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Abstract: The thickness of the hot component in a turbine engine is usually small. Therefore,
the traditional prediction model of anisotropic thermal conductivity (ATC) based on the periodic
hypothesis may be improper for use in the thermal analysis of ceramic matrix composite (CMC)
components with a thin-wall structure. Thus, the prediction model for the ATC of a 2.5-D braided
CMC was investigated, taking into account the actual thickness of the CMC thin-wall structure.
An RVE (Representative Volume Element) model with a periodic boundary and a full-size model with
the actual thickness were built to study the temperature field, the heat flux field, and the effective
thermal conductivity of the CMC. A validation experiment was carried out to verify the accuracy
of the two prediction models. The effect of the composite’s thickness on the ATC and the critical
thickness suitable for the RVE model were also studied. The results showed that in the thermal
analysis of the thin-wall structure, the RVE model had a large deviation in the estimation of the
effective thermal conductivity in the thickness direction. The relative error between the numerical
data based on the RVE model and the experimental data reached 10.93%, while the relative error
was only 3.53% for the full-size model. Additionally, with increasing thickness, the effective thermal
conductivities, based on the RVE model and the full-size model, were close to each other. For the
critical thickness for the RVE model, which would be suitable for the prediction of the ATC, if the
material’s thermal properties such as the absolute value ratio and the level of anisotropy changed,
the corresponding critical thickness was also different. For the ATC of the SiC/SiC composites used
in this study, the critical thickness was found to be 18.4 mm, nearly 31 times larger than the RVE
model’s thickness.

Keywords: ceramic matrix composite; anisotropic thermal conductivity; 2.5-D braided composite;
representative volume element; thin-wall structure

1. Introduction

The inlet temperatures of gas turbine engines are becoming higher in order to obtain better
performances. Those high inlet temperatures could be far beyond the temperature limits of current
superalloy materials [1]. More coolant and more complex cooling configurations need to be applied,
but the performance of the turbine engines could be weakened. Consequently, highly heat-resistant
materials, such as ceramic matrix composite (CMC), have attracted a great deal of attentions in recent
years [2–4].

For the application of CMCs for the components with high temperatures, thermal analysis is an
important research topic. Michael et al. [5] studied the temperature distribution of a CMC turbine vane
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with a film-cooling configuration, both experimentally and numerically, for a gas turbine environment.
Their results encouraged the potential applications of CMC materials for turbine airfoil. Heidmann
et al. [6] performed a numerical study of the heat transfer process of a nickel-based alloy vane case
and a silicon nitride ceramic vane case in which the thermal conductivities were different. The results
showed that the thermal conductivity had a significant effect on the internal heat transfer, which
further affected the vane’s temperature field.

However, as a fiber reinforced composite, the thermal conductivity of the CMC material is
anisotropic [7,8] due to the significant differences between the thermal conductivities in the fiber’s
axial direction and the radial direction and the differences between the thermal conductivities of the
fibers and the matrix. Lebel et al. [9] investigated the thermal and mechanical performances of the
CMC materials under the cyclic thermal stresses of a gas turbine combustion chamber. The anisotropic
thermal conductivity (ATC) was used in the analysis, and the in-plane and the through-thickness
thermal conductivities were set as 3 W/(m·K) and 1.8 W/(m·K), respectively. Tu and Mao et al. [10]
studied the thermal analysis method of a CMC turbine vane. In the simulation, the effective ATCs
were used to reflect the CMC’s anisotropy. The results showed that the directions of the ATCs changed
at different locations on the CMC turbine vane, and as a result, the braided direction was changed
due to the warped surface. This variation of the ATC affected the heat transfer in the solid region of
the CMC turbine vane. Liu et al. [11] carried out a multi-scale thermodynamic analysis for a CMC
turbine vane. The in-plane and the through-thickness thermal conductivities were 12.1 W/(m·K) and
8.83 W/(m·K), respectively. The variation of the material’s ATC local coordinates due to the vane’s
curved surface was also considered.

The research mentioned above indicates that in the thermal analysis of a CMC component with a
high temperature, the ATC is an important parameter. However, the ATC varies for different CMC
materials, and the internal structure and the percentages of the components with different thermal
properties have significant influences on the ATC. For example, Kiani et al. [12] studied the thermal
conductivity of triaxial braided composites with fibers that changed directions. The results showed that
when the direction of the fibers changed from ±25◦ to ±65◦, the thermal conductivity in the thickness
direction changed from 4.2 W/(m·K) to 5.15 W/(m·K). In the work of Jiang et al. [13], the thermal
conductivities of 3-D braided composites were investigated. The results showed that the volume
fraction of the fibers had a considerable effect on the thermal conductivity. When the volume fraction
of the fibers increased from 0.25 to 0.55, the thermal conductivity in the braided direction changed
from 0.68 W/(m·K) to 1.3 W/(m·K).

Thus, the prediction method of the braided CMC’s ATC is an important aspect in the application
of the CMC, which has been widely studied. The homogenization method [14], the thermoelectric
analogy model [15], and the mathematical model [16] have been developed for many years, and they
have different advantages depending on the purpose. The Representative Volume Element (RVE)
method was developed based on the homogenization method, and it has attracted much attention
due to the fact that it could introduce many information of the micro/meso-structures. This model
was firstly studied by Hill [17]. A simple way to apply the RVE model is to use the minimal structural
repeating unit with a periodicity hypothesis. For example, Siddiqui et al. [18] investigated the effective
thermal conductivity and thermal resistance of a 2-D woven fabric using the finite element method.
An RVE model including two warp yarns and two weft yarns was applied based on the scanning
electron microscope, and the geometrical size of the RVE was 0.862 mm × 0.862 mm × 0.5 mm.
Ai et al. [19] studied the thermal conductivity of 3-D woven C/C composites at high temperature
numerically and experimentally. The multi-scale method was applied, including the microscale model
and the mesoscale model, in which the mesoscale model was an RVE model including two warp yarns,
two weft yarns, and one yarn in the thickness direction. The geometrical size of the RVE was 1.96 mm
× 1.96 mm × 0.76 mm, and the thickness of the experimental sample was 5 mm. Fang et al. [20] built
an RVE model with a geometrical size of 2.724 mm × 2.724 mm × 5.843 mm to predict the thermal
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conductivities of three-dimensional four-directional braided composites. Similar works can also be
found in other references [21–23].

All of the studies mentioned above used an RVE model where the geometrical structure was
based on the periodicity hypothesis and the global thickness of the RVE models was in the range
of 0.5 mm to 3 mm. However, the thickness of the hot components, such as the turbine vane, was
small (2–3 mm). Therefore, for the thermal analysis of a CMC component and the prediction of the
thermal conductivity of the corresponding material, the RVE model may be improper. The periodicity
hypothesis, which is the foundation of the RVE model, is unsatisfied.

Some researchers tried to build a model with a full size in the thickness direction. For example,
Dong et al. [24] numerically and experimentally investigated the thermal conductivity of 2.5-D
angle-interlock woven composites. A full-size model with a geometrical size of 8.8 mm × 8.46 mm ×
6.26 mm was built. In this model, the thickness of the fiber bundles was nearly 0.3 mm. The results
showed that the thermal conductivity in the thickness direction based on the full-size model agreed
well with the experimental data, and the relative error was about 4.1%. Although the full-size model
could describe the geometrical characteristics more accurately, it needed much more meshes than the
RVE model, due to the big differences between the sizes of the microstructure and the macroscopic
components. This limited the application of the full-size model in the thermal analysis of the CMC
components with large sizes. Therefore, there is a critical thickness for the application of the RVE
model or the full-size model, which need to be studied considering both the accuracy and the efficiency.

Accordingly, the present work aims to investigate the ATC prediction model of the 2.5-D
braided ceramic matrix composites, taking into account the actual thickness of the high-temperature
components. An RVE model with a periodic boundary and a full-size model based on the actual
thickness were built to study the effect of the composite thickness on the estimation accuracy of the
effective thermal conductivity. The validation experiment was carried out to verify the estimation
method of the effective thermal conductivity. Additionally, the influence of the thickness on the
effective thermal conductivity and the critical thickness that was suitable for the RVE model were also
studied under different operating conditions of the CMC’s ATC.

2. Research Models

Figure 1a shows a photograph of the 2.5-D braided CMC (SiC/SiC). According to the information
supplied by the material supplier SAFEI group, the axial and the radial thermal conductivities of the
SiC fiber bundle are 9.66 W/(m·K) and 1.48 W/(m·K), and the thermal conductivity of the ceramic
matrix is 6.5 W/(m·K). The sample used in the numerical simulation and the experiment are shown in
Figure 1. The size of this sample was 10 mm × 10 mm × 2.8 mm (length × width × height).
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Figure 1. (a) A photograph and (b) a schematic diagram of the 2.5-D braided ceramic matrix composite
(CMC).

Figure 1b shows a schematic diagram of the ideal structure of the 2.5-D braided fiber bundles.
A minimal periodic unit cell was created as the RVE model, which was applied in the thermal analysis
of the 2.5-D braided CMC. Similar to the RVE model in Reference [25], an RVE model was built of
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the 2.5-D braided CMC, considering the geometry characteristics of the 2.5-D braided CMC shown in
Figure 1a. For the model, the following hypotheses are considered:

1. The sections of the axial yarns and the braided yarns are both hexagons.
2. There are no cracks in the models. Instead, they are completely continuous.

Figure 2 shows the RVE model of the 2.5-D braided CMC. The size of the model was 5.72 mm ×
3.34 mm × 0.6 mm (length × width × height), as shown in Figure 2a. According to the data of the
scanning electron microscope test, the average size of the sections of the fiber bundles was 1.5 mm ×
0.25 mm (width × height), as shown in Figure 2b. The angle of the braided yarns was 45◦. The parts of
the matrix and the fiber bundles were given in Figure 2c,d.
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Figure 2. A schematic diagram of the Representative Volume Element (RVE) model.

Additionally, a full-size model was built to compare with the RVE model. Figure 3 shows
the full-size model, which was built based on the actual size of the sample shown in Figure 1a.
The geometry size was 11.4 mm × 10 mm × 2.8 mm (length × width × height), for which the length
was set as 11.4 mm to preserve the periodicity of side surfaces. The distances between the two adjacent
axial yarns on the z-axis and x-axis were 0.6 mm and 1.4 mm, respectively. The distance between the
two adjacent braided yarns on the y-axis was 0.2 mm. The angle of the braided yarns was 45◦.
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3. Numerical Methodology

For the two numerical models mentioned above, i.e., the RVE model and the full-size model,
the thermal analysis was carried out using the Finite Element Method (FEM) based on the Comsol
software. In the simulation, the thermal conductivity of the matrix and the fiber bundles were firstly
calculated, with particular attention to the ATCs of different parts of the braided yarn due to the varied
directions of the fiber bundles. Then, the meshes of the two models were generated, and the boundary
conditions with constant temperatures were applied. Finally, the finite element simulation of the
temperature fields was carried out. The information about the heat flux and the thermal gradient was
obtained simultaneously, and this information was used to calculate the effective thermal conductivity.
The steps of the procedure are given below.

3.1. Governing Equations

In the solid region, the steady-state energy transport equation in the tensor form is written as [26]

ρCp
→
ν ·∇T = ∇·

(
kij∇T

)
+ Q (1)

where Cp is the specific heat capacity at constant pressure and Q is the source term. The term on the
left-hand side represents the convective energy transfer due to the rotational or translational motion of
the solids. The velocity field,

→
ν , is computed from the motion specified for the solid zone. In this paper,

both this term and Q are zero because the solid region is stationary. kij is the thermal conductivity,
which is anisotropic in this paper.

3.2. Application of the ATC

In the RVE model shown in Figure 2, the thermal conductivity of the matrix is isotropic, but the
thermal conductivity of the fiber bundles is anisotropic, and the thermal conductivity in the axial
direction is bigger than that in the radial direction. To represent the ATC of the fiber bundles, a local
Cartesian coordinate system (ζ, η, ν) was introduced, with the ζ axis along the yarn’s axial direction.
The ζ axis was considered as the principal direction of the thermal conductivity (PDTC) because the
thermal conductivity was largest in this direction.

The axial yarn’s direction was along the Y axis of the global Cartesian coordinate system (X, Y, Z),
as shown in Figure 4, so the ATC of axial yarns could be represented by three thermal conductivities
on the X, Y, and Z axes, respectively. However, the directions of the braided yarns were changed
in different parts, as shown in Figure 4. There was an inclined angle between the local Cartesian
coordinate (ζ, η, ν) and the global Cartesian coordinate (X, Y, Z), so the ATC applied for (X, Y, Z)
needed to be transferred, and the transformation method was described as follows.
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According to the study in Reference [27], the anisotropic thermal conductivity kij can be expressed
as the matrix

kij =

 kXX kXY kXZ
kYX kYY kYZ
kZX kZY kZZ

 (2)

Equation (2) can be rewritten as shown below: kXX kXY kXZ
kYX kYY kYZ
kZX kZY kZZ

 =

 l1 m1 n1

l2 m2 n2

l3 m3 n3


 kζ 0 0

0 kη 0
0 0 kν


 l1 l2 l3

m1 m2 m3

n1 n2 n3

 (3)

where l1 m1 n1

l2 m2 n2

l3 m3 n3

 =

 cos γ cos β − cos α sin γ + cos γ sin β sin α sin γ sin α + cos γ sin β cos α

sin γ cos α cos γ cos α + sin γ sin β sin α − cos γ sin α + sin γ sin β cos α

− sin β cos β sin α cos β cos α

 (4)

Equation (4) shows the transform matrix between the local coordinate system (principal direction
of the thermal conductivity) and the global Cartesian coordinate system, with the inclined PDTC
angles α, β and γ.

3.3. Mesh and Boundary Conditions

The top and bottom surfaces of the RVE model and the full-size model on the z-axes were applied
with constant temperature boundary conditions. The temperatures on the top and bottom surfaces
were set as 273 K and 283 K, respectively. The four side surfaces were applied with periodic boundary
conditions, as shown in Figure 5a,b.

To generate the mesh, a grid dependency test based on the RVE model was carried out.
The maximum mesh size was changed from 1.09 mm to 0.2 mm, and the corresponding numbers of
the meshes were 9490, 17639, 41295, 71,898, 110,014, and 209,159. Figure 5c shows the variation of kZ

with the increasing number of the mesh. The results show that when the number was equal to 71,898,
the relative variation of kZ was smaller than 1%.

Finally, the number of the mesh applied for the RVE model was 71,898. The maximum and
minimal mesh sizes were 0.458 mm and 0.057 mm, and the mesh growth rate was smaller than 1.45,
as shown in Figure 5a. For the full-size model, the mesh generation strategy was the same as that of
the RVE model. The corresponding number of the mesh was 798,492, the maximum and minimal mesh
sizes were kept at 0.458 mm and 0.057 mm, and the mesh growth rate was smaller than 1.45, as shown
in Figure 5b.

3.4. Operating Conditions and Parameters Definition

In the simulation, there were two kinds of numerical models, i.e., the RVE model and the full-size
model. The RVE model was a minimal periodic element in the 2.5-D braided CMC, while the full-size
model was based on the sample’s real size for the 2.5-D braided CMC.
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Simultaneously, to study the influence of the sample thickness on the Effective Thermal
Conductivity (ETC) and the critical thickness that was suitable for the RVE model, full-size models
with different thickness of the z-axis were built. The thicknesses LZ were set as 2.8 mm, 4.0 mm,
7.6 mm, 11.2 mm, 14.8 mm, and 18.4 mm, as shown in Figure 6. The boundary conditions and the mesh
generation strategies were the same for the model shown in Figure 5b. The corresponding numbers of
the meshes were 798,492, 1,297,051, 2,785,965, 4,264,916, 5,465,846, and 6,760,725, respectively.
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Additionally, to make the results and conclusions more useful, in the investigation of the thermal
conductivities with increasing thickness, the absolute value ratio, n (as shown in Equation (5)), and the
level of anisotropy, r (as shown in Equation (6)), of the thermal conductivities of the fiber bundles
were changed.

n =
kζ

9.66
=

kη

1.48
=

kν

1.48
(5)

r =
kζ

kη
=

kζ

kν
(6)
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where kζ , kη , and kν are the thermal conductivities along the ζ, η, and ν directions and their values are
9.66 W/(m·K), 1.48 W/(m·K), and 1.48 W/(m·K), respectively, of the sample in Figure 1.

The operating conditions of the absolute value ratio n and the level of anisotropy r were set
according to the data in Reference [28], as shown in Table 1. The ATC of the sample shown in Figure 1a
was set as the basic Case 1. For Cases 2–5, the values of kζ , kη , and kν were increased at the same
time to improve the absolute value ratio n and the level of anisotropy r was kept constant. For Cases
6–9, the kη and kν were kept constant and the kζ was increased to improve the level of anisotropy r.
Correspondingly, the absolute value n did not exist. The corresponding kζ , kη , and kν for each case are
also given in Table 1.

Table 1. A summary of the cases studied.

Case kζ /kη/kν W/(m·K) n r

1 9.66/1.48/1.48 1 6.53
2 19.32/2.96/2.96 2 6.53
3 38.64/5.92/5.92 4 6.53
4 57.96/8.88/8.88 6 6.53
5 96.6/14.8/14.8 10 6.53
6 14.8/1.48/1.48 / 10
7 19.24/1.48/1.48 / 13
8 23.68/1.48/1.48 / 16
9 29.6/1.48/1.48 / 20

In the analysis of the results, the parameter Ff that represents the volume fraction of the fibers is
defined as follows:

Ff =
Vf

Vt
(7)

where Vf is the volume of fibers and Vt is the total volume of the model.
Additionally, although the constant temperature boundary conditions in different models were

the same, it should be noted that the thickness changed, so the temperature and the heat flux in
different models varied. To compare the temperature and the heat flux in different models fairly,
the relative temperature fluctuations δT and the relative heat flux fluctuations δhf are defined:

δT =
Ti − Tavg

10[K]
(8)

δh f =
h fi − h favg

h favg
(9)

where Ti is the local temperature, Tavg is the average temperature, and 10 K is the difference between
the two constant temperature boundary conditions. The hfi term is the local heat flux, and hfavg is the
average heat flux.

When the relative deviation between the ETCs based on the RVE model and the full-size model
was smaller than 5%, the corresponding thickness of the full-size model was defined as the “critical
thickness”, LZ. For different ATC cases in Table 1, the critical thickness LZ which was suitable for the
RVE model was investigated in this paper.

4. Results and Discussions

4.1. Comparison between the RVE Model and the Full-Size Model

To analyze the difference between the results based on the RVE model and the full-size model,
the temperature fields, the heat flux fields, and the effective thermal conductivity of the two models
were analyzed. In the simulation, the ATC was set as the basic Case 1, and the thickness of the
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full-size model was the sample’s actual size (2.8 mm). Additionally, tests of the sample’s thermal
conductivity through the thickness were carried out to validate the accuracy of the RVE model and the
full-size model.

4.1.1. Temperature Field

Figure 7 shows the temperature fields of the RVE model and the full-size model. The temperature
distribution of the RVE’s surface is shown in Figure 7a. In the figure, regions A and C are the matrix
and region B is the fiber bundles. It can be seen that the temperature distributions of the three regions
had significant differences. In the regions between the fiber bundles and the matrix (A and B; B and C),
the directions of the isotherms had considerable variations. The reason for this was that in the process
of heat transfer from the high-temperature surface to the low-temperature surface (via the red arrows
shown in Figure 7a), there were different regions with different thermal conductivities, which led to
heat conduction along multiple walls. In the fiber bundles, the horizontal yarns and the diagonal yarns
had different directions, which led to different ATCs, so the transmission paths of the heat in the fiber
bundles also varied.

Figure 7b shows the temperature distribution on the surface of the full-size model.
The temperature field was also heterogeneous. There were significant thermal gradients in the region
between the fiber bundles and the matrix, which was similar to the RVE model. The reason for this
was also that the transmission path of the heat changed due to the difference of the fibers’ and the
matrix’s thermal conductivities.
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Figure 7c,d shows the distributions of the temperature fluctuation δT in the middle sections of
the z-axes of the two models. The results show that δT for these sections was obvious in both the fiber
bundles and the matrix. Additionally, in the middle section of the full-size model, δT of the part with
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the same size of the RVE model was found. The distributions of δT in those two models had significant
differences, and δT in the RVE model had more dramatic changes compared to δT in the full-size model.
For the RVE model, the maximum δT in the middle section was 9.96%, while for the full-size model,
the maximum δT in the middle section was 6.39%.

4.1.2. Heat Flux Field

To analyze the influence of ATC on the heat transfer in the 2.5-D braided CMC, Figure 8 shows
the heat flux distributions of the RVE model and the full-size model. From Figure 8a,b, it can be seen
that the heat flux fields were heterogeneous and that the heat flux of the diagonal braided yarns was
larger than the heat flux of the axial yarns on the Y-axis and the horizontal braided yarns on the x-axis.
The reason for this was that the axial and radial thermal conductivities of the fibers bundle were
9.66 W/(m·K) and 1.48 W/(m·K), and the thermal conductivity of the matrix was 6.5 W/(m·K). In the
diagonal braided yarns, there was a component of the bigger thermal conductivity (9.66 W/(m·K)) on
the z-axis, leading to an enhancement of the heat conduction on the z-axis.
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Figure 8c,d shows the distributions of the heat flux fluctuation δhf for the middle sections of the
Z axes of the two models. The results show that the heat flux fluctuations were significant and that the
distributions for those two models were similar. For the RVE model, the maximum δhf was 255.58%.
For the full-size model, the maximum δhf reached 280.40%.

4.1.3. Effective Thermal Conductivity

According to the results mentioned above, the average heat flux on the z-axis of the RVE model
was 56,958 W/m2, the difference between the constant temperatures of top and bottom surfaces was
10 K, and the thickness of the RVE model was 0.6 mm. In the full-size model, the average heat flux on
the z-axis was 13,968 W/m2, the difference between the constant temperatures of the top and bottom
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surfaces was 10 K, and the thickness was 2.8 mm. Therefore, the effective thermal conductivities on
the z-axes kZ of the two models could be calculated based on Fourier’s thermal conduction equation.

The kZ values of the RVE model and the full-size model were 3.42 W/(m·K) and 3.91 W/(m·K),
respectively. The ETC kZ based on the RVE model and the ETC kZ based on full-size model had
a significant difference. The reason for this was that the thickness of the full-size model was small
(2.8 mm) and the periodicity was unsatisfied in the Z axis direction for the full-size model, leading to a
large difference for the periodic RVE model.

Furthermore, the effective thermal conductivities along the x- and y-axes (kX and kY) could also
be calculated using a similar method. The kX values of the RVE model and full-size model were
5.63 W/(m·K) and 5.62 W/(m·K), respectively, and the kY values of the two models were 5.28 W/(m·K)
and 5.77 W/(m·K), respectively. A comparison between the ATCs based on the RVE model and full-size
model is shown in Figure 9.Appl. Sci. 2019, 9, x FOR PEER REVIEW 12 of 18 

 

Figure 9. The effective thermal conductivities based on the two models. 

4.1.4. Validation of the RVE Model and the Full-Size Model 

To validate the accuracies of the RVE model and the full-size model, the thermal conductivity of 

the z-axis kZ for the sample shown in Figure 1a was tested. A NETZSCH LFA 457 Micro-Flash 

instrument was used to measure the thermal diffusion coefficient, and the specific heat capacity was 

measured with a DSC 200 F3. The geometrical sizes of the samples were 10 mm × 10 mm × 2.8 mm 

(length × width × height), which satisfied the demands of the test equipment. Finally, the thermal 

conductivity was calculated using the density, the thermal diffusivity, and the specific heat capacity. 

In the experiment, the kZ values at four different positions of the sample were tested.  

According to the experimental results, the density of the sample was 1.711 × 103 kg/m3 and the 

specific heat capacity was 0.688 × 103 J/(kg·K). Table 2 shows the experimental data of the thermal 

diffusivity and the corresponding thermal conductivity on the Z axis. The thermal conductivities at 

four different positions on the sample were tested. The results show that the four different thermal 

conductivities were close to each other. The average kZ value was 4.053 W/(mK). 

Table 2. A comparison of the experimental and numerical data. 

Experimental Data Numerical Data 

Thermal Diffusivity/m2/s 
Thermal conductivity 

kZ/W/(mK) 

Mean 

Value/W/(m

K) 

Standard 

Deviation/W/(m

K) 

RVE 

Model/W/(m

K) 

Full-Size 

Model/W/(m

K) 

3.42

7 

3.46

0 

3.44

4 

3.44

3 

4.03

6 

4.07

2 

4.05

3 

4.05

2 
4.053 0.015 3.42 3.91 

The numerical results in Section 4.1.3 are also given in Table 2. The numerical results of the kZ 

values based on the RVE model and the full-size model are 3.42 W/(mK) and 3.91 W/(mK), 

respectively, and the relative differences compared to the experimental data are 15.62% and 3.53%, 

respectively. The numerical result based on the full-size model is closer to the experimental data. In 

the thermal analysis of thin-walled structures such as a turbine vane, the RVE model would lead to 

a large deviation in the estimation of the effective thermal conductivity. The reason for this is that the 

main difference between the RVE model and the full-size model is the boundary part shown in Figure 

10. The periodic hypothesis of the RVE model could not be satisfied in the CMC’s boundary parts, 

and the volume fractions of the fibers and the braided structure are also different, which would lead 

to the variation of the heat transfer in these parts. In the RVE model and the full-size model, the 

volume fractions of the fibers Ff were 54.34% and 39.61%, respectively. Therefore, the full-size model 

could truly reflect the internal structure of a CMC thin-wall structure. 

Figure 9. The effective thermal conductivities based on the two models.

4.1.4. Validation of the RVE Model and the Full-Size Model

To validate the accuracies of the RVE model and the full-size model, the thermal conductivity
of the z-axis kZ for the sample shown in Figure 1a was tested. A NETZSCH LFA 457 Micro-Flash
instrument was used to measure the thermal diffusion coefficient, and the specific heat capacity was
measured with a DSC 200 F3. The geometrical sizes of the samples were 10 mm × 10 mm × 2.8 mm
(length × width × height), which satisfied the demands of the test equipment. Finally, the thermal
conductivity was calculated using the density, the thermal diffusivity, and the specific heat capacity.
In the experiment, the kZ values at four different positions of the sample were tested.

According to the experimental results, the density of the sample was 1.711 × 103 kg/m3 and the
specific heat capacity was 0.688 × 103 J/(kg·K). Table 2 shows the experimental data of the thermal
diffusivity and the corresponding thermal conductivity on the Z axis. The thermal conductivities at
four different positions on the sample were tested. The results show that the four different thermal
conductivities were close to each other. The average kZ value was 4.053 W/(m·K).

Table 2. A comparison of the experimental and numerical data.

Experimental Data Numerical Data

Thermal Diffusivity/m2/s
Thermal Conductivity

kZ/W/(m·K)
Mean

Value/W/(m·K)
Standard

Deviation/W/(m·K)
RVE

Model/W/(m·K)
Full-Size

Model/W/(m·K)

3.427 3.460 3.444 3.443 4.036 4.072 4.053 4.052 4.053 0.015 3.42 3.91

The numerical results in Section 4.1.3 are also given in Table 2. The numerical results of the
kZ values based on the RVE model and the full-size model are 3.42 W/(m·K) and 3.91 W/(m·K),
respectively, and the relative differences compared to the experimental data are 15.62% and 3.53%,
respectively. The numerical result based on the full-size model is closer to the experimental data. In the
thermal analysis of thin-walled structures such as a turbine vane, the RVE model would lead to a large
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deviation in the estimation of the effective thermal conductivity. The reason for this is that the main
difference between the RVE model and the full-size model is the boundary part shown in Figure 10.
The periodic hypothesis of the RVE model could not be satisfied in the CMC’s boundary parts, and
the volume fractions of the fibers and the braided structure are also different, which would lead to
the variation of the heat transfer in these parts. In the RVE model and the full-size model, the volume
fractions of the fibers Ff were 54.34% and 39.61%, respectively. Therefore, the full-size model could
truly reflect the internal structure of a CMC thin-wall structure.Appl. Sci. 2019, 9, x FOR PEER REVIEW 13 of 18 
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4.2. Influence of the Thickness

Although the full-size model can obtain more accurate results in comparison to the RVE model,
it needs too many computing resources when the geometric size is large. The influence of the thickness
on the ETC and the critical thickness that was suitable for the RVE model are analyzed in this section.

Figure 11a shows the variation curve of the kZ with increasing the thickness LZ. It can be seen that
kZ firstly decreased and then tended to be constant. When LZ reached 18.4 mm, the relative variation
of the kZ was only 0.51%, which could be treated as convergent. When the LZ was equal to 2.8 mm
and 18.4 mm, the corresponding kZ values were 3.91 W/(m·K) and 3.53 W/(m·K), respectively, and
the relative variation was 10.76%. The results show that the thickness had a big influence on the ETC
kZ of the full-size model. The reason for this was that the volume fraction of the fibers Vf increased
with increasing LZ, as shown in Figure 11b. For example, when LZ was equal to 2.8 mm and 18.4 mm,
the corresponding Vf values were 39.61% and 51.92%, respectively. The variation of Vf changed the
percentage of the components with different thermal properties, which further affected the ETC of the
full-size model.
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At the same time, according to the results in Section 4.1.3, the ETC kZ based on the RVE model was
3.42 W/(m·K), as shown by the red dashed line in Figure 11. It can be seen that the line based on the
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full-size model tended to converge on the red dashed line of the RVE model. When LZ changed from 2.8
mm to 18.4 mm, the relative variation between the results based on the full-size model and RVE model
varied from 12.53% to 3.12%. The results indicate that when the thickness LZ was large, the ETC kZ based
on the RVE model and the ETC kZ based on the full-size model were close to each other. The reason for
this was that when the LZ was large enough, the periodicity was approximately satisfied in the z-axis
direction for the full-size model, leading to a small difference with the periodic RVE model and that the
Ff of these two models were close to each other. For example, Ff of the RVE model and Ff of the full-size
model with LZ = 18.4 mm were 54.34% and 51.92%, respectively, with a relative variation of only 4.45%.
For a full-size model with LZ = 2.8 mm, this relative variation reached 27.11%.

For the operating condition discussed in this section, when LZ was bigger than 18.4 mm,
the relative variation was smaller than 5%, so the ETC kZ based on the RVE model could represent the
result based on the full-size model. The corresponding Lz of 18.4 mm was determined as the “critical
thickness”, which was nearly 31 times greater than the thickness of the RVE model.

4.3. Results with Different ATCs

The results discussed above were based on the 2.5-D braided CMC sample, as shown in Figure 1.
In the engineering application, the material’s ATCs were different if the internal components and the
structure were changed. To make the present results and conclusions more applicable, the influence of
the thickness and the critical thickness that were suitable for the RVE model were further investigated
under different operating conditions of the ATCs.

Figure 12 shows the thermal conductivities kZ based on the RVE model and the full-size model
with an increasing thickness LZ, when the absolute value ratio n and the level of anisotropy r of the
thermal conductivities of the fiber bundles were changed.

The results in Figure 12a show that when the values of kζ , kη , and kν were different, the influence of
the thickness was also changed. In Case 1 and Case 2, the value of kZ decreased with the increase of LZ,
while in Cases 3–5, kZ increased with the increase of LZ. Figure 12b gives the influence law of the level
of anisotropy r. It can be seen that when r increased, the kZ’s variation curves always monotonically
decreased, but the range became smaller. The reason for this was that the main difference between
the RVE model and the full-size models was the existence of the boundary parts and that its influence
was affected by the relative variations between the thermal conductivities of the fiber bundles and the
matrix, which changed with the absolute value ratio n and the level of anisotropy r.
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Additionally, the results in Figure 12 show that when the absolute value ratio and the level
of anisotropy changed, the lines based on the full-size models always tended to converge on the
corresponding dash lines of the RVE models. This phenomenon was explained in Section 4.2. In this
paper, the convergence criteria was set to that standard, and the relative variation between the results
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based on the RVE model and the full-size model was smaller than 5%. Figure 13 shows the variation of
the “critical thickness” LZ under different ATCs. The results show that when the absolute value ratio
n increased, the “critical thickness” LZ first decreased and then increased. When the absolute value
ratios were 1, 2, 4, 6, and 10, the corresponding critical thicknesses were 11.2 mm, 2.8 mm, 4.0 mm,
7.6 mm, and 11.2 mm, respectively. When the level of anisotropy r increased, the “critical thickness”
Lz decreased almost monotonously. When the levels of anisotropy r were 6.53, 10, 13, 16, and 20,
the corresponding critical thicknesses were 11.2 mm, 7.6 mm, 7.6 mm, 4.0 mm, and 2.8 mm, respectively.
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In general, the structure of the boundary part of the braided CMC, which was different for a
periodic internal structure, was the main reason for the difference between the results of the full-size
model and the RVE model. This influence depended on the value and the level of anisotropy of the
ATC, i.e., the relative difference between the thermal conductivities of the matrix and the fibers.

5. Conclusions

A numerical study of the anisotropic thermal conductivities, especially the thermal conductivity in
the thickness direction, of the 2.5-D braided CMC material was carried out. Two prediction models, an
RVE model with a periodicity hypothesis and a full-size model with actual thickness, were established.
An experimental test of the thermal conductivity in the thickness direction was also used to validate
these two prediction models. The influence of the thickness on the ATC and the critical thickness that
was suitable for the RVE model were further investigated under different operating conditions of the
thermal properties of the fibers. The main observations can be summarized as follows:

(1) The temperature field and the heat flux field inside the 2.5-D braided CMC material were clearly
heterogeneous, and these fields were affected by the difference between the thermal conductivities
of the fiber bundles and matrix. For example, in the full-size model, the relative fluctuation of the
temperature field and the relative fluctuation of the heat flux field in the middle section reached
6.39% and 280.40%, respectively.

(2) In the thermal analysis of a thin-walled structure, such as a turbine vane, the RVE model would
lead to a large deviation in the estimation of the effective thermal conductivity so that the periodic
hypothesis could not be satisfied. The relative variation of the thermal conductivity based on the
RVE model compared with the experimental data was 15.62%, while the relative variation was
only 3.53% when the full-size model was applied.

(3) When the thickness increased, the effective thermal conductivities based on the RVE model and
the full-size model were close to each other. For the ATC of the sample used in this study, when
the thickness was bigger than the critical thickness of 18.4 mm, the RVE model was suitable for
the prediction of the ATC.

(4) When the absolute value ratio and the level of anisotropy of the thermal conductivities of the fiber
bundle were changed, the influence of the thickness on the thermal conductivity was different
and the critical thickness for the RVE model changed. When the absolute value ratio increased,
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the critical thickness firstly decreased and then increased, and the critical thickness decreased
almost monotonously with increasing the level of anisotropy.
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Nomenclature

Cp Specific heat capacity at constant pressure (J/(kg·K))
F Volume fraction
k Thermal conductivity (W/(m·K))
L Thickness (mm)
n Absolute value ratio comparing to the sample’s ATC
r Anisotropy’s level
T Temperature (K)
→
ν Velocity (m/s)
X, Y, Z Global Cartesian coordinates
Greek symbols
α Rotation angles around the x-axis between the PDTC coordinates and the global coordinates

(◦)
β Rotation angles around the y-axis between the PDTC coordinates and the global coordinates

(◦)
γ Rotation angles around the z-axis between the PDTC coordinates and the global coordinates (◦)
ρ Density (kg/m3)
ζ, η, ν Local Cartesian coordinates
δ Relative fluctuation
Subscripts
f Fiber
ij Coordinates of the mesh nodes

Abbreviations

ATC Anisotropic Thermal Conductivity
CMC Ceramic Matrix Composite
ETC Effective Thermal Conductivity
FEM Finite Element Method
PDTC Principal Direction of Thermal Conductivity
RVE Representative Volume Element
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