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a b s t r a c t 

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. 
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. Introduction 

Surface–surface contact is ubiquitous between components in 

ngineering systems, which inevitably introduces thermal contact 

esistance (TCR) when heat transfer takes place. The TCR at high 

emperatures requires significant research for hypersonic aircrafts 

1] and nuclear reactors [2] . The research approaches for TCR can 

e primarily divided into theoretical analyses [ 3 , 4 ], numerical sim- 

lations [ 5 , 6 ], and experimental studies [7–9] . For example, the-

retical analyses and numerical simulations are frequently used 

o study pellet-cladding thermal–mechanical interactions (PCIs), 

hich induce large stresses in the cladding, and could lead to fuel 

od failure. In both theoretical analyses and numerical simulations, 

hree key steps are usually followed [10] . For theoretical analyses, 

urface-topography generation, contact-deformation determination, 

nd establishment of a single asperity or multi-asperity ther- 
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al contact-resistance model must be accomplished. For instance, 

hang et al. [11] proposed an analytical model for TCR in which 

he rough surfaces are characterized using the 3D Weierstrass–

andelbrot (W-M) fractal function. Three deformation modes are 

nalyzed—elastic, elastic–plastic, —and the classical Cooper–Mikic–

ovanovich (CMY) model [12] , based on single idealized contact, 

s adopted to obtain the expression for the TCR. Jackson et al. 

13] developed a multiscale model that considers the multiple 

cales of surface roughness and the scale dependence of the me- 

hanical and thermal properties based on Archard’s [14] theoret- 

cal model. These theoretical models have significant limitations 

n terms of their applicability for arbitrary mechanical roughness. 

urther, in numerical simulations, surface-topography generation, 

ontact-deformation analysis, and heat transfer calculations are the 

hree key steps to follow [15] . For surface-topography generation, 

he statistical model [16] , the fractal model [ 17 , 18 ], and the mea-

ured practical rough topography [ 19 ] have been adopted in pre- 

ious studies. The practical rough surface model established from 

easurements can significantly mitigate the uncertainty of topog- 

aphy assumptions originating from statistical and fractal models. 

https://doi.org/10.1016/j.ijheatmasstransfer.2021.121243
http://www.ScienceDirect.com
http://www.elsevier.com/locate/hmt
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijheatmasstransfer.2021.121243&domain=pdf
mailto:zhiyan7@sina.com
mailto:wqtao@mail.xjtu.edu.cn
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n terms of the numerical methods, the finite element method 

FEM) [ 14,18–20 ], finite volume method (FVM) [ 21 ], the finite dif-

erence method (FDM) [ 22 ], and the lattice Boltzmann method 

LBM) [ 23,24 ], ]are typically used to predict the TCR. The LBM used 

o predict TCR operates from a mesoscopic perspective, resulting in 

 limited computational size. The FDM employed to simulate TCR 

lso has limitations in terms of simulating complex surface struc- 

ures; therefore, there has not been much research on this topic. 

he FVM inherently satisfies the criterion of energy conservation 

rrespective of its mesh size; however, the deformation process 

annot be resolved easily using this method. TCR has been well- 

esearched in the field of thermal–mechanical coupling; therefore, 

he FEM is often regarded as the most suitable method to pre- 

ict TCR in engineering applications. For example, Thompson [ 19 ] 

mplemented the FEM to solve the thermal/structural problem in 

he micro- and macro-scales by implementing iterations with each 

ther. Murashov and Panin [ 20 ] adopted the FEM to simulate the 

ontact heat transfer problem of hardened rough surfaces based on 

he fractal model. 

Even though so much papers were published related to numer- 

cal prediction of TCR, only a limited papers were published that 

ctually predicted the TCR by implementing the mechanical and 

hermal analyses on the discretized grids. For example, Gou and 

ai et al. [ 10 , 15 ] adopted the single sequential coupling method

SSCM) for TCR prediction with FEM. In their research, one me- 

hanical simulation that neglects thermal expansion followed by 

ne thermal simulation is implemented. To the best of our knowl- 

dge, there are no previous studies that consider the effect of ther- 

al expansion on TCR prediction. However, for some specific situa- 

ions, the mechanical and thermal effects are closely related when 

etermining TCR, necessitating complete thermal–mechanical cou- 

ling for solutions. If a complete thermal–mechanical coupling 

imulation is used, it will become very difficult to obtain con- 

ergent numerical solutions and the computing time will become 

ery high. Therefore, one more sequential solution after the first 

equential solution is proposed in this paper, which is termed as 

he dual-iterative coupling method (DICM). The superiority of the 

ICM is that the effect of thermal expansion can be considered in 

he second mechanical analysis and the deformation due to ther- 

al expansion can be calculated. Subsequently, the heat transfer 

ue to mechanical deformation and thermal deformation can both 

e calculated in the second heat transfer analysis. 

In this paper, the DICM for TCR prediction is proposed, and the 

ffects of thermal expansion on TCR prediction have been thor- 

ughly investigated in two engineering applications. The rest of 

he paper is organized as follows. The governing equations for 

he DICM are presented in Section 2. The boundary conditions of 

wo practical engineering applications are provided in Section 3 . 

ection 4 presents the details of the predicted results for the two 

xamples. Finally, some conclusions are drawn in Section 5. 

. Governing equations 

To consider the effects of thermal expansion, the DICM is 

dopted. There are a total of four calculation steps involved in the 

ICM. The first step is mechanical analysis, which is governed by 

he elastic–plastic constitutive equations based on the ideal sin- 

le point contact condition. The second step is heat transfer anal- 

sis based on the deformed geometry originating from the first 

echanical analysis. The third step is a second round of mechan- 

cal analysis that considers the effect of thermal expansion with 

he predicted temperature distribution. The fourth step is a second 

ound of heat transfer analysis based on the deformed geometry 

etermined from the second mechanical analysis. The governing 

quations for DICM are as follows. 
2 
.1. Mechanical analysis 

The stress–strain governing equations that consider the effect of 

hermal expansion for the elastic stage and plastic stage are docu- 

ented in literature [ 25,26 ] and are simply showed as follows. 

For the elastic stage: 

 

x 
= 

1 

E 
[ σx − μ( σy + σz ) ] + αT �T 

 

y 
= 

1 

E 
[ σy − μ( σx + σz ) ] + αT �T (1) 

 

z 
= 

1 

E 
[ σz − μ( σy + σx ) ] + αT �T 

xy = 

1 

G 

τxy , γyz = 

1 

G 

τyz , γzx = 

1 

G 

τzx 

For the plastic stage: 

 ε 
x 
= 

1 

2 G 

d s 
x 
+ d λs 

x 
+ αT d T , d γxy = 

1 

G 

d τxy +d λτxy 

 ε 
y 
= 

1 

2 G 

d s 
y 
+ d λs 

y 
+ αT d T , d γyz = 

1 

G 

d τyz +d λτyz (2) 

 ε 
z 
= 

1 

2 G 

d s z + d λs 
z 
+ αT d T , d γzx = 

1 

G 

d τzx + d λτzx 

here σi (i = x, y, z) and d s i (i = x, y, z) are the normal stress;

i j (i j = xy, yz, xz) and d τi j (i j = xy, yz, xz) are the shear stress;

 i (i = x, y, z) and d ε i (i = x, y, z) are the normal strain; γi j (i j =
y, yz, xz) and d γi j (i j = xy, yz, xz) are the shear strain, G = 

E 
2(1+ μ) 

,

here E and μ are the Young’s modulus and the Poisson’s ra- 

io, respectively; and G is the shear modulus. d λ = 

3d ε i 
2 σi 

. αT is the 

hermal expansion coefficient, and �T and d T is the temperature 

ifference in difference and differential form respectively. In this 

tudy, the property parameters are considered to be temperature- 

ependent. 

The differences of the stress–strain governing equations be- 

ween the first step and the third step are only the thermal ex- 

ansion term showed in Eqs. (1) and (2) . The governing equations 

f the first step are also well documented in literature [ 25,26 ] and

ill not be restated here for simplicity. 

.2. Heat transfer analysis 

The heat transfer between two contact surfaces with the inter- 

titial gap consists of three parts: (a) conduction through the actual 

ontact spots of two solids; (b) conduction through the interstitial 

ap; (c) radiation heat transfer between the two surfaces of gaps. 

The governing equation of heat conduction in bodies is well 

ocumented in literature [ 27 ]. The radiative heat transfer in gaps 

s governed by the classic Stefan–Boltzmann radiation equation 

hich is described detailed in literature [15] . Xu et al. found that, 

hen the gap distance is larger than the dominant wavelength, 

th , of the thermal radiation, where λth is defined using Wien’s 

isplacement rule [ 28 ], the thermal radiation between two inter- 

aces can be also calculated by the Stefan–Boltzmann law. In this 

tudy, the distances between two solid surfaces are of the order of 

ens of microns, which is much larger than the characteristic wave- 

ength determined by Wien’s rule (about 6 microns at the lowest 

emperature of 500 K in this paper). In the study [15] , it was found

hat the maximum difference—with or without considering radi- 

tion in the air gap—is 2.17% when the two contact surfaces are 

ear 400 °C. This implies that the effect of radiation on TCR is lim- 

ted. Thus even if the calculation of radiation heat transfer is not 
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Fig. 1. Computational domain and boundary conditions of TPS [ 15 ]. 
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ccurate, say the emissivity of the material surface is roughly esti- 

ated, the effect on TCR prediction is very limited. 

Equations of heat conduction across the gaps and the gap con- 

uctance determination can also refer to literature [15] . As indi- 

ated above the gap distances in this study are about tens of mi- 

rons, and much larger than the gas mean free path; therefore, the 

ontinuous model is still valid. 

. Boundary conditions 

Boundary conditions are usually related to specific problems 

hat need to be specified. In this paper, two engineering applica- 

ions will be used as examples. To facilitate a comparison of the re- 

ults, the same problems are analyzed using both DICM and SSCM. 

.1. TCR model between thermal protection layers 

A multilayer thermal protection system (TPS, including TC4, 

ltra-high temperature ceramics, aerogels, phase change materials, 

tc.) is designed for hypersonic aircraft to sustain the large tem- 

erature difference between the outer surface and inner space ow- 

ng to severe aerodynamic heating. The multilayers in this paper 

o not refer to the thin-coating protection layers on the surface of 

he material. TCR will always exist between two adjacent layers, 

hich is a crucial consideration in the thermal design of multi- 

ayer TPS. The underestimation of the TCR will lead to an excessive 

hickness of the thermal protection structure, increasing the TPS 

eight, which should be minimized for hypersonic aircraft. There- 

ore, TCR is an important factor in the design of TPS for the weight-

onstrained hypersonic aircraft. Furthermore, the precise predic- 

ion of TCR between thermal protection layers has become a limi- 

ation (others include the melting point, chemical stability, thermal 

onductivity, etc.) that affects the reliability of TPS. 

In this paper, the TC4–TC4 contact pair is selected as the TPS 

aterial to investigate the effects of thermal expansion on TCR 

rediction. Fig. 1 (a) shows the computational model of the TC4–

C4 (1-2) contact pair. The upper TC4(1) and lower TC4(2) are 

oth 48 mm in diameter and 8 mm in height, so the total com- 

utational domain dimensions are 48 mm in diameter and 16 mm 

n height. The boundary conditions for the mechanical and heat 

ransfer analysis are shown in Fig. 1 (b), and can be defined as fol-

ows: 

First step, mechanical analysis [ 15 ]: 

p - surface: 

{
U 1 = U 2 = 0 

P = P 0 ;

p - round: 

{
U 1 = U 2 = 0 

U R 1 = U R 2 = U R 3 = 0 ; (3) 

own - surface: 

{
U 1 = U 2 = U 3 = 0 

U R 1 = U R 2 = U R 3 = 0 ;

own - round: 

{
U 1 = U 2 = 0 

U R 1 = U R 2 = U R 3 = 0 ;
Second step, heat transfer analysis[15]: 

p - surface: T = T 4 ;

p - round: q = 0 ; (4) 

own - surface: T = T 3 ;

own - round: q = 0 ;
3 
Third step, mechanical analysis: 

p - surface: 

{
U 1 = U 2 = 0 

P = P 0 ;

p - round: 

{
U 1 = U 2 = 0 

U R 1 = U R 2 = U R 3 = 0 ;

own - surface: 

{
U 1 = U 2 = U 3 = 0 

U R 1 = U R 2 = U R 3 = 0 ; (5) 

own - round: 

{
U 1 = U 2 = 0 

U R 1 = U R 2 = U R 3 = 0 ;

hole model: T = T 2nd step 

Fourth step, heat transfer analysis: 

p - surface: T = T 4 ;

p - round: q = 0 ; (6) 

own - surface: T = T 3 ;

own - round: q = 0 ;
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Fig. 2. Numerical model and boundary conditions of pellet and cladding. 
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here U 1 , U 2 , and U 3 denote the displacement in the x, y, and 

 directions respectively; UR 1 , UR 2 , and UR 3 denote the rotation 

isplacement in the three spatial angles, respectively; P 0 denotes 

he actual pressure on the up-surface (4.65MPa); T 3 (243.9 ◦C) and 

 4 (183.8 ◦C) denote the actual temperature on the up-surface and 

own-surface; and T 2nd step denotes the temperature distribution 
4 
esults obtained from the second step of the analysis. The mate- 

ial properties are listed in Table 1 . 

The finite element analysis of the mechanical and heat transfer 

erformance of the contact surfaces is implemented using ABAQUS, 

ased on the topology of the measured surface. The specimen sur- 

ace topography is measured using a microscope (Bruker Contour 
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Fig. 3. Displacement distribution of up-inner-surface and down-inner-surface. 

Table 1 

Ti-6Al-4V properties at different temperatures [15] . 

T /( ◦C) Young’s Modulus/ 

(GPa) 

Poisson’s ratio Expansion 

coefficient ×10 6 
Yield strength/ 

(MPa) 

Plastic strain Thermal 

conductivity/ 

(W/m ·K) 

20 120.59 0.286 7.882 

860 

980.6 

0 

0.1 

6.8 

100 120.05 0.284 8.53 7.4 

200 115.5 0.294 9.34 8.7 

300 113.39 0.299 9.52 9.8 

400 108.1 0.314 9.79 10.3 

500 92.98 0.352 9.83 11.8 

G

r

μ
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n
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n
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c

t
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1

T
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i

i

i

n

c

[

3

T

d

T-K) with a vertical resolution of 0.1 nm. The average surface 

oughness of the up-inner-surface and down-inner-surface are 11.3 

m and 19.7 μm, respectively. The contact-surface reconstruction 

rocess and the computational model establishment process are 

s follows. Based on the measured surface’s topography, the two 

ontact surface roughnesses are reconstructed within every four 

eighboring points in the coons-surfaces style of ABAQUS. Further, 

he data for every eight adjacent measured points are used as the 

odes to generate one element. A very small horizontal movement 

f one surface is implemented to ensure that there is only one 

ontact point of the two contact surfaces. This ideal single con- 

act point is set up as the initial contact condition for the sim- 

lation analysis. A mesh with 1,778,432 hexahedral elements and 

,858,890 nodes is applied to implement the numerical analysis. 

he emissivity of TC4 is 0.6. 

c

5 
It is important to note that this study considers the TCR in the 

acroscale, i.e., the thermal boundary resistance (also known as 

nterfacial thermal resistance or Kapitza resistance) is not taken 

nto account. The reason is that the surface roughness in this study 

s of the order of tens of microns, which is much larger than the 

ano or atomic scale. Therefore, the boundary thermal resistance 

aused by phonon scattering at the interface can be neglected 

 29,30 ]. 

.2. TCR model between a pellet and cladding 

The second TCR model investigated in this paper is that for the 

CR between a pellet and cladding in nuclear engineering. When 

esigning the fuel bundle of a pressurized water reactor (PWR), a 

ertain gap is assumed to exist between the outer surface of the 
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Fig. 4. Mises stress distribution of up-inner-surface and down-inner-surface. 
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uel pellet and the inner surface of the cladding [ 31–33 ]. The gap

s initially filled by low molecular weight helium. A very narrow 

ap can result in significant temperature distribution changes in 

he fuel pellet. Therefore, the reliability of gap-conductance pre- 

iction is crucial to ensure the safety of PWRs. Gap conductance 

epends on the burnup and can be divided into two main stages: 

as conduction at the initial stage of low burnup and contact con- 

uction at the subsequent stage of high burnup. With the increases 

n burnup, the expansion caused by temperature rises, and cracks 

nd swelling occur owing to the irradiation of the fuel pellets. Fur- 

her, the creep of the cladding and release of fission gas occur si- 

ultaneously. These aforementioned factors may cause the pellets 

o come into contact with the cladding. In this study, as a first 

pproximation, only the effect of expansion on contact conduc- 

ion is considered in detail, while other factors are not taken into 

ccount. 

Fig. 2 (a) shows the schematic and computational model for the 

ellet–cladding (1-2) contact pair. 1/8 of a full single pellet is se- 

ected as the computational model because of its symmetry. The 

adius and the height of the pellet are 4.3 mm and 20 mm, respec-

ively. The thickness of the cladding is 0.5 mm. The topographies 

f the outer surface of the pellet and inner surface of cladding are 

enerated artificially. The average surface roughnesses of the outer 

urface of the pellet and inner surface of the cladding are 7.52 μm 

nd 7.54 μm, respectively [ 34 ]. Here, the ideal single contact point 

s also set up as the initial contact status for the simulation analy- 

is. Meshes with 44,800 hexahedral elements and 52,015 nodes are 
P

6 
pplied to implement the numerical analysis of the computational 

odel. 

The fuel pellet acts as a volumetric heat source and the coolant 

ransfers heat away through the outer surface of the cladding. The 

oundary conditions for the mechanical and heat transfer analysis 

re shown in Fig. 2 (b) and can be defined as follows: 

First step, mechanical analysis: 

ellet upsurface: P = P 2 ;

ladding innersurface: P = P 2 ; 

ellet outersurface: P = P 2 ; 

ladding outersurface: P = P 1 ; (7) 

 - surface(pellet/cladding): U 1 = U R 2 = U R 3 = 0 ;

 - surface(pellet/cladding): U 2 = U R 1 = U R 3 = 0 ;

 - surface(pellet/cladding): U 3 = U R 1 = U R 2 = 0 ;
Second step, heat transfer analysis: 

ellet: q = 

�
	;
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Table 2 

Pellet (UO 2 ) properties at different temperatures. 

T /( ◦C) Young’s 

Modulus/ (GPa) 

Poisson’s ratio Expansion 

coefficient 

(10 −6 ) 

Yield 

strength/(MPa) 

Plastic strain Yield 

strength/(MPa) 

Plastic strain Thermal 

conductivity/ 

(W/m •K) 

300 189.730 0.316 8.85329 538.90 0 578.50 0 5.45 

400 187.510 0.316 9.14071 500.00 0 535.82 0.01 4.78 

500 185.288 0.316 9.39743 461.09 0 493.14 0.01 4.26 

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 0.316 10.5518 266.56 0 279.69 0.01 2.83 
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ladding outersurface: - λ
∂T 

∂n 

= h (T − T f ) ; (8) 

Third step, mechanical analysis: 

ellet upsurface: P = P 2 ;

ladding innersurface: P = P 2 ; 

ellet outersurface: P = P 2 ; 

ladding outersurface: P = P 1 ; (9) 

 - surface(pellet/cladding): U 1 = U R 2 = U R 3 = 0 ;

 - surface(pellet/cladding): U 2 = U R 1 = U R 3 = 0 ;

 - surface(pellet/cladding): U 3 = U R 1 = U R 2 = 0 ;

hole model: T = T 2nd step 

Fourth step, heat transfer analysis: 

ellet: q = 

�
	;

ladding outersurface: - λ
∂T 

∂n 

= h (T − T f ) ; (10) 

here U 1 , U 2 , and U 3 denote the displacement in the x, y, and 

 directions, respectively; UR 1 , UR 2 , and UR 3 denote the rotation 

isplacement in the three spatial angles, respectively; P 2 denotes 

he helium pressure in the gap (4.5 MPa); P 1 denotes the coolant 

ressure flow through the outer surface of the cladding (15.5 

Pa); 
�
	 denotes the volumetric heat source (320.4 mW/mm 

3 ); 

is the thermal conductivity of the cladding; ∂T 
∂n 

is the tempera- 

ure gradient; h is the heat transfer coefficient (20 0 0 0 W / m 

2 · K );

 f is the coolant temperature (300 ◦C); and T 2nd step denotes the 

emperature-distribution results obtained from the second step of 

he analysis. The emissivities of the pellet and cladding are 0.871 

nd 0.809 [ 35 ], respectively. The material properties of pellet and 

ladding are listed in Table 2 and Table 3 , respectively [ 34 ]. 
7 
. Results and discussion 

.1. Comparison of the effects of thermal expansion for thermal 

rotection layers 

The mechanical results for displacement, von Mises stress, and 

he contact area are found and subsequently analyzed. Fig. 3 (a) 

hows the U3/mm displacement ( z -direction of the pressure ex- 

rted) distribution of the up-inner-surface from the first step and 

hird step. Fig. 3 (b) shows the distribution for the down-inner- 

urface from the first step and third step. It can be seen that 

he difference between the results of the first step and the third 

tep is that the effect of thermal expansion is not considered in 

he first step and it is considered in the third step. For the up- 

nner-surface in the first step, the displacements of all nodes are 

ownward, from -2.09 ×10 −2 mm to -5.47 ×10 −2 mm (with an av- 

rage value of -5.0 ×10 −2 mm), as the computational model is sub- 

ected to the downward pressure P . For the down-inner-surface in 

he first step, a majority of the displacement is also downward, 

hile several individual spots exhibit upward deflection owing to 

eformation, from -2.05 ×10 −2 mm to 4.4 ×10 −3 mm, with an aver- 

ge of -3.0 ×10 −4 mm. It is clear that the displacement value of 

he up-inner-surface is obviously larger than that of the down- 

nner-surface. For the up-inner-surface in the third step, the dis- 

lacements of all nodes are from -1.0 ×10 −2 mm to 1.87 ×10 −2 mm, 

ith an average value of -1.48 ×10 −2 mm. It can be seen that the 

isplacements of several spots turn upward and the average dis- 

lacement becomes smaller because of the expansion effect. For 

he down-inner-surface in the third step, the displacements of all 

odes are from 1.91 ×10 −2 mm to 4.46 ×10 −2 mm, with an average 

alue of 3.95 ×10 −2 mm. It can be observed that the displacement 

f the entire surface turns upward because of expansion. Figs. 4 (a), 

b) show the von Mises stress distribution of the up-inner-surface 

nd down-inner-surface, respectively. The von Mises stress distri- 

ution and values of the two contact surfaces from the two steps 

re approximately the same. In Fig. 4 (a), the maximum von Mises 

tresses from step 1 and step 3 are 1740 MPa and 1859 MPa, re- 

pectively. They are larger than the yield stress—860 MPa—which 

mplies that the deformation of some elements enters the plastic 

tage. Therefore, it is necessary to consider plasticity in the me- 

hanical simulation. Figs. 5 (a), (b) show the contact area distribu- 

ions of the up-inner-surface and down-inner-surface, respectively. 

he bright spots denote the real contact area. In the blue to red 

abels in Figs. 5 (a), (b), the real contact areas of the elements vary 

rom 0 to 6.63 ×10 −2 (6.65 ×10 −2 ) mm 

2 . The percentage of the real

ontact area per unit nominal area from the first and the third 

teps are both 1.03%. 

Next, the heat transfer results for temperature and heat flux 

re presented and discussed. Figs. 6 , 7 represent the temperature 

istribution of the lateral wall, up-inner-surface and down-inner- 

urface from the second step and fourth step. In Fig. 6 , the dif-

erence between lateral temperature results from the second step 
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Table 3 

Cladding (Zircaloy) properties at different temperatures. 

T /( ◦C) Young’s 

Modulus/ 

(GPa) 

Poisson’s ratio Expansion 

coefficient(10 −6 ) 

Yield strength/ 

(MPa) 

Plastic strain Yield strength/ 

(MPa) 

Plastic strain Thermal 

conductivity/(W/m •K) 

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 4.37139 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 

Fig. 5. Contact area distribution of up-inner-surface and down-inner-surface. 

Fig. 6. Lateral wall temperature distribution of the 1 st model. 

8 
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Fig. 7. Temperature distribution of up-inner-surface and down-inner-surface from the 1 st example. 

Fig. 8. Heat flux distribution of up-inner-surface. 
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nd the fourth step is whether the thermal expansion effect is not 

onsidered or considered. The temperature is in 

◦C unit. It is found 

hat the temperature distributions are identical within one digit af- 

er the decimal, irrespective of thermal expansion. However, the 

verage temperatures of the up-inner-surface show a little differ- 

nce between Step 2 and Step 4, which are 205.3 ◦C and 205.2 ◦C

n the two steps, respectively, as shown by Fig. 7 (a), but the aver-

ge temperatures of the down-inner-surface for Step 2 and Step 4 
◦
re both 224.1 C. The heat-flux distributions from the second and 

9 
ourth steps are given in Fig. 8 , in mW 

•mm 

−2 . The average heat

ux from the second step is q step2 = 23 .307 mW · m m 

- 2 , while 

hat from the fourth step is q step4 = 23 .416 mW · m m 

- 2 , with a de- 

iation of 0.46%. A careful observation on Fig. 7 (a) and (b) can find

hat in Step 4 there are more spots in the center part of the test

ection have an appreciable local heat flux. However, because of 

heir very small local area, the averaged surface flux only increased 

y 0.46%. 
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Fig. 9. Displacement distribution of pellet outer-surface and cladding inner-surface. 

T

w

i

s

a

t

h

f

T

T

s

d

o

e

t

t

4

c

a

t

o

t

e

o

p

t

m

-

t

m

-

c

l

t

m

2

t

d

m

f

d

c

b

r

i

m

i

s

a

d

s

t

s

The thermal contact resistance, TCR, is defined as: 

CR = 
�T 

q 
= 

T down − T up 

q 
(11) 

here T down and T up are the average temperature of the down- 

nner-surface and up-inner-surface, respectively. These two contact 

urface’s average temperatures are calculated from the arithmetic 

verage temperature of all nodes on the contact surfaces. �T is 

he temperature difference between T down and T up . q is the average 

eat flux in the axial direction flowing through the contact sur- 

aces. The two TCR values are: 

C R step2 = 

�T 

q 
= 

T down −step2 − T up−step2 

q step2 

= 

224 .1 - 205 .3 

23307 

= 8 . 0 6 6 × 10 

- 4 ◦C · m 

2 · K 

−1 (12) 

C R step4 = 

�T 

q 
= 

T down −step4 − T up−step4 

q step4 

= 

224 .1 - 205 .2 

23416 

= 8 . 071 × 10 

- 4 ◦C · m 

2 · K 

−1 (13) 

The experimental result is 7 . 75 × 10 - 4 
◦
C · m 

2 · K 

−1 from the 1D 

teady platform [15] under the same boundary conditions, and the 

eviation is 4% for the TCR from the second step. The deviation 

f TCR from the two steps is only 0.06%, which implies that the 

ffects of thermal expansion need not be considered in the predic- 

ion, and that SSIM can adequately simulate the TCR for the inves- 

igated thermal protection system. 

.2. Comparison of the effects of thermal expansion for the pellet and 

ladding model 

First, the mechanical results for displacement, von Mises stress, 

nd the contact area are presented and discussed. Figs. 9 , 10 show 

he displacement and von Mises stress distributions of the pellet 
10 
uter-surface and cladding inner-surface from the first step and 

hird step, respectively. U1/mm denotes the radial direction of the 

xerted pressure. In the first step, the displacements of the pellet 

uter-surface and the cladding inner-surface are negative when the 

ressure is exerted. For the pellet outer-surface in the first step, 

he maximum displacement is -7.24 ×10 −4 mm, while the mini- 

um displacement is -3.88 ×10 −5 mm, with an average value of 

7.93 ×10 −5 mm. For the cladding inner-surface in the first step, 

he maximum displacement is -7.04 ×10 −3 mm, while the mini- 

um displacement is -4.69 ×10 −4 mm, with an average value of 

4.83 ×10 −3 mm. It is clear that the displacement value of the 

ladding inner-surface is obviously larger than that of the pel- 

et outer-surface. For the pellet outer-surface in the third step, 

he maximum displacement is 2.67 ×10 −2 mm, while the mini- 

um displacement is 2.02 ×10 −2 mm, with an average value of 

.30 ×10 −2 mm. For the cladding inner-surface in the third step, 

he maximum displacement is 2.36 ×10 −2 mm, while the minimum 

isplacement is 4.9 ×10 −3 mm, with an average value of 1.13 ×10 −2 

m. For the third step, the displacement of the two contact sur- 

aces turns positive owing to the effects of expansion, while the 

isplacement of the pellet outer-surface is larger than that of the 

ladding inner-surface. Figs. 11 (a), (b) show the contact-area distri- 

utions of the pellet outer-surface and the cladding inner-surface, 

espectively. The percentage of the real contact area per unit nom- 

nal area from the third step is approximately 9.38%, which is al- 

ost five times of the value from the first step, 1.91%. Therefore, 

t is clear that the von Mises stress distribution differs for the two 

teps. In Figs.9 to 11, the differences between Steps 1 and 3 are so 

ppreciable, only major quantitative results are presented, and no 

etail comparisons are made for the simplicity of presentation. 

Next, the results for the temperature and heat flux are pre- 

ented and discussed. Figs. 12 , 13 represent the temperature dis- 

ribution of the entire model, and the two surfaces (pellet outer- 

urface 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. 

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 nd example. 
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tep and fourth step. It is to be noted that even though the quali-

ative pictures of Fig. 12 (a) and (b) are almost the same, the tem-

erature scales of the two figures are different, with the up-scale 

f Fig. 12 (b) being about 37 ◦C lower than that of Fig. 12 (a) The

emperature of the central axis from the fourth step is about 36.8 

C higher than that from the second step. The average tempera- 

ures of the pellet outer-surface are 409.5 ◦C and 382.1 ◦C for the 

wo steps, respectively, which indicates that more heat transfers 

rom the pellet to the cladding when the real contact area in- 

reases owing to the effects of thermal expansion in the fourth 

tep. The average temperatures of the cladding inner-surface for 

he two steps, 350.3 ◦C and 350.9 ◦C, respectively, are nearly the 

ame. This is because the high heat transfer rate to the cladding 

an be mitigated by the high coolant heat transfer coefficient, 

0 0 0 0 W / m 

2 · K . The heat flux radial component distribution of

he pellet outer-surface from the second step and fourth step are 
Fig. 13. Temperature distribution of pellet ou

12 
iven in Figs. 14 (a), (b), respectively. The heat flux radial com- 

onent distribution of the cladding inner-surface from the sec- 

nd step and fourth step are shown in Figs. 15 (a), (b), respec- 

ively. The radial heat flux of the pellet outer-surface from the sec- 

nd step is q p−o−step2 = 692 .512 mW · m m 

- 2 , while that from the 

ourth step is q p−o−step4 = 694 .268 mW · m m 

- 2 . Further, the radial 

eat flux of the cladding outer-surface from the second step is 

 c−i −step2 = 688 .063 mW · m m 

- 2 , while that from the fourth step 

s q c−i −step4 = 698 .398mW · m m 

- 2 . It can be seen that, despite the 

eal contact area increasing, the average heat flux is almost the 

ame for the two steps, with a deviation less than 1.48%. 

The thermal contact resistance, TCR, is determined by an equa- 

ion similar to Eq. (11) . 

CR = 
�T 

q 
= 

T p−o − T c−i 

q 
(14) 

here T p−o and T c−i are the average temperatures of the pellet 

uter-surface and cladding inner-surface shown in Fig. 13 , respec- 

ively. �T is the temperature difference between T p−o and T c−i , and 

 is the average radial heat flux that flows through the contact sur- 

aces. The values of the two TCRs are as follows: 

C R step2 = 

�T 

q 
= 

T p−o−step2 − T c−i −step2 

q step2 

= 

409 .5 - 350 .3 

692512 + 688063 
2 

= 8 . 576 × 10 

- 5 ◦C · m 

2 · K 

−1 (15) 

C R step4 = 

�T 

q 
= 

T p−o−step4 − T c−i −step4 

q step4 

= 

382 .1 - 350 .9 

694268 + 698398 
2 

= 4 . 481 × 10 

- 5 ◦C · m 

2 · K 

−1 (16) 

The deviation of the TCR in the two steps is as high as 91.4%, 

hich implies that the effects of thermal expansion must be con- 
ter-surface and cladding inner-surface. 
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Fig. 14. Heat flux radial component distribution of pellet outer-surface. 

Fig. 15. Heat flux radial component distribution of cladding inner-surface. 

s

T

e

s

t

c

a

i

m

m

d

n

m

i

t

u

[

n

r

s

i

i

T

w

4

D

f

t

m

i

a

p

t

a  

d

t

b

e

t

w

d

t

t

a

i  

r

f

r

idered in the prediction; DICM must be adopted to simulate the 

CR between the pellet and cladding. 

Come here a question may arise as why we do not conduct it- 

ration deeply by using SSCM so that the effect of thermal expan- 

ion can be considered? As indicated in Introduction, a complete 

hermal–mechanical coupling simulation is very difficult to obtain 

onvergent numerical solutions because of highly non –linearity, 

nd the solution process usually is of segregated type, as presented 

n this paper by the DICM. And this is a usually approach in nu- 

erical community when a highly non-linear problem is to be nu- 

erically solved. Then it is clear that in the SSCM, no matter how 

eep the iteration is conducted, the thermal expansion effect could 

ot be taken into account. Only DICM can take the effect of ther- 

al expansion into account. 

As indicated above, in nuclear engineering, determining the TCR 

s of great importance, and significant uncertainty still exists in 

his field at present. The prediction equations for determining TCR 

nder the same conditions can differ by 10 times in their results 

 36,37 ]. This indicates that further research, both experimental and 

umerical, is of great importance to improve the prediction accu- 

acy of TCR; the present paper makes a contribution in this regard. 

Further, it is important to note that, in the first example, the 

urface roughness is measured, while in the second example, it 

s artificially generated. Different roughnesses will lead to differ- 

ng results for TCR. However, for a given roughness, the predicted 

CR should not be affected by the way the roughness is obtained, 

hether it is experimentally measured or artificially generated. 
t

13 
.3. Differences between the two cases 

The TCR values for the first example predicted by SSCM and 

ICM are almost the same, while those for the second example dif- 

er appreciably. It is important to note that the Young’s Modulus, 

hermal expansion characteristics of the materials, and the imple- 

ented pressure of the two examples are similar. To exclude the 

nfluence of the physical properties on the TCR results, a compar- 

tive simulation is conducted by substituting the pellet’s physical 

roperties for the cladding’s. The real contact area percentages of 

he pellet outer surface from the first step and third step are 0.62% 

nd 8.60%, respectively, as shown in Fig. 16 . It can be seen that the

ifferences in the real contact areas of the two cases are roughly 

he same (8.6% and 0.62% versus 9.38% and 1.91%). The authors 

elieve that these differences mainly arise from different mod- 

ls’ structures. For the second example, with axisymmetric geome- 

ry, the radial displacements will be partially mutually suppressed 

hen the radial pressure is implemented and the average radial 

isplacements of cladding inner-surface and pellet outer-surface in 

he first step are only -4.83 ×10 −3 mm and -7.93 ×10 −5 mm, respec- 

ively. For the first example, with the fixed down-surface, the aver- 

ge displacements of the up-inner-surface and down-inner-surface 

n the first step are as large as -5.0 ×10 −2 mm and -3.0 ×10 −4 mm,

espectively. 

For the first example, the average displacements of the two sur- 

aces in the third step are -1.48 ×10 −2 mm and 3.95 ×10 −2 mm, 

espectively. The average gap distances of the ideal contact sta- 

us, first step, and third step are 102.22 μm, 52.50 μm, and 52.80 
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Fig. 16. Contact area distribution of pellet outer-surface with the same physical properties. 

μ
t

t

s

a

m  

2

t

1

t

c

t

t

a

D

r

a

5

p

m

l

g

q

v

d

d

μ
r

t

s

8

s

a

c

c

t

t

i

1

4

c

e

t

t

D

t

n

C

W

t

V

O

W

D

e

c

o

a

fi

fi

a

e

t

c

e

o

t

r

m

r

p

t

c

A

d

d

e

T

m, respectively. With the increases in the implemented pressure, 

he gap distance decreases from 102.22 μm to 52.50 μm. Further, 

he gap distance from the first step and third step is almost the 

ame, which leads to the same percentage of real contact area 

nd the same TCR. For the second example, the average displace- 

ents of the two surfaces in the third step are 1.13 ×10 −2 mm and

.30 ×10 −2 mm, respectively. The gap distances of the ideal con- 

act status, first step, and third step are 29.46 μm, 24.70 μm, and 

8.4 μm, respectively. The gap distance decreases from 29.46 μm 

o 24.70 μm with increases in the implemented pressure on the 

ontact pairs. Further, the gap distance decreases from 24.70 μm 

o 18.4 μm as the thermal expansion is taken into account in the 

hird step, which leads to a larger percentage of real contact area 

nd larger TCR. From the above discussion, it can be concluded that 

ICM should be recommended for contact pairs with axisymmet- 

ic geometry, while SSCM is suggested for contact pairs with non- 

xisymmetric geometry. 

. Conclusion 

In this paper, the dual-iterative coupling method (DICM) for 

redicting TCR is proposed, which focuses on the effects of ther- 

al expansion on TCR prediction. The TCRs of thermal protection 

ayers and of pellets and claddings are considered as practical en- 

ineering examples; both the DICM and the conventional single se- 

uential coupling method (SSCM) are adopted for predicting their 

alues. The predicted results and their differences are discussed in 

etail. The major conclusions can be summarized as follows: 

(1) For the thermal protection layers studied, the average gap 

istances of the first step and third step are 52.50 μm and 52.80 

m under the pressure of 4.65MPa. Further, the percentage of the 

eal contact area per unit nominal area from the first and the 

hird steps are both 1.03%. The same gap distance leads to the 

ame percentage of real contact area and the same TCR about 

 . 1 × 10 −4 ◦C · m 

2 · K 

−1 , even though the effects of thermal expan- 

ion are taken into account, indicating that one step of mechanical 

nalysis and one heat transfer analysis (SSCM) are sufficiently ac- 

urate in predicting the TCR. 

(2) For the TCR of the pellet and cladding, the gap distance de- 

reases from 24.70 μm to 18.4 μm as the thermal expansion is 

aken into account in the third step. Further, the percentage of 

he real contact area per unit nominal area from the third step 

s approximately 9.38%, which is five times that of the first step, 

.9%. The values of the two TCRs are 8 . 576 × 10 −5 ◦C · m 

2 · K 

−1 and 

 . 481 × 10 −5 ◦C · m 

2 · K 

−1 . The deviation of TCR from the two steps 

an get as high as 91.4%, which implies that the effects of thermal 

xpansion must be considered in the prediction and the DICM, i.e., 

wo mechanical and two heat transfer analyses must be adopted 

o simulate the TCR between the pellet and the cladding. 
14 
(3) For all TCR simulation models for practical engineering, 

ICM must be used for contact pairs with axisymmetric geome- 

ry, and the SSCM method will lead to great errors owing to the 

eglect of thermal expansion effect. 
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