled concrete bricks, being made from
crushed waste concrete, have been widely used in masonry
structures as green building materials. Many studies have

been carried out on its mechanical properties, but only a few
measurements of its thermal insulation properties [7]. Addi-
tionally, the most common thermal insulation type was
adding heat preservation materials on the outside of exterior
wall, with the biggest limitation of shorter durability [8, 9].
The expandable polystyrene (EPS) used for thermal insu-
lation played an obvious thermal preservation and thermal
insulation performance. However, the diverse external wall
materials with different forms of EPS heat preservation struc-
tural types, whether the variations of their thermal insulation
properties are distinctly different, have not traditionally been
a focus in the context of the wall heat preservation and energy
conservation.

Heat transfer coefficient (𝑈) was usually used as an
index to measure the thermal preservation and insulation
performance of enclosure wall and mainly decided by the
thermal conductivity coefficient (𝜆) of thematerials.Thermal
and humid environment have been considered to affect the
performance of enclosure wall heat transfer [10–12].The ther-
mal conductivity coefficient changed with air temperature
and humidity, which generated to a deviation between actual
value and theoretical value. However, the performance of
the material parameters was assumed not to be changed
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Figure 1: Tactic forms of wall samples.

Table 1: Material thickness and material properties.

Sample types Layers Thickness
(m)

Conductivity
(Wm−1 K−1)

Density
(kgm−3)

SJ0 Clay bricks wall 0.240 0.508 1662
SJ1 Recycled concrete bricks wall 0.240 0.708 1887

SJ2
1 cement mortar 0.020 0.930 [16] 1990
2 EPS insulation board 0.060 0.042 [16] 29.50
3 recycled concrete bricks wall 0.240 0.708 1887

SJ3

1 recycled concrete bricks wall 0.115 0.708 1887
2 cement mortar 0.010 0.930 [16] 1990
3 EPS insulation board 0.060 0.042 [16] 29.50
4 cement mortar 0.010 0.930 [16] 1990
5 recycled concrete bricks wall 0.115 0.708 1887

SJ0 was clay bricks wall; SJ1 was recycled concrete bricks wall; SJ2 was added unilateral EPS template on the basis of SJ1; SJ3 was added EPS template in the
middle of SJ1.

or the coefficient of thermal conductivity (𝜆) of materials
was expressed as a constant in many studies. Therefore,
there has been growing need of studying the corrected
thermal conductivity coefficient of the material in different
environments and its expanded application in energy saving
design.

Recycled concrete bricks have more and more potential
of development and utilization. Its different combination
with EPS insulation board has both the effects of green
environmental protection and energy saving. Understanding
the heat transfer performance of recycled concrete bricks
combined with EPS insulation board becomes increasingly
imperative in order to quantify their contribution to energy
saving.

The objectives of this study were (1) to test heat transfer
coefficient (𝑈) of recycled concrete bricks wall, (2) to directly
compare the thermal behaviors of various construction wall
solutions, and (3) to put forward a corrected computational
method of the heat transfer coefficient in building energy
optimization.

2. Heat Transfer Coefficient Test

Currently, there is no official standard for test methods that
directly address the dynamic performance of walls: the main
reference norms [13] involve themeasurement of steady-state
characteristics of single materials and multilayer structures
under standardized boundary conditions. In this study, an
experimental analysis with a climatic chamberwas conducted
to compare the effect of heat transfer coefficient of envelope
elements that are characterized by equivalent steady-state
performances.

2.1. Wall Types and Material Properties. In this study, four
different samples were made to quantify their thermal per-
formances.The four samples, which were selected among the
wall typologies, are detailed in Figure 1 and Table 1.

2.2. Test Apparatus. According the standards and studies
concerning this type of test [14, 15], the experimental study
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Figure 2: Environment control climate apparatus system. 1 refers to
the heat flow through the samples; 2 refers to the uneven heat flow
parallel to samples; 3 refers to the heat flow through the metering
tank; 4 refers to the total input power; 5 refers to surrounding heat
loss and the heat flow through the sample’s boundaries; 6 refers to
the sample; 7 refers to the cold chamber; 8 refers to the metering
tank; 9 refers to the protective housing of the environment control
climate apparatus.

used the steady-state heat transfer measurement apparatus
(CD-WTFl515, Shenyang, China).Theheat transfer condition
of the tested building envelop is simulated based on the stan-
dard GB/T 13475-2008 and the single directional steady heat
transfer principle to measure and analyze the heat transfer
coefficient. An environment control climate facility consists
of two air conditioned chambers in which temperature is
controlled by heat resistance wires and refrigeration systems
(Figures 2 and 3).One chamber is used to provide the outdoor
environmental climate. The metering tank temperature is
set to −10∘C (with the permissible temperature difference
of ±0.2∘C). The other chamber simulates the indoor envi-
ronment in which the temperature is set to 35∘C (with the
permissible temperature difference of ±0.1∘C). The samples
were made according to the stipulated size of the testing
equipment.The dimensions of the facility and the samples are
2600 × 2160 × 2140mm high and 1500 × (≤400) × 1500mm
high, respectively (Figure 4). After 28 days of natural drying
in the test apparatus, the interface between the samples and
test device was sealed by polyurethane foams.

All samples were tested in Beijing building materials test
center. The facility was firstly calibrated before treating the
wall samples in the apparatus. The indoor and outside of
the wall samples must be corresponded to the hot and cold
chambers, respectively. For each sample, six groups of related
environment parameters data, such as temperature of the
hot field (𝑡ni) and cold field (𝑡ne), humidity of the hot field
(𝐻ni) and cold field (𝐻ne), and total input power (𝑄

𝑝

), were
measured to reduce the measuring error. Nine temperature

Figure 3: The external view of the environment control climate
apparatus.

Figure 4: The sample box.

sensors were connected to each side of the samples symmet-
rically. The permissible temperature difference of the sample
surface was ±0.5∘C, with a data collection interval of 10min.
The measurements were operated based on the parameters
settings according to the regulation of standard GB/T 13475-
2008. When the permissible temperature difference was
within the value of value range after three hours continuous
climate control, the tests were ended.

3. Heat Transfer Coefficient Calculation Model

The heat transfer through the wall has experienced three
phases: (1) heat exchange of the inner surface; (2) thermal
conductivity of internal wall; (3) heat exchange of the outside
surface. Calculationmethods of heat transfer in each stage are
different [17], in terms of solving process of Fourier equation
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with test method and the method of theory, the boundary
conditions.

3.1. Test Value Calculation Principles. The test principle of
steady-state heat transfer thermal performance testing appa-
ratus (CD-WTFl515, Shenyang, China) was based on one-
dimensional steady heat transfer. The samples were put
between two different temperature fields to simulate the
wall heat transfer in real environments. On either side of
the sample, surface temperature and air temperature were
measured by temperature sensors. The surface temperatures
on both sides of the guide plate were also measured. Inside
and outside surface temperature of metering box and input
power were tested. According to the measured data that the
wall heat transfer coefficient of the samples can be calculated
[13], consider

𝑄
1

= 𝑀
1

(𝑡is − 𝑡es) , (1)

where𝑄
1

is heat flow through themetering boxwall (Wm−2),
𝑀
1

is the heat transfer coefficient of the metering wall
(Wm−2 K−1), 𝑡is is the internal surface temperature of the
metering box (K), and 𝑡es is the outside surface temperature
of the metering box (K).

Then the heat transfer coefficient of the enclosure struc-
ture can be calculated according to the following formula:

𝑈
0

= (𝑄
𝑝

− 𝑄
1

) [𝐴 (𝑡ni − 𝑡ne)]
−1

, (2)

where 𝑄
𝑝

is total power input (Wm−2), 𝐴 is calculated
measurement area, 𝑡ni is temperature of the hot field (K), and
𝑡ne is temperature of the cold field (K).

3.2. The Theoretical Calculation Model. Under the condition
of steady heat transfer, when the whole process of heat
transfer does not change total quantity of heat, Fourier’s law
can be expressed as

𝑞 = (𝑡
𝑖

− 𝑡
𝑒

) (𝑅
𝑖

+∑𝑅 + 𝑅
𝑒

)
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𝑖
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𝑒

) 𝑅
−1

0

,

𝑈
0

= (𝑅
𝑖

+∑𝑅 + 𝑅
𝑒

)
−1

= 𝑅
−1

0

,

𝑅 = 𝑑𝜆
−1

,

(3)

where 𝑞 is the heat transfer of heat flow density of the
structure, 𝑈

0

is the heat transfer coefficient of the building
envelope (Wm−2 K−1), 𝑅

𝑖

is the heat transfer resistance of the
inside surface, which is 0.11m2 KW−1, 𝑅

𝑒

is the heat transfer
resistance of the outside surface, which is 0.04m2 KW−1,𝑅 is
the heat transfer resistance of eachmaterial (m2 KW−1),𝑅

0

is
the heat transfer resistance of the building envelope, 𝑑 is the
thickness of the materials (m), and 𝜆 is thermal conductivity
coefficient of each material (Wm−1 K−1).

3.3. The Corrected-Value Calculation Model. The coefficient
of thermal conductivity of the material is as a constant in
the existing theoretical calculation and numerical calculating

of the literature, without considering the material coefficient
of thermal conductivity with the change of temperature and
humidity. We ought to research the true value calculation
of heat transfer coefficient and apply to the theoretical
calculation.

3.3.1. Thermal Conductivity Coefficient Calculation under
Actual Working Environment. The heat transfer mechanism
of wall construction materials is similar with liquid, which
is to rely on elastic waves. The thermal conductivity was
increased with temperature increase and also impacted by
humidity. The general equation in the case of actual working
condition is usually expressed as

𝜆eff = 𝜆 + Δ𝜆
𝑡

+ Δ𝜆


𝜔

+ Δ𝜆


𝜔

,

Δ𝜆
𝑡

= 𝜆
𝑡

− 𝜆,

Δ𝜆


𝜔

=
𝜆 × 1.163𝜔V𝜎𝜔

100
,

(4)

where 𝜆 is the test value of the material thermal conductivity,
Δ𝜆
𝑡

is the thermal conductivity variation aroused by tem-
perature, Δ𝜆

𝜔

is the thermal conductivity variation aroused
by the weight humidity, and Δ𝜆



𝜔

is the thermal conductivity
variation aroused by freeze.

The 𝜆 ofmaterials were calculated, caused by temperature
difference, weight, humidity, and freeze, respectively. Then
the 𝜆 of materials were calculated in work environment for
the influence of thermal conductivity with temperature and
humidity.

Themodel used to describe the effects of temperature and
humidity on thermal conductivity coefficient of inorganic
binding materials was [18]

𝜆
𝑡

= 1.163𝜆
0

∘C (1 + 0.0025𝑡) ,

𝜆
𝜔

= 𝜆 [1 + (1.163𝜔
𝑉

𝛿
𝜔

) 100
−1

] ,

𝜔
𝑉

= 𝜔
𝑔

𝜌𝜌
−1

𝑤

,

𝛿
𝜔

= 1.15𝜌
2

− 6.05𝜌 + 14.3.

(5)

The thermal conductivity tests were based on the cement
mortar and recycled concrete bricks thermal conductivity
testing standards [16]. The thermal conductivity variations
of the materials caused by temperature, weight, humidity,
and freeze then could be calculated, respectively.The thermal
conductivities (𝜆

0

∘C) (relative change for a 0
∘C change in 𝑡) of

cement mortar and recycled concrete bricks were calculated
as 0.7526Wm−1 K−1 and 0.6160Wm−1 K−1, respectively.

The influence of humidity on thermal conductivity coef-
ficient of EPS template can ignore [19]. The model used to
describe the effects of temperature on thermal conductivity
coefficient of EPS templates was [20]

𝜆
𝑡

= 𝜆
10

∘C (0.9615 + 0.00399𝑡) , (6)

where 𝜆
𝑡

is thermal conductivity coefficient of inorganic
binding materials at mean temperature 𝑡, 𝜆 is thermal
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conductivity coefficient at 20∘C, 𝜆
0

∘C is thermal conductivity
coefficient at 0∘C, 𝑡 is mean temperature of thematerial, 𝜆

10

∘C
is the EPS thermal conductivity coefficient at 10∘C, 𝜆

𝜔

is
moisture thermal conductivity coefficient, 𝜔

𝑉

is the material
moisture (%), 𝛿

𝜔

is humidity corrected coefficient, and 𝜌 is
the density of material (kgm−3).

When the walls show condensation phenomenon, the
daily amount of condensation can be expressed as [17]

𝜔
𝑔

= 24 [(𝑃
𝐴

− 𝑃
𝑠,𝑐

)𝐻
−1

𝑜,𝑖

− (𝑃
𝑠,𝑐

− 𝑃
𝐵

)𝐻
−1

𝑜,𝑒

] , (7)

where 𝜔
𝑔

is the daily amount of condensation (g), 𝑃
𝐴

is
the water vapor partial pressure of higher partial pressure
side (Pa), 𝑃

𝐵

is the water vapor partial pressure of lower
partial pressure side (Pa),𝐻

𝑜,𝑖

is the water vapor permeability
resistance of water vapor flowed in (m2 h Pa g−1), and𝐻

𝑜,𝑒

is
the water vapor permeability resistance of water vapor flowed
out (m2 h Pa g−1).

3.3.2. The Corrected-Value Calculation Principles. The heat
transfer of building envelope was usually calculated based
on steady heat transfer, with the fixed thermal conductiv-
ities of materials being fixed values. However, the thermal
conductivity, with different building envelope materials and
structure types, whether the variations are distinctly different
from steady heat transfer in actual work condition, has not
traditionally been corrected in the context of energy saving
research. Therefore, there exists a need to correct thermal
conductivity on temperature and humidity. The calculation
should satisfy the law of energy conservation and the heat
flow density through the wall and each layer should be equal.
Consider

𝜃
𝑚

= 𝑡
𝑖

− (𝑅
1

+ 𝑅
2

+ ⋅ ⋅ ⋅ + 𝑅
𝑚−1

) 𝑅
−1

0

(𝑡
𝑖

− 𝑡
𝑒

) , (8)

where 𝑞 is heat flux, 𝑞
𝑖

is wall inner surface heat flow (Wm−2),
𝑞
𝑒

is wall surface heat flow (Wm−2), 𝑞
𝜆

is wall heat flow
(Wm−2), 𝜃

𝑚

is the inner surface temperature of any layer of
the multilayer wall (K), 𝑡

𝑖

is indoor air temperature (K), 𝑡
𝑒

is
outdoor air temperature (K), and 𝑅 is heat transfer resistance
(m2 KW−1).

Additionally, the calculation should satisfy that the
osmotic quantity was not only proportional to the vapor
pressure difference between inside and outside, but also
inversely proportional to the resistance in the process of
penetration. The equation is represented as

𝜔 = (𝑃
𝑖

− 𝑃
𝑒

)𝐻
−1

0

𝑃
𝑚

= 𝑃
𝑖
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1

+ 𝐻
2

+ ⋅ ⋅ ⋅ + 𝐻
𝑚−1

) (𝑃
𝑖

− 𝑃
𝑒

)𝐻
−1

0

,

(9)

where 𝜔 is infiltration intensity of water vapor (gm−2 h−1),
𝑃
𝑖

is partial water vapor pressure of indoor air (Pa), 𝑃
𝑒

is
partial water vapor pressure of outdoor air (Pa),𝐻

0

is the total
resistance of water vapor penetration from building envelope
(m2 h Pa g−1), 𝐻 is water vapor penetration resistance of
materials (m2 h Pa g−1), and 𝑃

𝑚

is inner surface partial vapor
pressure of any layer of the multilayer wall (Pa).

Table 2: Experimental results of themeanmeasured temperature of
the hot field (𝑡ni) and cold field (𝑡ne), humidity of the hot field (𝐻ni)
and cold field (𝐻ne), and total input power (𝑄

𝑝

).

Sample
types 𝑡ni (

∘C) 𝑡ne (
∘C) 𝐻ni (%) 𝐻ne (%) 𝑄

𝑝

(W)

SJ0 34.92 −10.17 54.30 49.70 122.71
SJ1 34.91 −10.03 55.40 43.80 156.38
SJ2 34.97 −10.15 60.80 46.20 38.27
SJ3 35.09 −10.02 60.90 50.30 30.21

3.3.3. Correct Calculation of Heat Transfer Coefficient. Com-
bined with these known values, such as the thicknesses
of each wall’s materials, thermal conductivities, and water
vapor penetration coefficient, the temperature distribution
inside the wall, the water vapor partial pressure distribution,
the water content, and the amount of ice then could be
calculated. This will modify the thermal conductivities of
each material to calculate the heat transfer coefficient. The
modified thermal conductivities were then reused to repeat
the calculation.Then the heat transfer coefficient is iteratively
solved until the change of values is within the convergent
criterion (Figure 5).

4. Results

4.1. Experimental Results and Uncertainty Analysis. Mean
values of the related environment parameters of the four
samples were showed in Table 2, respectively.The uncertainty
of the measurement results may be involved to several uncer-
tainty components. The combined standard uncertainties
caused by measurement repeatability (𝑢

1

) were 𝑢
1

(𝑈SJ0) =

0.23%; 𝑢
1

(𝑈SJ1) = 0.16%; 𝑢
1

(𝑈SJ2) = 0.59%; 𝑢
1

(𝑈SJ3) =

0.45%, respectively. The combined standard uncertainties
caused by the power test value error (𝑢

2

) and temperature
test value error (𝑢

3

) were 0.1% and 1%, in which the coverage
factor (𝑘) is 2. Therefore, the combined standard uncertainty
of the heat transfer coefficient experiment was synthesized by
these uncertainty components [21]. Consider

𝑢
𝑓

= [𝑢
2

1

+ 𝑢
2

2

+ 𝑢
2

3

]
0.5 (10)

in which the coverage factor (𝑘) is 2.The combined expanded
uncertainties for the heat transfer coefficient were 2.06%,
2.04%, 2.33%, and 2.20%, respectively.

4.2. Test Values and Theoretical Values. Test value of heat
transfer coefficient can be calculated with the wall sample test
data and the calculation model (Table 3). Theoretical value
of heat transfer coefficient can be calculated with theoretical
calculation model. The coefficient of thermal conductivity
of recycled concrete brick wall was calculated with the test
results of SJ1. The heat transfer coefficients of SJ2 and SJ3
were calculated with the coefficient of thermal conductivity
of recycled concrete bricks wall.

4.3. Results of Test Values andTheoretical Values. Experimen-
tal value of heat transfer coefficient of SJ0 was lower than that
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Input

Geometrical parameter Meteorological parameters

Calculate the amount of condensation and ice, and adjust the 𝜆 of materials

Calculate Ui+1

Ui+1 − Ui ≤ ΔU

Output Ui+1

Replace the internal
temperature and

relative humidity field
of the enclosure wall

Yes

No

The basic physical parameters of material

Calculate the internal temperature and relative humidity field of the enclosure wall and Ui

Figure 5: The process of calculating the corrected value of heat transfer coefficient.

Table 3: Comparison between experimental values and theoretical
values of wall heat transfer coefficients.

Sample types Experimental values
(m2 KW−1)

Theoretical values
(m2 KW−1)

SJ0 1.607 (1 ± 2.06%) —
SJ1 2.046 (1 ± 2.04%) —
SJ2 0.497 (1 ± 2.33%) 0.522
SJ3 0.391 (1 ± 2.20%) 0.519

of SJ1; experimental value of heat transfer coefficient of SJ2
was lower than that of SJ1; after adding 60mm unilateral EPS
template, the wall heat transfer coefficient of SJ2 was reduced
by 76%, and the energy saving effects significantly increased.
After adding 60mm EPS template in the middle of recycled
concrete bricks wall, the wall heat transfer coefficient of SJ3
was reduced by 81%; heat transfer coefficient value of SJ3 is
less than that of SJ2.

The heat transfer coefficients of the samples are different
between experimental values and theoretical values.Theoret-
ical value using the boundary layer of thermal resistance and
material coefficient of thermal conductivity are different from
material coefficient of thermal conductivity corrected value.
The error of the sample material size has large influence on
heat transfer coefficient of the theoretical value calculated.
𝑈 was strongly, significantly related to the thickness of EPS
template (𝑑) (Figure 6), decreasing with rising thickness of
EPS template. The fitted lines in Figure 6 were derived from
the empirical model (𝑈 = 1/(𝑎 + 𝑥/𝑏)). Heat transfer
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Figure 6: The relationship between the thickness of the EPS
template and heat transfer coefficient.

coefficient values of the maintaining wall decreased with
increasing thickness of the EPS insulation board (Figure 6).
It showed that after adding thinner EPS insulation board, the
heat transfer coefficient could be greatly reduced. However,
with the constantly increasing thickness of EPS insulation
board, heat transfer coefficient value are no longer signifi-
cantly decreased. Similarly, the thermal resistance of sample
has a monotone increasing ratio of the total thermal resis-
tance, and the speed slows down. Through the calculation
result, 60mm EPS insulation board decreased the thickness
of 5mm, and the maintenance wall heat transfer coefficient
increases by 6.6%.
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Figure 7: Comparison between experimental values, theoretical
values, and corrected values of wall heat transfer coefficients.

4.4. Results Analysis of Correct Calculation of Heat Transfer
Coefficient. According to the true value calculation model
of heat transfer coefficient, heat transfer coefficients of SJ2
and SJ3 were evaluated in the test environment, and Figure 7
showed the results of the comparison between the theoretical
values and experimental values.

Figure 7 showed the results; when considering the influ-
ences of temperature and humidity on materials change, the
heat transfer coefficients of corrected calculation values were
all lower than theoretical values and much closer to the
experimental values, which could prove that corrected com-
putationwas correct and reflect the heat transfer performance
accurately.

5. Conclusions

In this study, four tactic forms of wall samples were tested
to investigate their heat transfer coefficients; the heat transfer
coefficient of recycled concrete bricks wall is significantly
reduced after obtaining composite EPS insulation board.The
heat transfer coefficient of both sides of recycled concrete
bricks wall withmiddle 60mmEPS insulation board not only
is less than the same thickness of the external insulation but
also has excellent durability. Based on the basic mechanism
of the thermal conductivity of recycled concrete bricks and
EPS insulation board, the relationship between coefficient of
thermal conductivity of various materials and temperature,
humidity could be derived. According to expression of the
true thermal conductivity of material, calculationmethods of
heat transfer coefficient of recycled concrete bricks composite
EPS insulation board wall have been proposed. By analyzing
the experimental values, the theoretical values, and the
corrected values of the test samples, the corrected-value
calculation method was proved to be correct and reasonable
and can achieve better energy efficiency.
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