International Journal of Thermal Sciences 159 (2021) 106584

International
Journall of
Thermal
Sciences

Contents lists available at ScienceDirect

International Journal of Thermal Sciences

o %

ELSEVIER

journal homepage: http://www.elsevier.com/locate/ijts

t.)

Check for

Numerical study on thermal contact resistance of 8-harness satin woven | e
pierced composite

Xing-Jie Ren?, Yan-Jun Dai?, Jian-Jun Gou", Wen-Quan Tao ™"

@ Key Laboratory of Thermo-Fluid Science and Engineering of MOE, School of Energy and Power Engineering, Xi’an Jiaotong University, Xi’an, Shaanxi, 710049, China
b Shaanxi Aerospace Flight Vehicle Key Laboratory, School of Astronautics, Northwestern Polytechnical University, Xi’an, 710072, China

ARTICLE INFO ABSTRACT

Keywords:

Thermal contact resistance

8-harness satin woven pierced composites
Interfacial thermal radiation

In this paper, thermal contact resistance between a pair of 8-harness satin woven pierced composites is
numerically investigated when the interface gaps are filled with air. Numerical model of the rough surfaces is
based on measured results of actual specimens by a microscope. The results show that thermal contact resistance
decreases with an increase in both loading pressure and temperature. The effects of interfacial thermal radiation
on the predicted thermal contact resistance increase with an increase in temperature, but less than 5%. The
percentage of heat transfer rate through solid contact regions occupies less than 17% of overall heat transfer rate
for the cases studied with solid thermal conductivity around 10 W-m™~!-K ! and loading pressure up to 2.37 MPa.
For the studied composite pair (averaged surface roughness of 12.30 pm, 10.54 pm) thermal contact resistance is
in a range of 9.8 x 107%-5.7 x 107 * Km?2wW..

and even safety of the engineering apparatuses, so it should be seriously
taken into consideration in many engineering designs and applications,
such as heat-assisted magnetic recording (HAMR) [2], electronic pack-
aging [3], finned tube exchangers [4,5], fuel cells [6,7], spacecraft
thermal controls [8,9], etc. For instance, one of the main reasons that
makes smartphones run slowly and causes thermal discomfort for users
is their low efficiency of heat dissipation of CPUs to the supporting
substrate [10], and decreasing thermal contact resistance between CPUs
and the supporting substrate is one of the meaningful methods for effi-
cient heat dissipation of smartphones.

Although it was studied before 1940s, thermal contact resistance still
deserves much detailed research. Previous studies have revealed that
loading pressure [11], temperature, surface topography (roughness,
flatness, waviness) [12], coatings of materials [13,14], and material
properties can all influence thermal contact resistance, but the specific
influence characteristics of each factor depend on practical circum-
stances and materials. Among different influencing factors, the material

1. Introduction

All surfaces of engineering materials are rough under a certain
magnification even they are apparently smooth. Hence, for two con-
tacting solid surfaces, because there are random hills and valleys in the
surfaces, actual contact only exists at some discrete spots and non-
contact regions form gaps filled with air or other medium. Generally,
thermal conductivity of solid is exceedingly higher than that of air or
other medium, so when heat flow goes through the contact interfaces,
the heat flow will shrink towards the actual contact spots and the heat
flux will be distributed nonuniformly, as shown in Fig. 1 [1]. Conse-
quently, a temperature difference will occur at the contact interfaces,
and such a phenomenon is named as thermal contact resistance (TCR).
Its value equals to the quotient of temperature difference between two
contact interfaces and the average heat flux through the interfaces, as

shown by Eq. (1):
Y
q

R (@)

where R (K-m?W™1) is thermal contact resistance, and AT (K), q(W/rnz)
are the temperature difference and heat flux through the contact inter-
face, respectively.

Thermal contact resistance dramatically influences the efficiency
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surface topography and material type are two very important factors,
hence received much attention of researchers. Taking some papers
published in recent five years as examples. Zhang and Cui [15] con-
ducted a study of effect of surface roughness on thermal contact resis-
tance of five types of aluminium alloy materials with the surface R,
ranging from 0.2 pm to 4.2 pm. Dou et al. [16] experimentally studied
the effect of contact pressure, interface temperature and surface
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Nomenclature
Ac Actual contact area
Ayx Nominal contact area
c Specific heat capacity
d Clearance distance
D° Elasticity matrix
DP Plasticity matrix
E Elasticity modulus
Ep Plasticity modulus
E; Slop of the stress-strain curve
Fyn Squeezing force
F Effective view factor
fi Component of the unit body force in i direction
G Shear modulus
k Gap conductance
Pressure
q Heat flux, specific
dra Heat flux contributed by thermal radiation
R Thermal contact resistance

R, Arithmetical mean roughness

S Deflection stress tensor

T Temperature

Tave Interface average temperature

U; Displacement in i direction

UR; Potation displacement in three spatial angles
XY, 2 Cartesian coordinates

v Shear strain
8 Relative deviation

€ Total mechanical strain

£ Elastic strain

& Plastic strain

v Poisson’s ratio

p Density of the composite material
c Normal stress

0SB Stefan-Boltzmann constant
O Elastoplasticity stress
A Thermal conductivity

Shear stress

Solid 1

/

\ N\

Fluid

‘ 3"
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Fig. 1. Heat flow through a contact interface [1].

roughness on thermal contact resistance for four pairs of stainless steel
surfaces with R, of 0.25 pm, 0.4 pm,1.18 pm, 2.0 pm. Joseph et al. [17]
studied the effects of both thermal and pressure load on thermal contact
resistance across dissimilar joints at cryogenic temperature. In their
research, the joints are formed by titanium alloy, stainless steel and
aluminium alloy. The surface roughness was controlled between 1 and 2
pm. Zhang et al. [18] conducted a study about the effect of heat flux
direction on thermal contact resistance of samples of 99.999% standard
pure copper pairs with surface roughness 1 pm and Elkonite cop-
per-tungsten alloy 30W3 pairs with surface roughness 0.5 pm. It can be
seen that all the studies mentioned above were based on specific ma-
terials and surface condition, and the TCR data obtained can only be
applied to their test conditions. It is the authors’ understanding that the
study on TCR at present is something like the study on experimental
convective heat transfer years ago: even though the test method and the
way of data reduction are all the same, still a large number of paper were
published for different specific convective situations. Thus, for the
experimental study on thermal contact resistance, for different materials
and their surface conditions specific studies are needed to get their TCR
data.

Besides analytical model [19-21] and experiments study [22-24] on
thermal contact resistance, rapidly increasing computational capacity
makes researchers convenient to conduct numerical research on thermal
contact resistance. For example, Zhang et al. [25] developed a random
model of surface roughness to study the effects of contact pressure,
thermal conductivity of the interstitial medium, and the mean absolute
slope of the rough surface on thermal contact resistance. In their study, a
grid system with equi-peripheral intervals in the azimuthal direction
was developed to express reasonably the real contact spot distribution,
and a network method based on this grid system was used to calculate
the TCR. They also mentioned that one of the main factors to accurately

predict thermal contact resistance is to characterize the actual surface
topography quantitatively and accurately. This opinion is widely agreed
by researchers and the authors of [26-28] reconstructed the rough
contact surfaces based on the actual surface topography measured by a
high-resolution microscope. Gou et al. [26] developed a numerical
model to simulate thermal contact resistance for material pairs of
Ti-6A1-4V-Ti6Al-4V and C/C-SiC—high temperature ceramic (HTC).
Though the numerical model was validated by experiments, the shape
and size of the numerical model were different from the actual specimen
size. In addition, a constant gap conductance was assumed in Ref. [26]
to handle the heat transfer at the interface through air gaps, which is
seemingly a rough assumption. Dai et al. [27] measured the surface
topography by a 3D optical microscope and adopted the software Aba-
qus to numerically predict TCR of Ti-6Al-4V-Ti6Al-4V. The shape and
size of the numerical model coincided with the actual specimens, and
the gap conductance was determined according to the clearance dis-
tance between two contact interfaces. Their test-validated results
showed that the developed prediction method had a satisfying precision
and accuracy with all the deviations between numerical and experi-
mental TCR results being within 10%. Most of the TCR studies
mentioned above are all for homogeneous and isotropic materials.

In many engineering fields, non-isotropic composite materials are
widely used. For its high strength, low density and thermal conductivity
[29], C/C-SiC composites can be used in the multi-layer thermal pro-
tection systems of hypersonic vehicles [30-32], and TCR data are very
important input information for the design of such systems. Marchetti
et al. [33] studied the thermal contact resistance of composite materials
such as glass and carbon fiber-epoxy for space applications with pressure
ranged from O to 28 MPa and temperature from 30 to 90 °C. Liu et al.
[34] experimentally studied the effects of temperature and pressure on
the thermal contact resistance of the interface formed by C/C composite
and Inconel alloy. Ren et al. [28] conducted numerical study on thermal
contact resistance of 3D C/C-SiC needled composites. The studied
composite in Ref. [28] is an orthotropic material. The terminology
orthotropic thermal conductivity means that the thermal conductivities
of the main diagonal direction in a thermal conductivity tensor are not
zero, and other elements are zero [29].

From above brief presentation it is clear that not only material type,
but also the structure of composite has strong effect on TCR. Taking the
orthotropic material composite as an example. There are usually two
different woven structures, satin woven and needled woven, and the
schematic pictures of the two composites are shown in Fig. 2. The
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components of the materials are both C/C-SiC. Because very different
woven structures their behavior in thermal conductivity and TCR are
quite different. The woven structure studied in Ref. [28] is the needled
one. In this paper the satin woven structure will be studied.

In this paper, numerical simulation for thermal contact resistance
between a pair of 8-harness satin woven composite is conducted, and the
numerical model is validated by experiments. This composite uses car-
bon fibers as reinforcing fibers and its matrix is C and SiC. As mentioned
above, the surface topography model in this paper is based on the actual
measurement of a pair of specimens of 8-harness satin woven composite.
The commercial software Abaqus is used to solve the governing equa-
tions, and the effects of temperature, pressure and interfacial thermal
radiation on thermal contact resistance are investigated.

The following parts of this paper are arranged as follows. Section 2 is
a brief introduction of the modeling process. Section 3 introduces the
governing equations, computational cases, the boundary conditions and
material properties. Section 4 gives the numerical results and Section 5
draws the conclusions.

2. Physical and numerical model
2.1. Reconstruction of rough contact interfaces

The actual topography of the contact interfaces greatly influences
thermal contact resistance. Thereby, in the simulation of thermal con-
tact resistance, a crucial procedure is the reconstruction of rough contact
interfaces. In this paper, the rough contact interfaces are reconstructed
based on the measured actual topographies of the composite specimens.
The process from surface topography measurement to the input data of
numerical simulation includes measuring and importing two steps. First,
measuring the surface topography of the specimens by a microscope
named Bruker Contour GT-K. Second, importing the measured surface
topography data into a pre-processing software ANSA to construct the
numerical model for Abaqus conveniently. The measured arithmetical
mean roughness, denoted by R, of the two specimens for testing TCR are
12.30 pm and 10.54 pm, respectively. Fig. 3(a) and Fig. 3(b) demon-
strate the actual surface and measured graphical result of the one
specimen, respectively. Fig. 3 (c¢) and Fig. 3(d) show the measured
asperity distributions along two diameters perpendicular to each other,
denoted by x and y in Fig. 3 (b). As we can see that the asperity distri-
butions are totally random. One well major representation of such
randomly distribution is its arithmetical mean roughness R,, and it is
also well accepted in the study of thermal contact resistance for

---.A.------

(a) Satin woven pierced composite
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representing surface roughness characteristics [15-18]. In this paper we
adopt this practice to represent surface roughness property. It is our
believe that if two pairs of surfaces of the same material have their
average surface roughness the same, the TCR of the two pairs of surfaces
should be the same with an acceptable range of deviation. Fig. 4 depicts
the reconstructed rough surface used in Abaqus.

2.2. Computational domain and mesh generation

The domain can be divided into the top part and the bottom part, as
seen in Fig. 5 (a). Each part is 10 mm in height and 24 mm in radius. For
the two contact interfaces, the lower contact interface is interface I, and
the upper contact interface is interface II. After the rough surfaces are
reconstructed, the mesh can be generated based on the reconstructed
rough surfaces. The hexahedral meshes are applied to the whole nu-
merical model, and the meshes near the contact interfaces are refined to
ensure the precision of the results, as seen in Fig. 5 (b). The total number
of nodes and meshes are 1859418 and 1778944 respectively, deter-
mined by the grid-independence examination.

3. Governing equations and boundary conditions

TCR prediction includes both mechanical and thermal processes,
hence both governing equations of mechanics (displacement and
deformation) and heat conduction are needed. However, once the
displacement and deformation of each element are determined, the
major work is the computation of heat conduction through the contacted
pair of elements. Thus, for the simplicity of presentation, only the gov-
erning equation of thermal process is presented below, the governing
equations of the mechanical process can be found in Appendix A.

3.1. Heat conduction equation

In this paper, we only focus on thermal contact resistance at a steady
state of heat conduction, and no inner heat source is imposed in the
numerical model. As indicated in the Introduction, 8-harness satin
woven pierced composite is a thermal orthotropic material, thus, the
governing equation of steady-state heat conduction can be expressed by
Eq. (2):

d ot 0 ot 0 ot
e (1) 35 (1) 2 () =0 @

where, Axx, 4yy, Az are the thermal conductivities of the main diagonal

—
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(b) Needled woven composite

Fig. 2. Two woven structures of composite materials [35].



X.-J. Ren et al.

(a) Actual material surface
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Fig. 3. Material surface.

Fig. 4. Reconstructed rough surface.
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(a) Meshed numerical model

direction in a thermal conductivity tensor.

3.2. Gap conductance

To predict thermal contact resistance, a key parameter is the gap
conductance between two contact interfaces. In Abaqus, the heat con-
duction between the contact interfaces is expressed by Eq. (3):

q=k(Tx —Tp) 3)

where ¢ is the heat flux crossing the interface from point A on one
surface to point B on the other. T4 and Ty are the temperatures of the two
points on the surfaces, termed slave surface and master surface respec-
tively, and k is the gap conductance. Point A is a node on the slave
surface; and point B is the location 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 distance,
as shown in Eq. (4):

contact interfaces

(b) Meshes near the contact interface

Fig. 5. Meshed model.



X.-J. Ren et al.

k= k(d,T) = @ @

where, d is the clearance distance between point A and point B, which
can be obtained from the generated upper and lower surface meshes;

T= TAgTB is the average temperature of the surfaces at point A and point
B and used as the reference temperature of the medium in the gap. In this
study, the medium at the interface is air, thenA(T) is the thermal con-

ductivity of air at temperature T.

3.3. Thermal radiation at the contact interface

Thermal radiation at contact interfaces is considered in this paper.
Abaqus defines the thermal radiation between corresponding points as
Eq. (5):

4. =C(T}~T3) ©

where g, is the heat flux crossing the gap at this point from surface A to
surface B, and T4 and Tp are the temperatures in K of the two surfaces,
respectively, and the coefficient C is given by

FUSB
C=—> 6

St ©
where o33 is the Stefan-Boltzmann constant, and ¢4, ¢ are the surface
emissivities. And F is the effective view factor. In this paper, we assume
the emissivity of the material as 0.9, and the effective view factor is set
as 1.0, since the top and bottom surfaces are very close to each other.
However, it should be noted that the distance is not so small as can be
compared with 145 determined by Wien'’s displacement law for which the
near-field radiation plays role [36], so we use Stefan-Boltzmann law to
calculate thermal radiation between the interfaces.

It should be mentioned that T4 and Tp in Egs. (3) and (5) are not
boundary conditions, and they can be obtained by solving the algebraic
equations determined by the FEM method. Actually, we define the
contact interaction between two contact interfaces, thus, Abaqus can
recognize the interaction interface and handle the interaction informa-
tion; then Eq. (3) and Eq. (5) are applied to calculate the needed in-
formation between two interaction interfaces.

It should also be mentioned that only the thermal radiation of the air
gaps at the contact interface is considered, and the thermal radiation
between the specimens and environment is neglected because the lateral
surfaces are supposed to be well-insulated and where the adiabatic
boundary condition is applied.

3.4. Boundary conditions

The boundary conditions adopted in the present study are described
as follows.

3.4.1. Mechanical boundary conditions

We can obtain the contact state and distribution between two solid
interfaces through the mechanical analysis. The mechanical boundary
conditions and mechanical parameters are shown in Table 1. Where, U,
Us, Us represent the displacements in x, y, z directions, respectively, and
UR; (i = 1, 2, 3) represents the rotation displacements in three spatial
angles. P; is the loading pressure perpendicularly applied to the contact
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interfaces. “\” indicates that no restriction is imposed for that boundary.
Two key parameters, the elastic modulus and Poisson’s ratio are 60 GPa
and 0.12, respectively.

Two points should be noted here. First, Interface I is the face-up
interface of the bottom test specimen, and Interface II is the face-down
interface of the top one. Second, these two interfaces are actually
within the solution domain, hence no any boundary conditions should
be imposed.

3.4.2. Thermal boundary conditions

The thermal boundary conditions are listed in Table 2. In the table,
Ty and Tgown are the temperatures applied to top surface and bottom
surface depicted in Fig. 5 (a). Our simulation is in a wide range of
temperature; thus, temperature-dependent thermal conductivity of the
material must be given to accomplish the simulation. Table 3 lists the
temperature-dependent thermal conductivity of 8-harness satin woven
composite. The thermal conductivity is measured by laser flash method.
For the temperatures not indicated in Table 3, the corresponding ther-
mal conductivities are interpolated from the table. Convection heat
transfer in gaps is neglected because the gaps between the contact in-
terfaces are too narrow to cause convection [1].

3.5. Computational cases

To study the effect of pressure and temperature on thermal contact
resistance, three loading pressures (1.03 MPa, 1.54 MPa and 2.37 MPa)
are selected to conduct the simulation under different temperatures. The
details of the computational cases can be seen in Table 4, where the
number in the parenthesis is the temperature difference between Tgoyn
and Tyyp. These temperature data come from experimental measure-
ments, thus we can validate our numerical model with experimental
results. The major differences between the seven cases are the level of
temperature and temperature difference between Tyoun and T i,
ranging from about 50 °C of Case A to about 154 °C of Case F.

4. Results and discussions
4.1. Actual contact area

Actual contact area is one of the central characteristics of the contact
between rough surfaces [37]. Fig. 6 shows the predicted dependency
relationship between the loading pressure and the percentage of the
actual contact area. We can see that the ratio, Ac/An, experiences an
approximately linear increase with an increase in loading pressure.
Previous studies [25,38,39] also provided similar results. The linear
variation between actual contact area and load is corresponding to
mainly elastic deformation. If plastic deformation occurs, the variation
trend will be changed depending on the load, mechanical properties of
the materials and the actual topography of the contact interfaces.
Revealing the contact deformation mechanism in detail is a great chal-
lenge to researchers, and [37,40-44] can be consulted and further study
is still needed.

4.2. The deformation at the contact interface

Fig. 7 (a) shows the Mises stress distribution in interface I at 1.03
MPa. It can be seen that the stress distribution is extreme non-uniform

Table 1 Table 2
Mechanical boundary conditions. Thermal boundary conditions.
location Uy Uy Us UR; i=1,2,3) P (MPa) location T Q
top surface 0 0 \ \ P; top surface Ty \
top lateral wall 0 0 \ 0 \ bottom surface Tdown \
bottom lateral wall 0 0 \ 0 \ bottom lateral wall \ 0, adiabatic
bottom surface 0 0 0 0 \ top lateral wall \ 0, adiabatic
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Table 3
Temperature-dependent thermal conductivity of 8-harness satin woven
composite.

T/°C Je/Wm ™K Jyy/W-m LK Jog/W-m LK !
25 9.15 9.15 5.19
100 11.25 11.25 6.53
200 12.70 12.70 7.41
300 13.08 13.08 7.71
400 13.33 13.33 7.92
500 13.43 13.43 8.02
Table 4
Computational cases.
Pi/ 1.03 1.54 2.37
MPa
T/°C Tup Tdown Tup Tdown Tup Tdown
Case A 165.0 2218.2 158.5 208.2 154.9 204.5
(53.2) (49.7) (49.6)
Case B 221.7 295.4 (72.8) 208.6 278.5 203.1 273.2
(69.9) (70.1)
Case C 276.9 372.8 (95.9) 254.5 344.1 249.0 339.4
(89.6) (90.4)
Case D 330.1 446.1 (116) 304.6 413.9 294.5 403.4
(109.3) (108.9)
Case E 401.1 5445.9 353.1 483.1 330.0 453.8
(144.8) (130.0) (123.8)
Case F 420.5 574.0 417.5 570.3 366.1 505.8
(153.5) (152.8) (139.7)
4% Equation y=a+b*x
Plot B
L| Weight No Weighting
Intercept 7.67512E-4 + 2.00688E
Slope 0.00477 + 4.80987E-5
3% HResidual Sum of Squar 1.15579E-6
Pearson's r 0.99959
R-Square (COD) 0.99919
I|Adj. R-Square 0.99908

1%

OOA) L 1 L 1 L 1 L 1 L 1 L 1 L 1 L
0 1 2 3 4 5 6 7 8

Pressure/MPa

Fig. 6. Dependency of Ac/An with an increasing loading pressure.

because of the roughness. When two solid surfaces are brought into
contact, the deformation at the contact interface may has three types:
elastic deformation, elastic-plastic deformation and plastic deformation.
Ten contact nodes and 10 noncontact nodes at the interface are selected
to show the z coordinate variations. Fig. 7 (b) shows the z coordinate
variation of 10 noncontact nodes at different loading pressures. As we
can see, the node coordinate variations increase with an increase in
loading pressure, and different nodes have the same variation trend. The
z coordinate variations of the contact nodes are much larger (Fig. 7 (c)).
Besides, different node has different variation amplitudes. Combined
with Fig. 6, it may be concluded that the deformation of most contact
points is elastic. Further study is needed on how to identify deformation
characteristics of each point.

International Journal of Thermal Sciences 159 (2021) 106584
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(a) Mises stress distribution of interface I at 1.03MPa
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(c) zcoordinate variation of 10 contact nodes at different loading pressures

Fig. 7. The deformation at the contact interface.

4.3. Local and average interface temperature and heat flux

Taking the results at P = 1.54 MPa as an example, the predicted heat
flux and temperature distributions at the interface are presented in
Fig. 8.

In Fig. 8 HFL in legend represents the heat flux, and its unit is * x 102
W/m? “75%" in the legend is the default averaging threshold in Abaqus.
The default averaging threshold is a sentence threshold whether several
computational values at a same node is to be averaged. It can be roughly
observed that where there is a high heat flux there the two interface
temperatures are higher.

The average interface temperature and heat flux for the seven cases
studied without considering radiation are presented in Fig. 9. As indi-
cated in Table 4, from Case A to Case F both interface temperature level
and temperature difference level increase, hence both the predicted
interface averaged temperature and heat flux increase with the case
order. For the same case the difference in heat flux is mainly dependent
on the specified temperature at the top and bottom surfaces.
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HFL, Magnitude
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(a) Heat flux
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Fig. 8. Interface heat flux and temperature ditributiond at P = 1.54 MPa.
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Fig. 9. Average interface temperature and heat flux.

4.4. Effect of thermal radiation

Because two interfaces only contact at some discrete spots, the effect
of thermal radiation between the gaps of contact interfaces is studied.

Fig. 10 shows the difference between thermal contact resistance with
and without consideration of thermal radiation through gaps, and the
deviation § is defined as Eq. (7):

Rmmra - Rm
§— —nonra T ra )

Rnonra

where Rponrq and Ry, represent thermal contact resistance without and
with consideration of thermal radiation, respectively. The interface
average temperature equals to (T | + T 11)/2.

We can find that all deviations are positive in Fig. 10, which is
reasonable and reveals that thermal radiation can enhance the heat
transfer between interfaces, thereby, predicted thermal contact resis-
tance with thermal radiation is lower than that without thermal radia-
tion between the contact interfaces. In addition, with the increase in
loading pressure, the actual contact surface increases, thus, the gaps
reduces through which radiant heat transfer between bottom and top
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Fig. 10. Difference between TCR with and without thermal radiation.

surfaces occurs. So the effect of thermal radiation decreases. Generally
speaking for the cases studied, the radiative heat transfer occupies about
1% of the total heat transfer between the top and bottom bodies, with
the maximum of 1.2% at pressure of 1.03 MPa and the minimum of 0.7%
at pressure of 2.37 MPa.

On the other hand, the differences in Fig. 10 increase with an in-
crease in interface average temperature and decreases with an increase
in loading pressure. The reason is that when temperature increases, the
effect of thermal radiation increases. When interface average tempera-
ture is beyond 400 °C, the deviation caused by thermal radiation exceeds
3% even though the loading pressure reaches to 2.37 MPa, whereas in a
low loading pressure 1.03 MPa, the deviation exceeds 3% at an interface
average temperature of 325 °C, which reveals that an increasing loading
pressure can weaken the effect of thermal radiation on thermal contact
resistance. As Madhusudana pointed out in Ref. [1] that thermal radi-
ation may usually be neglected unless the temperatures at the joint are in
excess of 300 °C, unless the temperature drop across the interface is
large.

4.5. Percentage of solid heat conduction

Heat conduction between two contact interfaces can be divided into
solid heat conduction, thermal radiation and air heat conduction when
the convection is neglected [1]. To the author’s knowledge, it lacks in-
formation of how much percentage of each one is at different conditions.
Fig. 11 shows the percentage of solid heat conduction for the seven
cases. The percentage is the ratio of the heat transfer rate through solid
contact spots in contact interfaces divided by the overall heat transfer
rate through the contact interfaces.

We can find from Fig. 11 that the percentage of heat transfer rate
through solid contact spots increases with an increase in loading pres-
sure, but decreases with an increase in interface average temperature. It
is because a larger loading pressure contributes to more actual contact
spots, thereby more heat transfer rate flows through the solid contact
spots. On the other hand, when the interface average temperature in-
creases, thermal conductivity of air increases, so the heat transfer rate
through the air gaps increases, which inspires us that if we want to
reduce TCR between the contact interfaces, the gaps should be filled by
materials with a relatively high thermal conductivity. It should be
mentioned that for the cases studied the solid thermal conductivity is
about 10 W-m 1.k ! (see Table 3), and the solid heat conduction only
occupies a small part, smaller than 17% even the loading pressure in-
creases to 2.37 MPa.
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Fig. 11. Percentage of solid heat conduction.

4.6. Thermal contact resistance calculation expression

Fig. 12 summarizes the dependency of thermal contact resistance
with the interface average temperature and loading pressure. As
explained above, thermal contact resistance of the composite pair de-
clines with the increasing temperature and loading pressure. For this
composite pair under the given computational cases in this paper,
thermal contact resistance is in a range of 9.8 x 1074 - 5.7 x 107*
Km2w

By using least square method, following curve-fitted expression is
obtained

h:Cl <T;Ye)<‘z <g)«"3 (8)

where h is thermal contact conductance and is the reciprocal of TCR. Tgye
is the interface average temperature. P is loading pressure, MPa and E is
elastic modulus at T (=298K), 60 GPa. The fitting parameters, c1, c2, c3,
are listed at Table 5.

3
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Fig. 12. Thermal contact resistance at different Cases.
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Table 5
Fitting parameters.
/WK 1m~2 ¢ c3
Without thermal radiation 17770.1 0.73 0.29
With thermal radiation 14281.9 0.79 0.27

4.7. Validation for numerical model

Finally some validation of the numerical model is presented. The
validation experiments are performed by a three-element system. This
system consists of three parts: surface topography measurement facility
(microscope named Bruker Contour GT-K with a vertical resolution of
0.1 nm specified by the manufacturer), thermal conductivity measure-
ment facility (Hot Disk, TPS2500S) and a home-made test-piece tem-
perature distribution measurement facility, which is shown in Fig. 13.
This apparatus is based on 1D steady-state heat flux method to measure
the temperature profiles of two contact specimens, and the temperatures
of contact interfaces are obtained by extrapolating the measured tem-
peratures. Each specimen is 20 mm in height and 24 mm in radius. Each
specimen has four temperature measurement holes. The holes are uni-
formly distributed around the circle of the middle height. The holes to
mount thermocouples are 1 mm in radius and 12 mm in depth. The
following equations are used to calculate experimental thermal contact
resistance:

Tle.\'p = Tdawn e Axl (9)
ldown
Tllexp = Tup + ii Axy (10)
up
T, — T,
Rep=""—" an

q

where, Ax; and Ax, are the distances from the measurement spots to the
contact interface.

Table 6 shows comparisons between numerical results and experi-
mental results under 1.54 MPa. It can be found that the numerical results
of interface temperatures agree well with the experimental results. The
deviations between experimental and numerical TCR are around 10%,
which is totally acceptable for engineering applications.

Load unit

Heating unit

Thermocouples

'

Data acquisition unit §
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The reliability of our numerical results can be further illustrated from
following three aspects. First, different from many other numerical
models where the surface topography of the studied materials is often
assumed or by some theoretical model, in the present study the surface
topography of the studied materials is measured by a high precision
instrument, the optical microscope named Bruker Contour GT-K with
vertical resolution 0.1 nm. This action can guarantee that the input
surface roughness data to reconstruct numerical rough surfaces are
reliable. Second, the software Abaqus and several practical treatments
(for example the single contact technique) have been used in Ref. [27]
by our group to predict the thermal contact resistances of Ti-6Al-4V
alloy, for which the experimental measurements have also been con-
ducted. The deviation between test data and numerical prediction are all
below 10%. Third, from our predicted results at least we can show
qualitative agreement of our numerical results with previous results in
two points. The first point is the actual contact surface percentage for
two nominally contact surfaces. Madhusudana and Ling [1] and Bowden
and Tabor [45] all pointed out that the actual contact area of most
metallic surfaces is only about 1-2% of the nominal contact area even at
relatively high contact pressures of the order of 10 MPa. Our numerical
prediction agrees with this conclusion quite well. The second point is the
thermal contact resistance variation trend with surface temperature. It
can be seen from Fig. 9, under the loading pressure of 1.54 MPa, our
predicted thermal contact resistance decreases from 8.9 x 10~* K m?
W to6.1 x 100* K m® W! (reduction by about 31%) when the
interface temperature increases from 184 °C to 494 °C. Liu et al. [34]
conducted an experimental study on thermal contact resistance between
C/C composite and Inconel 600. In their experiments, under the contact
pressure of 1.41 MPa, the interface TCR decreased from 1.76 x 10~ * K
m?>W 1t01.19 x 107 *Km? W! (reduction by 32%) when the interface
temperature increased from 176 °C to 580 °C. In roughly the same
variation range of temperature and at roughly the same pressure, for
roughly the same type of materials the reduction percentages are
roughly the same. In sum up, for the 8-harness satin woven composite
with surface averaged roughness around our tested value, the above TCR
values should be applicable. Of course to meet the requirement of wide
engineering application, our tested range of parameters is quite limited,
and it can be extended toward two directions. First the environmental
pressure may be extended to vacuum situation to meet the requirement
of space flight. Second the surface averaged roughness range should be

Specimen 2

—_— Specimen 1

g
e —
P—
—————

Cooling unit

pas

Fig. 13. Experimental apparatus for specimen temperature measurement.
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Table 6
Numerical and experimental results under 1.54 MPa.
T /°C T /°C q TCR x 10* (K-m2wW™1)
Num. Exp. 61 Num. Exp. o W-m2 Num. Exp. 3
Case A 189.8 189.2 0.34% 177.6 178.2 —0.30% 13681.3 8.89 8.03 10.71%
Case B 252.1 251.3 0.29% 235.6 236.7 —0.48% 20227.5 8.16 7.22 12.90%
Case C 309.9 309.0 0.29% 289.5 290.9 —0.45% 26780.9 7.59 6.76 12.18%
Case D 371.6 370.6 0.27% 347.8 349.4 —0.44% 33649.7 7.07 6.32 11.87%
Case E 432.1 431.3 0.18% 405.0 406.7 —0.42% 40958.9 6.62 6.02 10.04%
Case F 509.5 509.0 0.11% 479.3 480.9 —0.34% 49326.1 6.14 5.70 7.69%
wider to cover all possible cases that satin woven pierced composite may small part (smaller than 17% under all computational cases in
have. this paper). This percentage undergoes a decrease with increase
in temperature while an increase with an increase in loading
5. Conclusions pressure.
(4) For this composite pair studied, the averaged surface roughness
This paper conducts the simulation of thermal contact resistance of a of the two contact interfaces is 12.30 pm and 10.54 pm, respec-
pair of 8-harness satin woven pierced composite when the gap medium tively. The predicted thermal contact resistances within interface
is air. The simulation is based on the measured surface topography. The temperature range from about 180 to 500 °C and loading pressure
main findings can be listed as follows: range from 1.03 to 2.37 MPa vary in the range of 9.8 x 1074-5.7

x 1074 K-m2wL,
(1) Thermal contact resistance of the composite decreases with an

increase in both temperature and loading pressure. For the cases Declaration of competing interest
studied, increase loading pressure from 1.03 MPa to 2.37 MPa
will lead to increase TCR about 21%; while increase temperature The authors declare that they have no known competing financial
from 200 °C to 500 °C will lead to a decrease of TCR by about interests or personal relationships that could have appeared to influence
33%. the work reported in this paper.

(2) The predicted thermal contact resistance with thermal radiation
is lower than that without thermal radiation when the gaps be- Acknowledgement
tween contact interfaces are filled with air. With an increase in
interface temperature, the effect of thermal radiation on the This study is supported by the National Natural Science Foundation
predicted thermal contact resistance will increase, especially for of China (51806167), China Postdoctoral Science Foundation
low loading pressure conditions. (2017M623166), The Foundation for Innovative Research Groups of the

(3) For the cases studied with solid thermal conductivity around 10 National Natural Science Foundation of China (N0.51721004) and 111
W-m~1K™1, the portion of solid heat conduction only takes a Project (B16038).

Appendix. A: Mechanics governing equation
(A.1) Elastic stress-strain equation

For an elastic body, the governing equations are shown in Egs.(A.1)-(A.3),

do, Oty 01

Fs 3 + P +f=0 (A1)
or,, do, Oty —

v 00y 0Ty & A2
ox + dy + 0z +h=0 (A.2)
ot Ot 00, +
Fra 3 + P +£.=0 (A.3)

where, f,f,.f; are components of unit body force in x, y, z direction. 7; is the shear stress, ando;(i = x,y,)is normal stress. The stress-strain relation
follows the Hooke’s law as shown in Eq A.4,

doy =D de;; (A.4)

In the equation, &is the elastic strain. Df, is the elasticity matrix. In isotropic case, Eq.(A.4) can be expanded into Eq.(A.5),

10
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[1-v v v
- - 1-2v 1-2v 1-2v 000 _ -
c. €x
v 1-v v
00 0
oy 1-2v 1-2v 1-2v &y
v v 1-v
| E |T-w 1-2 1- 0001 e (A5)
T 14w 1 .
Tay 0 0 0 5 00 Yy
TXZ 1 y,l’
0 0 0 0 - 0 :
2
L 7y, 1 L7y
I 0 0 0 00 7]

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

(A.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 “incremental” 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.(A.6),

de;=dej; + dej; (A.6)

wheree;; is the total mechanical strain, 8‘; is the strain related to the plastic deformation ande; is the elastic strain. Besides, the above equation always
follows the generalized Hooke’s law. So the incremental stress-strain relation can be described with Eq.(A.7) and Eq.(A.8),

dO','j = D;ﬁ([dgkl (A.7)

D= ijkl - Dr‘}kz (A.8)

ij i

whereDg.klis the plasticity matrix, it can be expressed by Eq.(A.9) with matrix form under Cartesian coordinates.

9G*SS”

"T 2 (BG+E) (A.9)

whereE,is the plasticity modulus, E, = %, E = %.Et is the slope of the stress-strain curve in the plastic region and will in general change during a

deformation. o;is elastoplasticity stress. The shear modulus, G, can be expressed in terms of E andvas G = ﬁ For deflection stress tensor S and its

components, they have following expressions in Eq.(A.10) and Eq.(A.11),

S =[5 8y 5: Ty Tye 7] | (A.10)
1 .

S,-=6,-—5(0')[+6y+61)(l:x7y72) (A.11)
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