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The 3D C/C-SiC composite is a kind of widely used material in thermal protection system or other func-
tional parts of the hypersonic vehicles. This paper conducts numerical simulation to predict the thermal
contact resistance of the 3D C/C-SiC needled composite pairs. The practical surface topography is mea-
sured by a 3D optical microscope named Bruker Contour GT-K, and the rough surfaces for simulation
are reconstructed in ANSA software with the help of Python code. The measured arithmetical mean
roughness (Ra) of the two specimens are 12.04 pm and 11.75 pm respectively. The prediction is divided
into two steps, static analysis for revealing the contact spot distribution of the contact interfaces, and
thermal analysis for the temperature distribution of the contact interfaces to calculate the thermal
contact resistance. Both two steps are finished with Abaqus. The prediction results show that actual
contact area only occupies a small part of nominal contact area (when pressure is 5.52 MPa, the actual
contact area just accounts for 7% of the nominal contact area), and the dependency curve approximately
shows linearity between the proportion of actual contact area to nominal contact area and loading
ressure. Besides, thermal contact resistance decreases with an increase in loading pressure and
temperature. Thermal contact resistances of the studied composite materials are in the order of
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1. Introduction

Since Kapitza found that a temperature jump occurred at the
interface between metal and liquid helium in 1941 [1], plenty of
work has been done to study this phenomenon named thermal
boundary resistance. Researchers also found that when two solid
surfaces contact each other, a temperature jump will occur at the
contact interface when heat flux flows through the contact inter-
face, such a phenomenon is named thermal contact resistance
(TCR), and its reciprocal is thermal contact conductance (TCC). A
great deal of researches indicate when two solid surfaces contact
each other, because of the existence of the surface roughness, only
some discrete spots contact, and most untouched regions are gaps
filled with air or other medium, which leads to a shrink of heat flux
through the contact interface, thus, a temperature difference
occurs at the interface between the two solid surfaces. Even stud-
ied by a lot of researchers for several decades, there still are many
unrevealed aspects in the determination of the thermal contact
resistance due to many complicated influencing factors. Previous
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researches indicate that roughness, physical properties such as
elasticity modulus and thermal conductivity of materials, service
pressure and interface temperature all have effects on the thermal
contact resistance, which implies that thermal contact resistance is
a complicated subject integrated by thermal, mechanics and mate-
rial science.

Thermal contact resistance has a significant influence on heat
transfer process in numerous engineering applications including
electronics packing [2], thermal protection system of space vehi-
cles [3], fuel/can interface of a nuclear reactor [4], cryogenic super-
conductor [5], etc. For example, as the size of electronic devices
continues to decrease and their clock speed continues to increase,
the dissipation of the generated heat is becoming a significant
issue, and thermal contact resistance is one of the major bottleneck
problems in the thermal management of electronic devices and,
hence, significantly affect performance, reliability and life cycle
of such devices [2]. In another aspect, thermal protection is of great
importance to the safety of the space vehicles. For the leading
edges and the nose cap of the Space Shuttle Orbiter, where temper-
atures are greater than 1260 °C, thermal contact resistance
between thermal protection layers influences temperature distri-
bution so much that will impact the thermal control in inner
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Nomenclature

Ac actual contact area

An nominal contact area

c specific heat

d clearance distance

D¢ elasticity matrix

DP plasticity matrix

E elasticity modulus

E, plasticitu modulus

E; slop of the stress-strain
Fn squeezing force

fi component of the unit body force in i direction
G shear modulus

k gap conductance

P pressure

q heat flux

R thermal contact resistance
S deflection stress tensor

T temperature

U; displacement in i direction

UR; rotation displacement in three spatial angles
XV z cartesian coordinates

Y shear strain

8 relative deviation

Anmin minimum distance between two rough surfaces
€ total mechanical strain

&° elastic strain

& plastic strain

Y Poisson’s ratio

p density of the composite material

g normal stress

[0 elastoplasticity stress

Y] thermal conductivity

T shear stress

capsule of the space vehicles [6]. In the design of thermal protec-
tion system of the space vehicles, underestimation for thermal
contact resistance will make space vehicles heavy and inefficient,
but overestimation for thermal contact resistance will affect its
safety.

During the past decades, lots of theoretical analysis, numerical
predictions and experimental measurements have been carried
out to study thermal contact resistance. A brief review on the the-
oretical and numerical studies is presented below.

Because two contact bodies at nominally flat surfaces contact
only at a few discrete spots, theoretical analyses on thermal con-
tact resistance often focus on contact deformation styles and the
distribution and statistics of the actual contact area between two
solid surfaces. Generally, main contact deformation has plastic,
elastic and elastic-plastic styles, and each of them occurs at differ-
ent conditions. Then, how large is the real contact area when two
solids are brought into contact? This fundamental question has
interested scientists since the Hertz's pioneering work published
in 1882 [7]. This theory predicts that the real contact area Ac
increases non-linearly with the squeezing force Fy as Ac ~ B
Greenwood and Williamson [8] developed a G-W model to
describe the elastic deformation between a rigid rough surface
and deformable flat surface. They assumed that roughness of the
rigid indenter can be regarded as a spatial distribution of identical
spherical summits. McCool [9] compared different contact models
and gave the computational method for the G-W theory. Bush et al.
[10] developed a complete theory of contact mechanics based on
multiasperity contact models (later it is called BGT model), and
developed a calculation method by referring to the ellipse of con-
tact area. Greenwood [11] proposed a simplification of the BGT
model based on the observation that many asperities are only
mildly ellipsoidal. In order to complete the panoramic view on
asperity contact models, a simpler model named Nayak-Thomas
(NT) model was proposed in [10], which considers the summits
as rigid spherical asperities with a curvature equal to the arith-
metic mean curvature. All above mentioned theories implicitly
consider that the actual contact area is small compared with the
nominal contact area. Persson [12] removed that assumption. His
theory yields very simple formulas and needs as inputs only power
spectral density of the surface and the elastic properties of the con-
tacting materials. Based on the developed contact theories, many
numerical studies about thermal contact resistance have been car-
ried out by researchers. For numerical simulation, the generation

of the rough surfaces provides a big challenge, because it is difficult
to characterize the actual surface topology quantitatively. A num-
ber of methods for reconstructing rough surfaces have been pro-
posed. Cooper et al. [13] established a fully plastic deformation
model to study the thermal contact resistance between stainless
steel and Al. Zhang et al. [14] predicted the contact spot distribu-
tion of two rough surfaces at various loads and calculated the heat
conduction between the contact interface using a random number
model in cylindrical coordinates. Zhang et al. [15] developed a ran-
dom model of describing surface roughness to study effects of
pressure, thermal conductivity on thermal contact resistance. Anci-
aux and Molinari [16] studied the scale effects on the conductivity
of crystalline contact interface and nanoscale thermal contact con-
ductance using finite method and molecular dynamics simulation.
Even though so many theoretical models for rough surface mor-
phology have been proposed, the generated rough surface may still
differ from the real surfaces for which the thermal contact resis-
tance is going to be determined. Gou et al. [17] developed a numer-
ical method to predict thermal contact resistance, in which the
numerical generation of the rough surface was based on measured
real surface data. In the authors’ opinion this is a good way to guar-
antee that the numerically generated surfaces are in accordance
with the real ones. In addition, this is also a reasonable way to
characterize the surface condition whenever the tested thermal
contact resistance is presented.

In the experiments for thermal contact resistance, one dimen-
sional steady heat flux method is a conventional method to deter-
mine thermal contact resistance between two solid surfaces. And
this is also the way to determine the thermal contact resistance
in numerical simulation. This paper focuses on the numerical sim-
ulation of TCR between composite materials. Among many test
studies Refs. [18-27] are related to composite materials. However,
the composite materials used in these researches are different from
the present paper, therefore no comparison can be made between
our simulation and the test results in [18-27]. Thus detailed pre-
sentation of the results in [18-27] are omitted here for simplicity.

To the authors’ knowledge, plenty of studies on thermal contact
resistance of metal materials have been conducted, but there are
few studies on thermal contact resistance of the 3D C/C-SiC nee-
dled composite in literature. The 3D C/C-SiC needled composite
is a typical potential composite used in the aerospace. Because of
the multilayer structure of the thermal protection system of the
space vehicles, thermal contact resistances between layers are
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important influencing factor of the protection thermal design
(TPS). Due to the development of the aerospace engineering and
progressive increase in flying speed, spacecraft meets severe envi-
ronment of very high temperature, and the TPS needs a more pre-
cise thermal management. The TPS of an aircraft usually consists of
multilayers of different materials, like ceramic matrix composite,
aerogel composites, etc. The reliability of the system is largely
dependent on the heat conduction characteristics of different lay-
ers including the contact resistance. The needled composites are
a widely used potential material in thermal protection system of
the aerospace vehicles. In the design of TPS, underestimation for
thermal contact resistance will make space vehicles heavy and
inefficient, but overestimation for thermal contact resistance will
affect its safety. So it is very important to study thermal contact
resistance of the needled composites.

It should be noted that the symbol C/C-SiC means the reinforc-
ing fiber of the composite is carbon fibers and the matrix consists
of C and SiC. If the carbon fibers are in a textile formulation, the
composites can be classified as 2-dimensional (plain, twill and
satin woven) and 3-dimensional (multi-directional braided, 2D
woven pierced, 3D needled, etc.) composites according to its textile
architecture [28], and in this paper, the composite with 3D needled
structure is used to conduct the study.

In this paper, a numerical model is developed for predicting
thermal contact resistance of 3D C/C-SiC needled composite pairs
within a wide variation range of temperature and pressure, and a
serials of numerical simulations are conducted using commercial
software Abaqus based on finite element method (FEM). To numer-
ically generate the rough surfaces, a 3D optical microscope is used
to measure the surface topography of the composite materials.
Then, the commercial software Abaqus is used to numerically solve
the governing equations and predict the thermal contact resistance.
The effects of loading pressure and temperature on thermal contact
resistance are investigated. Compared with other numerical models
based on mathematical function or other assumption to generate
rough contact surfaces, our numerical model is not based on
assumptions, and its rough contact surfaces are reconstructed using
measured topography data of the actual rough surfaces.

The rest part of the article is organized as follows. In Section 2
how to measure the rough surface topography and to generate
rough surface mesh based on the measured topography is

(a) C/C-SiC composite

X Profile: AX=50.1611 mm; AZ= - pm M

illustrated. In Section 3, the governing equations and the related
computational conditions are presented. Then, in Section 4 some
numerical details, computational cases and numerical results are
provided. Finally, some conclusions are drawn in Section 5.

2. Generation of rough surfaces for numerical simulation
2.1. Surface topography measurement

To reconstruct the rough surface for numerical simulation, 3D
surface topography data of the composite pairs are measured with
a 3D optical microscope named Bruker Contour GT-K with a 1 nm
resolution in vertical direction in VSI mode. The microscope uses
the optical interference principle to obtain the topography data
of the solid surfaces, and the measurement interval is
0.253359 mm in x and y direction. Because the actual surface area
is often larger than that of the lens, the entire surface is divided
into many small squares to measure, and the embedded “stitch
function” of the microscope can integrate all the single measure-
ments to provide a complete surface topography. Fig. 1(a) depicts
the actual rough surface of the 3D C/SiC needled composite in
the top view. Fig. 1(b) shows the measured results of the surface
topography. The measured arithmetical mean roughness, denoted
by Ra, of the two specimens are 12.04 um and 11.75 pm respec-
tively. The measured results of the surface topography are saved
in the file with a ASC suffix, and the file contains coordinate values
of x, y, z of every measured point. Two figures in Fig. 1(c) stands for
the rough surface distribution in the horizontal and vertical lines.
In the figure, z is the height direction and the function of x and y,
namely, z=z (x, y). When select a reference line (“z=0" in
Fig. 1(c)), z is randomly distributed in both sides of the reference
line. Az changes with the surface points, and the symbol
“Az = —pm” in Fig. 1(c) just indicates the random change charac-
teristic, rather than a specific value.

2.2. Rough surface reconstruction
Because the measured data is quite massive that can’t be
inputted into the software directly, 1/256 data volume is used to

reconstructed rough surfaces. Here 1/256 means that the used data
volume accounts for 1/256 of the original measured data volume.

100
50
0§
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-105
0 10 20 30 4 50
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(b) measured surface topography

Y Profile: AX=49.0606 mm; AZ= - pm M

(¢) Surface roughness signals

Fig. 1. Actual and measured surface topography.
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Importing the surface topography data into a pre-processing soft-
ware named ANSA to construct the numerical model in a
“points — coons surfaces — volume — mesh” flow path, and the
coons surface generation are realized through the self-developed
Python code read in ANSA script interface. ANSA software has a
Python program interface, so we developed a Python code by our-
selves to generate the rough surfaces.

Fig. 2 (a) and (b) show the imported data points and generated
coons surfaces. It can be seen that every small coons surface is gen-
erated by four adjacent points, and all small coons surfaces form an
entire continuous rough surface through the “Topo function” of the
ANSA software.

2.3. Mesh generation

The actual specimens of the composite material are 48 mm in
diameter and 20 mm in height. To keep in accordance with the
studied specimens, “Extrude function” in ANSA software can be
used to extrude the two contact interfaces to generate two solid
volumes, and the upper and lower model are 10 mm in height
and 48 mm in diameter, respectively, as shown in Fig. 3(a). When
generating meshes, the contact interfaces are meshed firstly, and
the imported points are treated as nodes of single quadrilateral

(a) Imported data points

mesh. Then, the quadrilateral meshes are mapped into structured
hexahedral meshes. Finer meshes are generated in the region near
the contact interface for the needs of later data reduction. Eventu-
ally, the numerical model has 1,779,840 hexahedral elements and
1,860,408 nodes. Fig. 3(b) partly shows the meshes of the numer-
ical model. After finishing meshing, “C3D8” element type is
assigned to the numerical model in static analysis, where “C” in
C3D8 indicates that it is a continuum element, “3D” indicates that
it is three-dimensional, and ‘8’ implies that each element is an
eight-node linear brick. After completing the static analysis,
“C3D8T” element type is used to all elements in thermal analysis
and this element type is 8-node thermally coupled brick and has
trilinear displacement and temperature.

2.4. Single point contact

For the convergence of the simulation, at very beginning the
upper surface and lower surface should be in the state of just single
point contact, other points should separate away and form the gaps
filled with air. To make two parts of the model contact in just one
points, translating the lower model downward and then upward
after calculating the correct translation distance, which can be done
through the “Transform/Move function” in ANSA software. The

(b) Reconstructed surfaces

Fig. 2. Imported data points and reconstructed coons surface (partly shown).

(a) Computational domain

(b) Front-view meshes

Fig. 3. Computational domain and front-view meshes.
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detailed operation process is described as follows. Firstly, the lower
model is moved downward Az along z direction, and the next step is
to calculate the minimum distance between the upper model and
the lower model. This minimum distance is given by Eq. (1),

Amin = min {Zupper(i) - [Zlower(i) - AZ]} (])

where Zypper(i) and Zjower(i) are the coordinates of the upper inner
points and lower inner points in z direction, respectively. In this
paper, Az is assigned to 10 mm. After obtaining An,,, then the lower
model is moved upward An,;; mm. In this way, a state of single point
contact is achieved. It is to be noted that assigning 10 mm to Az is
just for the convenience of the software operation. Actually Az can
be assigned to any value when it doesn’t affect the mesh generation
and other operations.

3. Governing equations and boundary conditions
3.1. Governing equations
3.1.1. Force governing equation

(1) Elastic stress-strain equation

For an elastic body, the governing equations are shown in Egs.
(2)-(4),

00y 0Ty 0T | +

ox o9y oz +f=0 )
OTyxy @ 0Ty  #

8eraeraz +f,=0 (3)
0Txz 0Ty, n 00, n f_z _0 (4)

0X ay 0z

where f,, f,, f, are components of unit body force in x, y, z direction.
7y is the shear stress, and o;(i = X,y,z) is normal stress. The stress-
strain relation follows the Hooke’s law as shown in Eq. (5),

dojj = Dijde (3)

In the equation, & is the elastic strain. D, is the elasticity
matrix. In isotropic case, Eq. (5) can be expanded into Eq. (6),

Ox 11:2‘; 17v2v 1—v2v 00 0] &
Oy ﬁ 1]:2vv 1—"2\) 000 &y
0| __E | v 1% 00 0] -
Tyy 1+v| 0 0 0 1 0 0||vy
Te 0 0 0 0! 0|7
Ty 0 0 0 00 il

where E and v are the Young’s modulus and the Poisson’s ratio,
respectively. 7; is the shear strain. These parameters can be given
as functions of temperature and of other predefined fields, if neces-
sary. In this paper, these parameters are treated as independent of
temperature.

(2) Plastic stress-strain equation

In this paper, the classical metal plasticity model is applied to
solve plastic deformation. This model in Abaqus is the “incremen-
tal” theory in which the mechanical strain is decomposed into an
elastic part and a plastic (inelastic) part, and the mathematical
expression is shown by Eq. (7),

de;; = def, + deg; (7)

where ¢; is the total mechanical strain, & is the strain related to the
plastic deformation and & is the elastic strain. Besides, the above
equation always follows the generalized Hooke’s law. So the incre-

mental stress-strain relation can be described with Egs. (8) and (9),
dG,‘j = Dgi,dﬁkl (8)

ij’i: = D‘ém - Dg‘kl 9)

where Dg.k, is the plasticity matrix, and it can be expressed by Eq.
(10) with matrix form under Cartesian coordinates.

9G2Ss”

D, = 023G+ Ey)

(10)

where E, is the plasticity modulus, E, = £, E; = 92 E, is the slope
of the stress-strain curve in the plastic region and will in general
change during a deformation. g, is elastoplasticity stress. The shear

modulus, G, can be expressed in terms of E and v as G = ﬁ For

deflection stress tensor S and its components, they have following
expressions in Egs. (11) and (12),

S = [Sx 5y Sz Txy Tyz sz]T (11)
1 .
Si:O'i—§(0'x+0'y+0'z)(':’<7y7z) (12)

3.1.2. The governing equation of heat conduction
For the isotropic material, the mathematical formulation of heat
conduction can be expressed by Eq. (13),

pressure

______________ upper inner interface

lower inner inerface

lower surface

Fig. 4. Force boundary conditions.

Table 1
Boundary conditions.

(a) Force and displacement boundary conditions

Location U, U, U; UR; (i=1,2,3) P
Upper surface 0 0 \ \ P;
Upper lateral wall 0 0 \ 0 \
Lower lateral wall 0 0 \ 0 \
Lower surface 0 0 0 0 \
Upper inner surface \ \ \ \ \
Lower inner surface \ \ \ \ \
(b) Thermal boundary conditions

Location T q
Upper surface Tup \
Upper lateral wall \ 0
Lower lateral wall \ 0
Lower surface Taown \
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Table 2

Plasticity and elasticity data.
Plasticity
Stress/MPa Strain
32.1993 0.000209
95.3574 0.00041
150.433 0.000665
213.439 0.001059
264.291 0.001571
295.997 0.002149
Elasticity

Elastic modulus Poisson’s ration
168 GPa 0.12

Table 3
Thermal conductivity of 3D C/C-SiC needled composite.

T/°C Jx/W-m~ LK1 Jyy/Wem LK Jzz/W-m~ LK1

25 8.37 8.37 5.23

100 9.78 9.78 6.06

200 10.81 10.81 6.63

300 11.02 11.02 6.77

400 11.01 11.01 6.78

or o (,0T o (0T o (,0T :

== (1) + = (i) +=(1=) + @ 13

Peor~ax\"ax) "oy \"ay) Taz\"az (13)

where p and c are the density and specific heat capacity of the
material, respectively. @ is the inner heat source. 1 is the thermal

contact resistance is based on 1D steady-state heat flux method,
moreover, 3D C/C-SiC needled composite is orthotropic material,
so the steady governing equation to simulate thermal contact resis-
tance can be expressed as Eq. (14),

0 oT 0 aT g (, oT\ _
() a5 () 5 () =0 o

where /, Ay, 4z, are the thermal conductivities of the main diago-
nal direction in a thermal conductivity tensor.

3.2. Boundary conditions

3.2.1. Force and displacement boundary conditions

As described above, loading pressure can have a great effect on
thermal contact resistance, and Fig. 4 demonstrates how the force
boundary conditions are loaded on the computational domain. As
shown in the figure the pressure is loaded on the upper surface
of the upper domain, and the pressure direction is along the nor-
mal direction of the cylinder. The pressure and displacement
boundary conditions are showed in Table 1(a), where, U;, U, Us
represent the displacement in x, y, z directions, respectively, and
UR; (i =1, 2, 3) represents the rotation displacement in three spatial
angles. P; is the loading pressure. “\” indicates that no restriction is
imposed for that parameter.

3.2.2. Thermal boundary conditions
The first kind boundary conditions are imposed for the upper
surface and lower surface shown in Table 1(b). Where, T, and

conductivity of the material. In this paper, the study on thermal Tiown are temperatures measured by thermocouples in
Table 4
Computational cases.
P; 1.26 MPa 1.56 MPa 2.74 MPa 3.98 MPa 4.47 MPa 5.52 MPa
T Tup Tdown Tup Tdown Tup Tdown Tup Tdown Tup Tdown Tup Tdown
Case 1 180.4 197.7 180.8 197.2 179.7 194.0 180.4 193.4 180.6 193.1 181.0 192.7
Case 2 193.0 2115 193.4 211.0 191.1 206.5 191.9 205.8 1921 205.5 192.5 205.1
Case 3 205.4 225.1 205.9 224.6 203.5 219.9 2043 219.2 204.6 218.9 205.0 218.5
Case 4 217.6 238.5 218.2 238.0 216.3 233.7 217.2 2329 2174 232.7 217.9 232.2
Case 5 229.6 251.7 230.1 251.1 229.0 2473 229.9 246.5 230.1 246.2 230.7 245.7
Case 6 243.0 266.1 243.6 262.6 241.7 261.0 242.6 260.1 242.9 259.8 2434 259.3
Case 7 255.3 279.5 255.9 278.9 253.9 274.2 254.9 2733 255.2 273.0 255.8 2724
Case 8 267.2 292.4 267.9 291.7 266.7 287.9 267.7 286.9 268.0 286.6 268.6 286.0
Case 9 278.3 304.3 278.9 303.6 279.7 301.7 280.8 300.7 281.1 300.4 281.7 299.8
Table 5
Validation of grid independence.
(a) P=3.98 MPa
Interface temperature TCR(1/256) TCR(1/512) TCR(1/1024) Relative deviation Relative deviation
K-m?W~! K-m2W~! K-m?W~!
186.9 0.000786 0.000819 0.000736 4.22% —6.32%
211.7 0.000758 0.000790 0.000683 4.10% —9.95%
238.2 0.000730 0.000759 0.000682 3.97% —6.54%
264.1 0.000709 0.000736 0.000662 3.87% —6.65%
290.7 0.000686 0.000712 0.000640 3.76% —6.75%
(b) P=5.52MPa
Interface temperature TCR(1/256) TCR(1/512) TCR(1/1024) 3 32
K-m2W~! K-m2W~! K-m2wW~!
186.9 0.000691 0.000723 0.000667 4.59% —3.56%
211.7 0.000668 0.000698 0.000619 4.46% —7.26%
238.2 0.000644 0.000672 0.000619 4.31% —3.90%
264.1 0.000626 0.000652 0.000600 4.20% —4.05%
290.7 0.000606 0.000631 0.000589 4.07% —2.86%
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CNAREA
+6.677e-02

Las

(a) P=1.26MPa

CNAREA
+6.677e-02
+6.121e-02

+5.564e-03
+0.000e+00

(c) P=2.74MPa

CNAREA
+6.736e-02

(e) P=4.47MPa

CNAREA
+6.677e-02

(b) P=1.56MPa

CNAREA

+5.613¢-03
+0.000e+00

|

(d) P=3.98MPa

CNAREA
+6.736e-02

+5/6136-03
16.6006-+00

.

(f) P=5.52MPa

Fig. 5. Actual contact area at six pressure loads.

experiments. q is the heat flux, and “q = 0” means that the adiabatic
boundary condition is loaded. Because the thermal analysis is
based on 1D steady-state heat transfer, the upper lateral wall
and lower lateral wall should be adiabatic. Values of temperatures
and loading pressures to be used as boundary condition are esti-
mated from possible applications in thermal protection system in
aeronautical engineering, and will be given in the presentation of
numerical results.

3.3. Physical properties conditions
3.3.1. Properties of the 3D C/C-SiC needled composite material
(1) Elasticity and plasticity

Previous study has revealed that when a pressure is loaded on a
solid surface, there are generally three deformation types, namely
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pressure/MPa

Fig. 6. Dependency curve between loading pressure and Ac/A.

elastic deformation, elastic-plastic deformation and plastic defor-
mation. And in this simulation, one or more deformation types will
occur at different loading pressure, so the elastic modulus and Pois-
son’s ratio must be assigned to the numerical model. Furthermore,
there may occur plastic deformation, so the yield stress and plastic
strain must be assigned. Table 2 gives the needed data for the sim-
ulation, and they are considered independent of temperature.

(2) Thermal conductivity

3D C/C-SiC needled composite is an orthotropic material. For
the orthotropic material, material properties (such as thermal
conductivity and thermal diffusivity) are different in x, y, z direc-
tions. The temperature-dependent thermal conductivities needed
in the heat transfer analysis are showed inc Table 3.

3.3.2. Gap conductance

It is well-known that gaps formed by imperfect contact are
often filled with air or other medium, so it will affect the heat
transfer through the gaps. Convection heat transfer can be
neglected because the length and thickness of the gaps between
the contact interfaces are of micrometer magnitude, and it is too
small for the convection currents to be set up. Madhusudana [29]
suggests that radiation may usually be neglected unless the tem-
perature at the interface are in excess of 300 °C, so the radiation
heat transfer is neglected in this study. Hence, the only heat trans-
fer mode through the gaps is heat conduction. In Abaqus, the heat
conduction between the contact interfaces is expressed by Eq. (15)

q=k(Ta—Tg) (15)

where q is the heat flux per unit area crossing the interface from
point A on one surface to point B on the other, Tx and Ty are the
temperatures of the points on the surfaces, and k is the gap conduc-
tance. Point A is a node on the slave surface; and point B is the loca-
tion on the master surface contacting the slave node or, if the
surfaces are not in contact, the location on the master surface with
a surface normal that intersects the slave node. As for the parameter
k, it can be defined as a function of clearance, as shown in Eq. (16),

k=kd,T)==5> (16)

where d is the clearance between point A and point B, which can be
obtained from the generated upper and lower surface meshes;
T =1(Ta+Ts) is the average temperature of the surfaces at point
A and point B and used as the reference temperature for the gap
air; A(T) is the air thermal conductivity at temperature of T.

4. Results and discussions
4.1. Computational cases

The thermal contact resistance of the composites is predicted
for 54 cases shown in Table 4. In the simulation process, different
pressure and temperatures are imported as follows:

(1) Keep the loading pressure constant;

(2) Set the T,p and Tyown of Case 1-Case 9 in sequence under the
loading pressure and conduct simulation;

(3) Change the loading pressure P;, and repeat (2).

4.2. Validation of grid independence

In this study, grid independence has been conducted through
the examination of data volumes variation. Three different data
volumes, 1/256, 1/512 and 1/1024 are used to reconstruct rough
surfaces. Where 1/256 means that the used data points for recon-
structing rough surfaces accounts for 1/256 of original measured
data points. For the three data volumes, the corresponding grid
numbers are 1779840, 490896, and 119808, respectively. After cal-
culation, the relative deviations of the results between 1/256 and
1/512 are all within 5%, see Table 5. For the study of thermal con-
tact resistance, a relative deviation within 5% can be accepted.
Therefore, for the appropriate description of rough surfaces,
1/256 data volume is applied to conduct the following simulation.

4.3. Static analysis

4.3.1. Actual contact area

As mentioned in Introduction, two solid surfaces apparently
contact only at a few discrete spots. Previous study has shown that
even at relatively high pressure metallic surface is only about 1-2%
of the nominal contact area [30]. Fig. 5 shows the actual contact
region distribution of the lower inner surface under different load-
ing pressures, and the highlighted points mean actual contact area.
It can be clearly seen that actual contact area increases with an
increase in loading pressure, but it just occupies a small part of
the nominal contact area even when pressure is 5.52 MPa (the
actual contact area just accounts for 7% of the nominal contact area).
Fig. 6 shows the dependency between pressure and actual propor-
tion of actual contact area Ac and nominal contact area. It can be
seen that the dependency curve is approximately linear under the
present condition, which is consistent with previous studies [31].

4.3.2. Mises stress distribution

The von Mises stress is often used in determining whether an
isotropic and ductile metal will yield when subjected to a complex
loading condition. This is accomplished by calculating the von
Mises stress and comparing it to the material’s yield stress, which
constitutes the von Mises Yield Criterion. Fig. 7 shows the Mises
stress distribution of the lower inner surface. It can be seen that
Mises stress distribution region increases with an increasing pres-
sure, and the maximum Mises stress decreases and the minimum
Mises stress increase, which is because larger pressure contributes
more actual contact area, leading to more uniform distribution of
the stress.

4.4. Heat transfer analysis

4.4.1. Temperature distributions of the contact interfaces
Steady-state heat transfer method is used to conduct thermal

analysis. Fig. 8 shows the temperature distribution of the whole

model at P=1.26 MPa. It can be seen that two color rings meet
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Fig. 7. Mises stress (¢/MPa) distribution at six pressure loads.

in the middle height of the model, which means a temperature ature and the upper surface temperature, respectively. Fig. 9 shows
drop occurs at the interface, and the maximum and minimum val- the temperature distributions of the lower inner surface under dif-
ues of the temperature legend represent the lower surface temper- ferent pressures while keeping the values of the thermal boundary
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Fig. 8. Temperature distributions at P=1.26 MPa.

conditions constant. In the figures, the heavy red' places are the
local regions separated by air gaps, while those discrete points with
lower temperatures are contact area. It can be observed that greater
pressure contributes to more contact spots, hence, the temperature
distributions are more uniform. By careful inspecting the figures, it
can be found that the maximum temperature of the lower inner sur-
face decreases with increasing loading pressure, which implies that
the temperature difference between upper inner surface and lower
inner surface decreases with an increasing loading pressure, and
Fig. 10 shows the average results of the entire surface.

! For interpretation of color in Fig. 9, the reader is referred to the web version of
this article.

4.4.2. Heat flux

Fig. 11 shows the heat flux distribution in z direction under dif-
ferent loading pressures. It can be seen that heat flux through the
contact interface is also not uniform because of the rough surfaces.
Our calculation of the total thermal resistance of the two cases
shows that they differ by 7.4%. The relative difference of the average
heat fluxes should be consistent with the total thermal resistance in
the two cases. According to Fig. 11, the relative difference of the
heat flux between the two cases is 7.4%, which is consistent with
the difference between the two total thermal resistances.

4.4.3. Thermal contact resistance
Thermal contact resistance is defined by Eq. (17),

R= Tlower - Tupper _ g (17)
q q

where Tiower and Typper are average temperatures of lower inner
interface and upper inner interface, respectively, and q is the heat
flux through the contact interface in z direction. After nodal temper-
ature distributions of the contact interfaces are obtained, averaging
the temperatures can acquire values of Tupper and Tiower, besides, q
can be obtained through averaging the element heat flux. Fig. 12
shows the dependency curves between average interface tempera-
tures and thermal contact resistance. As shown in the figure,
thermal contact resistance decreases mildly with an increase in
average interface temperature. This is because that the thermal con-
ductivity of the 3D C/C-SiC needled composite increases with an
increase in temperature as shown in Table 3. Therefore, when the
interface temperature increases, the heat flux through the contact
interface increases, so thermal contact resistance decreases with
an increase in interface temperature.

Fig. 13 shows the dependency between thermal contact resis-
tance and loading pressure. It can be seen that thermal contact
resistance decreases strongly with an increase in loading pressure,
because larger loading pressure contributes to more contact area
and enhance the heat transfer between the contact interface.
From Figs. 12 and 13, it can be found that the thermal contact resis-
tances of the studied composite materials are in the order of
6 x 107412 x 103 K-m?> W

As for the validation of our numerical results, the authors’
understandings are as follows. First, our simulation results show
that the predicted thermal contact resistances are in the order of
6 x 1074-1.2 x 1073 K-m?W~!, which are in the range of the mas-
sive experimental and numerical results. Second, for the pair of Ti-
6Al-4V alloy the specimen thickness are thick enough and our
group has measured the temperature gradient in the specimen.
The same numerical prediction method has been adopted and
the predicted results are in good agreement with the test data
within the maximum deviation of 10% [32].

Finally it is to be noted that although in this work we have mea-
sured the temperatures of the upper specimen and lower speci-
men, because of the thickness limitation of the specimen (only
20 mm) we can not measure the temperature gradient in the spec-
imen. Hence, we are not able to obtain the measured thermal con-
tact resistance. That is why we only take the measured
temperature as the boundary condition but not compare our
numerically predicted thermal resistance with experimental data.

5. Conclusions

Numerical simulation based on the measured practical rough
surfaces is conducted to predict thermal contact resistance of 3D
C/C-SiC needled composite pairs. The effects of temperature and
loading pressure on thermal contact resistance are studied. After
the simulation, some conclusions can be drawn as follows.
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(1) Static analysis of solid surface contact shows that larger

pressure contributes to more actual contact area, whereas,
actual contact area only occupies a small part of nominal
contact area. Even when loading pressure is 5.52 MPa, the
proportion of actual contact area to nominal contact area
is just 7%. Besides, Mises stress and temperature distribution
in the contact interface are not uniform because of the
roughness of the surfaces.

(2) Thermal contact resistance decreases with an increase in

loading pressure, because larger pressure contributes to
more actual contact area and enhances the heat transfer
between two solid interfaces. Thermal contact resistance
decreases with an increase in temperature, because the ther-
mal conductivity of the studied materials increases with
temperature.

(3) For the pair of needled composite materials 3D C/C-SiC their

averaged surface roughness are 12.04 pm and 11.75 pm,
respectively. Within the range of interface temperature from
173.6 to 291.2°C and load pressure from 1.26 MPa to
5.52 MPa, the predicted thermal contact resistance is in the
order of 6 x 107%-1.2 x 103 Km2w~1.
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