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ABSTRACT

This study investigates the effect of thermal expansion on thermal contact resistance prediction, propos-
ing a dual-iterative coupling method (DICM). The contact surfaces in the simulation model are recon-
structed based on either the actual measured topography or the hypothetical topography, and a math-
ematical formulation for numerically predicting the thermal contact resistance (TCR) is established. The
DICM includes four steps: first, mechanical analysis is conducted based on the ideal single point contact
condition, according to the elastic-plastic constitutive equations. Second, heat transfer analysis is carried
out based on the deformed geometry originating from the prior mechanical analysis. Third, another step
of mechanical analysis is implemented to consider the effect of thermal expansion with the temperature
distribution determined in the second step. Fourth, another step of heat transfer analysis is carried out
based on the deformed geometry originating from the second-step mechanical analysis. The conventional
prediction method only contains the first and second steps, and is known as the single sequential cou-
pling method (SSCM). The TCRs of two engineering examples are predicted using both DICM and SSIM.
The results show that the mechanical-thermal-mechanical-thermal dual-iterative coupling method, i.e.,
DICM, should be recommended for simulating contact pairs with axisymmetric geometries, while SSCM

is suggested for contact pairs with non-axisymmetric geometry.

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

Surface-surface contact is ubiquitous between components in
engineering systems, which inevitably introduces thermal contact
resistance (TCR) when heat transfer takes place. The TCR at high
temperatures requires significant research for hypersonic aircrafts
[1] and nuclear reactors [2]. The research approaches for TCR can
be primarily divided into theoretical analyses [3,4], numerical sim-
ulations [5,6], and experimental studies [7-9]. For example, the-
oretical analyses and numerical simulations are frequently used
to study pellet-cladding thermal-mechanical interactions (PCIs),
which induce large stresses in the cladding, and could lead to fuel
rod failure. In both theoretical analyses and numerical simulations,
three key steps are usually followed [10]. For theoretical analyses,
surface-topography generation, contact-deformation determination,
and establishment of a single asperity or multi-asperity ther-
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mal contact-resistance model must be accomplished. For instance,
Zhang et al. [11] proposed an analytical model for TCR in which
the rough surfaces are characterized using the 3D Weierstrass—
Mandelbrot (W-M) fractal function. Three deformation modes are
analyzed—elastic, elastic-plastic, —and the classical Cooper-Mikic-
Yovanovich (CMY) model [12], based on single idealized contact,
is adopted to obtain the expression for the TCR. Jackson et al.
[13] developed a multiscale model that considers the multiple
scales of surface roughness and the scale dependence of the me-
chanical and thermal properties based on Archard’s [14] theoret-
ical model. These theoretical models have significant limitations
in terms of their applicability for arbitrary mechanical roughness.
Further, in numerical simulations, surface-topography generation,
contact-deformation analysis, and heat transfer calculations are the
three key steps to follow [15]. For surface-topography generation,
the statistical model [16], the fractal model [17,18], and the mea-
sured practical rough topography [19] have been adopted in pre-
vious studies. The practical rough surface model established from
measurements can significantly mitigate the uncertainty of topog-
raphy assumptions originating from statistical and fractal models.
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In terms of the numerical methods, the finite element method
(FEM) [14,18-20], finite volume method (FVM) [21], the finite dif-
ference method (FDM) [22], and the lattice Boltzmann method
(LBM) [23,24], ]are typically used to predict the TCR. The LBM used
to predict TCR operates from a mesoscopic perspective, resulting in
a limited computational size. The FDM employed to simulate TCR
also has limitations in terms of simulating complex surface struc-
tures; therefore, there has not been much research on this topic.
The FVM inherently satisfies the criterion of energy conservation
irrespective of its mesh size; however, the deformation process
cannot be resolved easily using this method. TCR has been well-
researched in the field of thermal-mechanical coupling; therefore,
the FEM is often regarded as the most suitable method to pre-
dict TCR in engineering applications. For example, Thompson [19]
implemented the FEM to solve the thermal/structural problem in
the micro- and macro-scales by implementing iterations with each
other. Murashov and Panin [20] adopted the FEM to simulate the
contact heat transfer problem of hardened rough surfaces based on
the fractal model.

Even though so much papers were published related to numer-
ical prediction of TCR, only a limited papers were published that
actually predicted the TCR by implementing the mechanical and
thermal analyses on the discretized grids. For example, Gou and
Dai et al. [10,15] adopted the single sequential coupling method
(SSCM) for TCR prediction with FEM. In their research, one me-
chanical simulation that neglects thermal expansion followed by
one thermal simulation is implemented. To the best of our knowl-
edge, there are no previous studies that consider the effect of ther-
mal expansion on TCR prediction. However, for some specific situa-
tions, the mechanical and thermal effects are closely related when
determining TCR, necessitating complete thermal-mechanical cou-
pling for solutions. If a complete thermal-mechanical coupling
simulation is used, it will become very difficult to obtain con-
vergent numerical solutions and the computing time will become
very high. Therefore, one more sequential solution after the first
sequential solution is proposed in this paper, which is termed as
the dual-iterative coupling method (DICM). The superiority of the
DICM is that the effect of thermal expansion can be considered in
the second mechanical analysis and the deformation due to ther-
mal expansion can be calculated. Subsequently, the heat transfer
due to mechanical deformation and thermal deformation can both
be calculated in the second heat transfer analysis.

In this paper, the DICM for TCR prediction is proposed, and the
effects of thermal expansion on TCR prediction have been thor-
oughly investigated in two engineering applications. The rest of
the paper is organized as follows. The governing equations for
the DICM are presented in Section 2. The boundary conditions of
two practical engineering applications are provided in Section 3.
Section 4 presents the details of the predicted results for the two
examples. Finally, some conclusions are drawn in Section 5.

2. Governing equations

To consider the effects of thermal expansion, the DICM is
adopted. There are a total of four calculation steps involved in the
DICM. The first step is mechanical analysis, which is governed by
the elastic-plastic constitutive equations based on the ideal sin-
gle point contact condition. The second step is heat transfer anal-
ysis based on the deformed geometry originating from the first
mechanical analysis. The third step is a second round of mechan-
ical analysis that considers the effect of thermal expansion with
the predicted temperature distribution. The fourth step is a second
round of heat transfer analysis based on the deformed geometry
determined from the second mechanical analysis. The governing
equations for DICM are as follows.
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2.1. Mechanical analysis

The stress-strain governing equations that consider the effect of
thermal expansion for the elastic stage and plastic stage are docu-
mented in literature [25,26] and are simply showed as follows.

For the elastic stage:

1
&= E[Gx — n(oy +07)] + ar AT
1
& = E[Uy—M(Ux+Uz)]+aTAT (1)

1
g, = E[O'Z — p(oy +ox)]+arAT

1 1 1
Yxy = Efxys Vyz = afyZa Yx = Efzx

For the plastic stage:

X

1 1
de, = idsx +dAs, +ardT, dyyy = Edfxy"‘d)‘fxy

y

de = Zlcdsy +dis, + ardT, dyy, = %dfszrd)L‘L’yz (2)

1 1
de, = EdsZ +dAs, + ardT, dyx = Edl'zx + dATy

where o0;(i=x,y,z) and ds;(i=x,y,z) are the normal stress;
7;j(ij =xy,yz,xz) and drt;;(ij = xy,yz,xz) are the shear stress;
ei(i=xy,2) and de;(i=x,y,z) are the normal strain; y;;(ij =
xy,yz.xz) and dy;;(ij = xy.yz,xz) are the shear strain, Gzz(%u)'
where E and p are the Young’'s modulus and the Poisson’s ra-
tio, respectively; and G is the shear modulus. dA = 32‘1751_". or is the
thermal expansion coefficient, and AT and dT is the temperature
difference in difference and differential form respectively. In this
study, the property parameters are considered to be temperature-
dependent.

The differences of the stress-strain governing equations be-
tween the first step and the third step are only the thermal ex-
pansion term showed in Eqs. (1) and (2). The governing equations
of the first step are also well documented in literature [25,26] and
will not be restated here for simplicity.

2.2. Heat transfer analysis

The heat transfer between two contact surfaces with the inter-
stitial gap consists of three parts: (a) conduction through the actual
contact spots of two solids; (b) conduction through the interstitial
gap; (c) radiation heat transfer between the two surfaces of gaps.

The governing equation of heat conduction in bodies is well
documented in literature [27]. The radiative heat transfer in gaps
is governed by the classic Stefan-Boltzmann radiation equation
which is described detailed in literature [15]. Xu et al. found that,
when the gap distance is larger than the dominant wavelength,
A, Of the thermal radiation, where Ay, is defined using Wien’s
displacement rule [28], the thermal radiation between two inter-
faces can be also calculated by the Stefan-Boltzmann law. In this
study, the distances between two solid surfaces are of the order of
tens of microns, which is much larger than the characteristic wave-
length determined by Wien’s rule (about 6 microns at the lowest
temperature of 500 K in this paper). In the study [15], it was found
that the maximum difference—with or without considering radi-
ation in the air gap—is 2.17% when the two contact surfaces are
near 400°C. This implies that the effect of radiation on TCR is lim-
ited. Thus even if the calculation of radiation heat transfer is not
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accurate, say the emissivity of the material surface is roughly esti-
mated, the effect on TCR prediction is very limited.

Equations of heat conduction across the gaps and the gap con-
ductance determination can also refer to literature [15]. As indi-
cated above the gap distances in this study are about tens of mi-
crons, and much larger than the gas mean free path; therefore, the
continuous model is still valid.

3. Boundary conditions

Boundary conditions are usually related to specific problems
that need to be specified. In this paper, two engineering applica-
tions will be used as examples. To facilitate a comparison of the re-
sults, the same problems are analyzed using both DICM and SSCM.

3.1. TCR model between thermal protection layers

A multilayer thermal protection system (TPS, including TC4,
ultra-high temperature ceramics, aerogels, phase change materials,
etc.) is designed for hypersonic aircraft to sustain the large tem-
perature difference between the outer surface and inner space ow-
ing to severe aerodynamic heating. The multilayers in this paper
do not refer to the thin-coating protection layers on the surface of
the material. TCR will always exist between two adjacent layers,
which is a crucial consideration in the thermal design of multi-
layer TPS. The underestimation of the TCR will lead to an excessive
thickness of the thermal protection structure, increasing the TPS
weight, which should be minimized for hypersonic aircraft. There-
fore, TCR is an important factor in the design of TPS for the weight-
constrained hypersonic aircraft. Furthermore, the precise predic-
tion of TCR between thermal protection layers has become a limi-
tation (others include the melting point, chemical stability, thermal
conductivity, etc.) that affects the reliability of TPS.

In this paper, the TC4-TC4 contact pair is selected as the TPS
material to investigate the effects of thermal expansion on TCR
prediction. Fig. 1(a) shows the computational model of the TC4-
TC4 (1-2) contact pair. The upper TC4(1) and lower TC4(2) are
both 48 mm in diameter and 8 mm in height, so the total com-
putational domain dimensions are 48 mm in diameter and 16 mm
in height. The boundary conditions for the mechanical and heat
transfer analysis are shown in Fig. 1 (b), and can be defined as fol-
lows:

First step, mechanical analysis [15]:

Jui=U=0
Up - surface: =P — Py
fu=u,=0
Up - round: {URl —UR, = URs = 0: 3)

Uy=U,=U;=0

Down - surface:{UR1 —URy = UR; = 0:

Uy=U,=0

Down - round: {UR1 —UR, = URs = 0;

Second step, heat transfer analysis[15]:

Up - surface: T = Ty;
Up - round: q = 0; (4)
Down - surface:T = T3;

Down - round: q = 0;
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(b) Boundary conditions
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UI=U2=0
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UI=U2=0
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q=0

down-round
UI=U02=0
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q=0
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Ul=U2=U3=0

URI=UR2=UR3=0

7=T

Fig. 1. Computational domain and boundary conditions of TPS [15].

Third step, mechanical analysis:

) JUi=U=0

Up - surface: {P =Py
LJUui=U=0

Up - round: {URl =UR, =UR; =0;

U=U,=U;=0

Down - surface:{URl =UR, =UR3 =0;

Uy=U,=0

Down - round: {UR1 —UR, = UR; = 0;

Whole model: T = Ty step
Fourth step, heat transfer analysis:

Up - surface: T = Ty;
Up - round: q = 0;
Down - surface:T = Ts;

Down - round: q = 0;
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A full single pellet

Pellet-cladding gap

Cladding

Pellet

(a) Schematic and
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Pellet

Gap

Cladding

computational model

Pellet upsurface:P,

Cladding upurface:
X-surface free
(pellct/cladding): L
svmmetric Cladding inncrsurface:
\ P,
Pellet outersurface:
P,
_ Cladding outersurface:
Y-surface P.hT
. ity
(pellet/cladding):

Y symmetric

z

\dv
Z-surface
(pellet/cladding):
Z symmetric

(b) Boundary conditions

Fig. 2. Numerical model and boundary conditions of pellet and cladding.

where U;, U,, and Uz denote the displacement in the x, y, and
z directions respectively; UR;, UR,, and UR3 denote the rotation
displacement in the three spatial angles, respectively; P, denotes
the actual pressure on the up-surface (4.65MPa); T3 (243.9°C) and
T, (183.8°C) denote the actual temperature on the up-surface and
down-surface; and T,,q gp denotes the temperature distribution

results obtained from the second step of the analysis. The mate-
rial properties are listed in Table 1.

The finite element analysis of the mechanical and heat transfer
performance of the contact surfaces is implemented using ABAQUS,
based on the topology of the measured surface. The specimen sur-
face topography is measured using a microscope (Bruker Contour
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(al) Step-1 (a2) Step-3
(a) Up-inner-surface
U'U300044 = e
0.0023 8:8232
0.0002 0.0403
-0.0018 0.0382
-0.0039 0.0361
-0.0060 0.0340
-0.0081 0.0318
-0.0101 0.0297
-0.0122 0.0276
-0.0143 0.0255
-0.0164 0.0234
-0.0184 0.0212
-0.0205 0.0191
(bl) Step-1 (b2) Step-3

(b) Down-inner-surface

Fig. 3. Displacement distribution of up-inner-surface and down-inner-surface.

Table 1
Ti-6A1-4V properties at different temperatures [15].
T/(°C) Young’s Modulus/  Poisson’s ratio Expansion Yield strength/ Plastic strain Thermal
(GPa) coefficientx 106 (MPa) conductivity/
(W/mK)
20 120.59 0.286 7.882 6.8
100  120.05 0.284 8.53 360 0 7.4
200 1155 0.294 9.34 8.7
300 113.39 0.299 9.52 9.8
400 108.1 0314 9.79 980.6 01 103
500 92.98 0.352 9.83 11.8

GT-K) with a vertical resolution of 0.1 nm. The average surface
roughness of the up-inner-surface and down-inner-surface are 11.3
pm and 19.7 um, respectively. The contact-surface reconstruction
process and the computational model establishment process are
as follows. Based on the measured surface’s topography, the two
contact surface roughnesses are reconstructed within every four
neighboring points in the coons-surfaces style of ABAQUS. Further,
the data for every eight adjacent measured points are used as the
nodes to generate one element. A very small horizontal movement
of one surface is implemented to ensure that there is only one
contact point of the two contact surfaces. This ideal single con-
tact point is set up as the initial contact condition for the sim-
ulation analysis. A mesh with 1,778,432 hexahedral elements and
1,858,890 nodes is applied to implement the numerical analysis.
The emissivity of TC4 is 0.6.

It is important to note that this study considers the TCR in the
macroscale, i.e., the thermal boundary resistance (also known as
interfacial thermal resistance or Kapitza resistance) is not taken
into account. The reason is that the surface roughness in this study
is of the order of tens of microns, which is much larger than the
nano or atomic scale. Therefore, the boundary thermal resistance
caused by phonon scattering at the interface can be neglected
[29,30].

3.2. TCR model between a pellet and cladding

The second TCR model investigated in this paper is that for the
TCR between a pellet and cladding in nuclear engineering. When
designing the fuel bundle of a pressurized water reactor (PWR), a
certain gap is assumed to exist between the outer surface of the
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1305.3 1428.4
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Lo 1140.8
7253 g
580.3 2004
435.3 Lede
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(al) Step-1 (a2) Step-3
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885.6 R
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590.4 T
2428 !
295.2 562.2

(bl) Step-1

(b2) Step-3

(b) Down-inner-surface

Fig. 4. Mises stress distribution of up-inner-surface and down-inner-surface.

fuel pellet and the inner surface of the cladding [31-33]. The gap
is initially filled by low molecular weight helium. A very narrow
gap can result in significant temperature distribution changes in
the fuel pellet. Therefore, the reliability of gap-conductance pre-
diction is crucial to ensure the safety of PWRs. Gap conductance
depends on the burnup and can be divided into two main stages:
gas conduction at the initial stage of low burnup and contact con-
duction at the subsequent stage of high burnup. With the increases
in burnup, the expansion caused by temperature rises, and cracks
and swelling occur owing to the irradiation of the fuel pellets. Fur-
ther, the creep of the cladding and release of fission gas occur si-
multaneously. These aforementioned factors may cause the pellets
to come into contact with the cladding. In this study, as a first
approximation, only the effect of expansion on contact conduc-
tion is considered in detail, while other factors are not taken into
account.

Fig. 2(a) shows the schematic and computational model for the
pellet-cladding (1-2) contact pair. 1/8 of a full single pellet is se-
lected as the computational model because of its symmetry. The
radius and the height of the pellet are 4.3 mm and 20 mm, respec-
tively. The thickness of the cladding is 0.5 mm. The topographies
of the outer surface of the pellet and inner surface of cladding are
generated artificially. The average surface roughnesses of the outer
surface of the pellet and inner surface of the cladding are 7.52 um
and 7.54 pum, respectively [34]. Here, the ideal single contact point
is also set up as the initial contact status for the simulation analy-
sis. Meshes with 44,800 hexahedral elements and 52,015 nodes are

applied to implement the numerical analysis of the computational
model.

The fuel pellet acts as a volumetric heat source and the coolant
transfers heat away through the outer surface of the cladding. The
boundary conditions for the mechanical and heat transfer analysis
are shown in Fig. 2(b) and can be defined as follows:

First step, mechanical analysis:

Pellet upsurface: P = P;

Cladding innersurface: P = P,;

Pellet outersurface: P = P;

Cladding outersurface: P = Py; (7)
X - surface(pellet/cladding): U; = UR, = UR3 = 0;

Y - surface(pellet/cladding): U, = UR; = UR; = 0;

Z - surface(pellet/cladding): U3 = UR; = UR, = 0;

Second step, heat transfer analysis:

Pellet: g = @;
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Table 2
Pellet (UO,) properties at different temperatures.
T/(°C) Young’s Poisson’s ratio Expansion Yield Plastic strain Yield Plastic strain Thermal
Modulus/ (GPa) coefficient strength/(MPa) strength/(MPa) conductivity/
(10-6) (W/meK)
300 189.730 0316 8.85329 538.90 0 578.50 0 5.45
400 187.510 0.316 9.14071 500.00 0 535.82 0.01 478
500 185.288 0.316 9.39743 461.09 0 493.14 0.01 426
600 183.067 0.316 9.63952 422.18 0 450.45 0.01 3.85
700 180.845 0.316 9.87351 383.28 0 407.76 0.01 3.51
800 178.624 0.316 10.1025 344.37 0 365.07 0.01 3.24
900 176.403 0.316 10.3283 305.47 0 322.38 0.01 3.01
1000 174.182 0316 10.5518 266.56 0 279.69 0.01 2.83
4. Results and discussion
. aT
Cladding outersurface: - )‘% =h(T - Tp); (8) 4.1 Comparison of the effects of thermal expansion for thermal
protection layers
Third step, mechanical analysis:
The mechanical results for displacement, von Mises stress, and
Pellet upsurface: P = Py; the contact area are found and subsequently analyzed. Fig. 3(a)
shows the U3/mm displacement (z-direction of the pressure ex-
erted) distribution of the up-inner-surface from the first step and
Cladding innersurface: P = P,; third step. Fig. 3(b) shows the distribution for the down-inner-
surface from the first step and third step. It can be seen that
the difference between the results of the first step and the third
Pellet outersurface: P = P,; step is that the effect of thermal expansion is not considered in
the first step and it is considered in the third step. For the up-
inner-surface in the first step, the displacements of all nodes are
. downward, from -2.09x10~2 mm to -5.47x10~2 mm (with an av-
Cladding outersurface: P = Py; 9) erage value of -5.0x10~2 mm), as the computational model is sub-
jected to the downward pressure P. For the down-inner-surface in
the first step, a majority of the displacement is also downward,
X - surface(pellet/cladding): U; = UR, = UR; = 0; while several individual spots exhibit upward deflection owing to
deformation, from -2.05x10~2 mm to 4.4x10~3 mm, with an aver-
age of -3.0x10~% mm. It is clear that the displacement value of
Y - surface(pellet/cladding): U, = UR; = UR; = 0; the up-inner-surface is obviously larger than that of the down-
inner-surface. For the up-inner-surface in the third step, the dis-
placements of all nodes are from -1.0x10~2 mm to 1.87x10~2 mm,
. with an average value of -1.48x10~2 mm. It can be seen that the
Z - surface(pellet/cladding): Us = UR, = UR; = 0; displacements of several spots turn upward and the average dis-
placement becomes smaller because of the expansion effect. For
the down-inner-surface in the third step, the displacements of all
Whole model: T = Ty step nodes are from 1.91x10~2 mm to 4.46 x10~2 mm, with an average
value of 3.95x10~2 mm. It can be observed that the displacement
Fourth step, heat transfer analysis: of the entire surface turns upward because of expansion. Figs. 4(a),
(b) show the von Mises stress distribution of the up-inner-surface
Pellet: q = &; and down-inner-surface, respectively. The von Mises stress distri-
bution and values of the two contact surfaces from the two steps
are approximately the same. In Fig. 4(a), the maximum von Mises
. . aT . stresses from step 1 and step 3 are 1740 MPa and 1859 MPa, re-
Cladding outersurface: - Aﬁ =h(T -Tp); (10) spectively. They are larger than the yield stress—860 MPa—which

where Uy, Uy, and U; denote the displacement in the x, y, and
z directions, respectively; UR;, UR,, and UR; denote the rotation
displacement in the three spatial angles, respectively; P, denotes
the helium pressure in the gap (4.5 MPa); P; denotes the coolant
pressure flow through the outer surface of the cladding (15.5
MPa); ¢ denotes the volumetric heat source (320.4 mW/mm3);
A is the thermal conductivity of the cladding; g—ﬁ is the tempera-
ture gradient; h is the heat transfer coefficient (20000W/m? - K);
Ty is the coolant temperature (300°C); and T,,q sep denotes the
temperature-distribution results obtained from the second step of
the analysis. The emissivities of the pellet and cladding are 0.871
and 0.809 [35], respectively. The material properties of pellet and
cladding are listed in Table 2 and Table 3, respectively [34].

implies that the deformation of some elements enters the plastic
stage. Therefore, it is necessary to consider plasticity in the me-
chanical simulation. Figs. 5(a), (b) show the contact area distribu-
tions of the up-inner-surface and down-inner-surface, respectively.
The bright spots denote the real contact area. In the blue to red
labels in Figs. 5(a), (b), the real contact areas of the elements vary
from 0 to 6.63x1072 (6.65x10~2) mm?2. The percentage of the real
contact area per unit nominal area from the first and the third
steps are both 1.03%.

Next, the heat transfer results for temperature and heat flux
are presented and discussed. Figs. 6, 7 represent the temperature
distribution of the lateral wall, up-inner-surface and down-inner-
surface from the second step and fourth step. In Fig. 6, the dif-
ference between lateral temperature results from the second step
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Table 3
Cladding (Zircaloy) properties at different temperatures.
T/(°C) Young's Poisson’s ratio  Expansion Yield strength/  Plastic strain Yield strength/  Plastic strain Thermal
Modulus/ coefficient(10-6) (MPa) (MPa) conductivity/(W/meK)
(GPa)
300 80.408 0.355 4.35747 244.31 0 252.35 0.01 16.17
320 79.296 0.357 4.36269 240.14 0 248.07 0.01 16.41
340 78.184 0.359 4.36729 235.96 0 243.78 0.01 16.64
360 77.072 0.360 437139 231.79 0 239.50 0.01 16.88
380 75.961 0.362 4.37505 227.61 0 235.21 0.01 17.11
400 74.849 0.364 4.37835 223.44 0 230.92 0.01 17.35
CNAREA
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Fig. 5. Contact area distribution of up-inner-surface and down-inner-surface.
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Fig. 6. Lateral wall temperature distribution of the 15t model.
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(al) Step-2, 7. . =205.3°C15]

up-step?2

(a2) Step-4, T .=205.2°C

up-step4

(a) Up-inner-surface

NT11

(bl) Step-2, T,

lown-step?2

=224.1°q15]

(b2) Step-4, T =224.1°C

down-step4

(b) Down-inner-surface

Fig. 7. Temperature distribution of up-inner-surface and down-inner-surface from the 15t example.
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-19.002

Giep2=23.307 mW - mm=2

Gyieps=23-416 MW - mm™

Fig. 8. Heat flux distribution of up-inner-surface.

and the fourth step is whether the thermal expansion effect is not
considered or considered. The temperature is in °C unit. It is found
that the temperature distributions are identical within one digit af-
ter the decimal, irrespective of thermal expansion. However, the
average temperatures of the up-inner-surface show a little differ-
ence between Step 2 and Step 4, which are 205.3 °C and 205.2 °C
in the two steps, respectively, as shown by Fig. 7 (a), but the aver-
age temperatures of the down-inner-surface for Step 2 and Step 4
are both 224.1 °C. The heat-flux distributions from the second and

fourth steps are given in Fig. 8, in mWemm~™2. The average heat
flux from the second step is Ggepy = 23.307 mW - mm - 2, while
that from the fourth step is qseps = 23.416 mW - mm - 2 with a de-
viation of 0.46%. A careful observation on Fig. 7(a) and (b) can find
that in Step 4 there are more spots in the center part of the test
section have an appreciable local heat flux. However, because of
their very small local area, the averaged surface flux only increased
by 0.46%.
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Fig. 9. Displacement distribution of pellet outer-surface and cladding inner-surface.

The thermal contact resistance, TCR, is defined as:
ﬂ _ Tclown - Tup
q

where Ty, and Ty, are the average temperature of the down-
inner-surface and up-inner-surface, respectively. These two contact
surface’s average temperatures are calculated from the arithmetic
average temperature of all nodes on the contact surfaces. AT is
the temperature difference between Ty, and Typ. q is the average

heat flux in the axial direction flowing through the contact sur-
faces. The two TCR values are:

g _ Taown—step2 — Tup—step2 _ 2241 - 205.3

TCR = (11)

TCRstepZ - q qs[epZ 23307
=8.066 x 10" 4°C.m? . K! (12)
TCR _ ﬂ _ Tdown—step4 - Tup—step4 _ 2241 - 205.2
stepd = ﬁ B qstep4 B 23416
=8.071 x 10" %°C- m? . K! (13)

The experimental result is 7.75 x 10 - 4°C-m? . K~! from the 1D
steady platform [15] under the same boundary conditions, and the
deviation is 4% for the TCR from the second step. The deviation
of TCR from the two steps is only 0.06%, which implies that the
effects of thermal expansion need not be considered in the predic-
tion, and that SSIM can adequately simulate the TCR for the inves-
tigated thermal protection system.

4.2. Comparison of the effects of thermal expansion for the pellet and
cladding model

First, the mechanical results for displacement, von Mises stress,
and the contact area are presented and discussed. Figs. 9, 10 show
the displacement and von Mises stress distributions of the pellet
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outer-surface and cladding inner-surface from the first step and
third step, respectively. Ul/mm denotes the radial direction of the
exerted pressure. In the first step, the displacements of the pellet
outer-surface and the cladding inner-surface are negative when the
pressure is exerted. For the pellet outer-surface in the first step,
the maximum displacement is -7.24x10~% mm, while the mini-
mum displacement is -3.88x10~> mm, with an average value of
-7.93x10~> mm. For the cladding inner-surface in the first step,
the maximum displacement is -7.04x10~3 mm, while the mini-
mum displacement is -4.69x10~% mm, with an average value of
-4.83x10~3 mm. It is clear that the displacement value of the
cladding inner-surface is obviously larger than that of the pel-
let outer-surface. For the pellet outer-surface in the third step,
the maximum displacement is 2.67x10~2 mm, while the mini-
mum displacement is 2.02x10~2 mm, with an average value of
2.30x10~2 mm. For the cladding inner-surface in the third step,
the maximum displacement is 2.36x10~2 mm, while the minimum
displacement is 4.9x10~3 mm, with an average value of 1.13x10~2
mm. For the third step, the displacement of the two contact sur-
faces turns positive owing to the effects of expansion, while the
displacement of the pellet outer-surface is larger than that of the
cladding inner-surface. Figs. 11(a), (b) show the contact-area distri-
butions of the pellet outer-surface and the cladding inner-surface,
respectively. The percentage of the real contact area per unit nom-
inal area from the third step is approximately 9.38%, which is al-
most five times of the value from the first step, 1.91%. Therefore,
it is clear that the von Mises stress distribution differs for the two
steps. In Figs.9 to 11, the differences between Steps 1 and 3 are so
appreciable, only major quantitative results are presented, and no
detail comparisons are made for the simplicity of presentation.
Next, the results for the temperature and heat flux are pre-
sented and discussed. Figs. 12, 13 represent the temperature dis-
tribution of the entire model, and the two surfaces (pellet outer-
surface and cladding inner-surface), respectively, from the second
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Fig. 10. Mises stress distribution of pellet outer-surface and cladding inner-surface.
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Fig. 11. Contact area distribution of pellet outer-surface and cladding inner-surface.
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Fig. 12. Whole model temperature distribution of the 2" example.

step and fourth step. It is to be noted that even though the quali-
tative pictures of Fig. 12(a) and (b) are almost the same, the tem-
perature scales of the two figures are different, with the up-scale
of Fig. 12(b) being about 37 °C lower than that of Fig. 12(a) The
temperature of the central axis from the fourth step is about 36.8
°C higher than that from the second step. The average tempera-
tures of the pellet outer-surface are 409.5°C and 382.1°C for the
two steps, respectively, which indicates that more heat transfers
from the pellet to the cladding when the real contact area in-
creases owing to the effects of thermal expansion in the fourth
step. The average temperatures of the cladding inner-surface for
the two steps, 350.3 °C and 350.9 °C, respectively, are nearly the
same. This is because the high heat transfer rate to the cladding
can be mitigated by the high coolant heat transfer coefficient,
20000W/m? - K. The heat flux radial component distribution of
the pellet outer-surface from the second step and fourth step are

(b1) Step-2, T, =409.5°C

—o—step2
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given in Figs. 14(a), (b), respectively. The heat flux radial com-
ponent distribution of the cladding inner-surface from the sec-
ond step and fourth step are shown in Figs. 15 (a), (b), respec-
tively. The radial heat flux of the pellet outer-surface from the sec-
ond step is qp_o_srep2 = 692.512 mW - mm - 2, while that from the
fourth step is qp_o_seps = 694.268 mW - mm - 2. Further, the radial
heat flux of the cladding outer-surface from the second step is
Qc—i_step2 = 688.063 mW - mm - 2, while that from the fourth step
is qc_i_steps = 698.398mW - mm - 2. It can be seen that, despite the
real contact area increasing, the average heat flux is almost the
same for the two steps, with a deviation less than 1.48%.

The thermal contact resistance, TCR, is determined by an equa-
tion similar to Eq. (11).
TR = AT _ Too—Tesi

q q

where Ty, and T._; are the average temperatures of the pellet
outer-surface and cladding inner-surface shown in Fig. 13, respec-
tively. AT is the temperature difference between T,_, and T,_;, and
q is the average radial heat flux that flows through the contact sur-
faces. The values of the two TCRs are as follows:

409.5 - 350.3

(14)

AT _ Tp—o—stepz - Tc—i—stepZ

TCRSfeP2 = q asrepz = 692512 *2- 688063
=8.576 x 107 5°C-m? - K! (15)
TR — AT Tyostieps — Toisieps  382.1 - 350.9
stepd = T—= = T 694268 + 698398
q Astepa )
=4481x10%°C.m?.K! (16)

The deviation of the TCR in the two steps is as high as 91.4%,
which implies that the effects of thermal expansion must be con-

(a2) Step-4, T, =382.1°C

-o—step4

(a) Pellet outer-surface

(bl) Step-2, T

c—i—step2

=350.3°C

(b2) Step-4, T =350.9°C

c—i—step4

(b) Cladding inner-surface

Fig. 13. Temperature distribution of pellet outer-surface and cladding inner-surface.
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Fig. 14. Heat flux radial component distribution of pellet outer-surface.
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Fig. 15. Heat flux radial component distribution of cladding inner-surface.

sidered in the prediction; DICM must be adopted to simulate the
TCR between the pellet and cladding.

Come here a question may arise as why we do not conduct it-
eration deeply by using SSCM so that the effect of thermal expan-
sion can be considered? As indicated in Introduction, a complete
thermal-mechanical coupling simulation is very difficult to obtain
convergent numerical solutions because of highly non -linearity,
and the solution process usually is of segregated type, as presented
in this paper by the DICM. And this is a usually approach in nu-
merical community when a highly non-linear problem is to be nu-
merically solved. Then it is clear that in the SSCM, no matter how
deep the iteration is conducted, the thermal expansion effect could
not be taken into account. Only DICM can take the effect of ther-
mal expansion into account.

As indicated above, in nuclear engineering, determining the TCR
is of great importance, and significant uncertainty still exists in
this field at present. The prediction equations for determining TCR
under the same conditions can differ by 10 times in their results
[36,37]. This indicates that further research, both experimental and
numerical, is of great importance to improve the prediction accu-
racy of TCR; the present paper makes a contribution in this regard.

Further, it is important to note that, in the first example, the
surface roughness is measured, while in the second example, it
is artificially generated. Different roughnesses will lead to differ-
ing results for TCR. However, for a given roughness, the predicted
TCR should not be affected by the way the roughness is obtained,
whether it is experimentally measured or artificially generated.
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4.3. Differences between the two cases

The TCR values for the first example predicted by SSCM and
DICM are almost the same, while those for the second example dif-
fer appreciably. It is important to note that the Young’s Modulus,
thermal expansion characteristics of the materials, and the imple-
mented pressure of the two examples are similar. To exclude the
influence of the physical properties on the TCR results, a compar-
ative simulation is conducted by substituting the pellet’s physical
properties for the cladding’s. The real contact area percentages of
the pellet outer surface from the first step and third step are 0.62%
and 8.60%, respectively, as shown in Fig. 16. It can be seen that the
differences in the real contact areas of the two cases are roughly
the same (8.6% and 0.62% versus 9.38% and 1.91%). The authors
believe that these differences mainly arise from different mod-
els’ structures. For the second example, with axisymmetric geome-
try, the radial displacements will be partially mutually suppressed
when the radial pressure is implemented and the average radial
displacements of cladding inner-surface and pellet outer-surface in
the first step are only -4.83x10~3 mm and -7.93x10~>mm, respec-
tively. For the first example, with the fixed down-surface, the aver-
age displacements of the up-inner-surface and down-inner-surface
in the first step are as large as -5.0x10~2 mm and -3.0x10~% mm,
respectively.

For the first example, the average displacements of the two sur-
faces in the third step are -148x10~2 mm and 3.95x10~2 mm,
respectively. The average gap distances of the ideal contact sta-
tus, first step, and third step are 102.22 pum, 52.50 um, and 52.80
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Fig. 16. Contact area distribution of pellet outer-surface with the same physical properties.

mum, respectively. With the increases in the implemented pressure,
the gap distance decreases from 102.22 um to 52.50 um. Further,
the gap distance from the first step and third step is almost the
same, which leads to the same percentage of real contact area
and the same TCR. For the second example, the average displace-
ments of the two surfaces in the third step are 1.13x10~2 mm and
2.30x10~2 mm, respectively. The gap distances of the ideal con-
tact status, first step, and third step are 29.46 um, 24.70 wm, and
18.4 um, respectively. The gap distance decreases from 29.46 um
to 24.70 um with increases in the implemented pressure on the
contact pairs. Further, the gap distance decreases from 24.70 um
to 18.4 um as the thermal expansion is taken into account in the
third step, which leads to a larger percentage of real contact area
and larger TCR. From the above discussion, it can be concluded that
DICM should be recommended for contact pairs with axisymmet-
ric geometry, while SSCM is suggested for contact pairs with non-
axisymmetric geometry.

5. Conclusion

In this paper, the dual-iterative coupling method (DICM) for
predicting TCR is proposed, which focuses on the effects of ther-
mal expansion on TCR prediction. The TCRs of thermal protection
layers and of pellets and claddings are considered as practical en-
gineering examples; both the DICM and the conventional single se-
quential coupling method (SSCM) are adopted for predicting their
values. The predicted results and their differences are discussed in
detail. The major conclusions can be summarized as follows:

(1) For the thermal protection layers studied, the average gap
distances of the first step and third step are 52.50 um and 52.80
pmm under the pressure of 4.65MPa. Further, the percentage of the
real contact area per unit nominal area from the first and the
third steps are both 1.03%. The same gap distance leads to the
same percentage of real contact area and the same TCR about
8.1 x 1074°C-m? . K-, even though the effects of thermal expan-
sion are taken into account, indicating that one step of mechanical
analysis and one heat transfer analysis (SSCM) are sufficiently ac-
curate in predicting the TCR.

(2) For the TCR of the pellet and cladding, the gap distance de-
creases from 24.70 um to 18.4 pm as the thermal expansion is
taken into account in the third step. Further, the percentage of
the real contact area per unit nominal area from the third step
is approximately 9.38%, which is five times that of the first step,
1.9%. The values of the two TCRs are 8.576 x 10~>°C-m? - K~! and
4.481 x 1075°C-m?2 - K~1. The deviation of TCR from the two steps
can get as high as 91.4%, which implies that the effects of thermal
expansion must be considered in the prediction and the DICM, i.e.,
two mechanical and two heat transfer analyses must be adopted
to simulate the TCR between the pellet and the cladding.
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(3) For all TCR simulation models for practical engineering,
DICM must be used for contact pairs with axisymmetric geome-
try, and the SSCM method will lead to great errors owing to the
neglect of thermal expansion effect.
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