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Abstract The fuel assembly is key structure in China

Initiative Accelerator Driven System, and the axial fitting

clearance (AFC) for the fuel assembly design is an essen-

tial subject of study. In this paper, different methods are

used to calculate critical stress in cylindrical shells.

Because the thermal expansion of fuel assembly outer tube

is larger than that of the cladding of fuel rod, enough space

should be reserved between the upper end plug and upper

seat slot. The collapse critical compressive stress of the

cladding is obtained numerically through ANSYS simula-

tion calculation. The AFC range between the fuel rod

cladding and the end seat due to the displacement of

thermal expansion is given by the theoretical formulas and

ANSYS buckling analysis. These provide a reference for

the AFC design of the reactor fuel assembly.

Keywords Thermal expansion � Critical stress �
AFC calculation � ANSYS simulation

1 Introduction

Cylindrical shell, a common mechanical structure, has

been widely used in aviation, aerospace, nuclear power,

and other industries. In a nuclear reactor, fuel cladding and

outer sleeve can be simplified as a cylindrical shell model,

and axial fitting clearance (AFC) design of the fuel clad-

ding and outer sleeve is important in China Initiative

Accelerator Driven System [1]. Stability of cylindrical

shells is also a hot spot of study [2–4]. Chen [5] and Zhao

[6] did numerical buckling analysis of cylindrical shell

under uniform axial compression in their thesis. Imani et al.

[7] studied pellet cladding interaction (PCI).

As the fast reactor fuel rods are designed with high

precision requirements for manufacturing and assembling

[8], the thermal expansion of the fuel cladding and the

end seat should be considered, and the structural thermal

expansion gap is particularly important. Ishiwatari et al.

[9] and Williamson et al. [10] studied the fuel behavior

in different working conditions. Hofmeister et al. [11]

laid a foundation for the fuel assembly design. In order

to prevent the transition extrusion and the fuel rod

buckling collapse from occurring, a certain compensation

gap between the fuel rod end and its seat must be

reserved.

In this paper, theoretical formulas to solve the cylin-

drical shell buckling problem are discussed for performing

numerical simulations on the fuel cladding-end seat gap,

toward engineering applications of the fuel rods in CIADS.

2 Model analysis

2.1 Problem description

In order to prevent buckling of the pellet cladding due to

different thermal expansion of the materials, a certain gap

(xg) is reserved between a fuel rod and its outer sleeve

assembly, as shown in Fig. 1.
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2.2 Theoretical calculation of the critical stress

For cylindrical shell, a dimensionless shell length

parameter v = l2/(Rt) is incorporated, where R is radius of

the cylindrical shell middle surface, l is the cylindrical shell

length, and t is the thickness. Axial cylindrical shells are

classified into three categories [5], i.e., slender cylindrical

shell (v B 3.018), middle length (v[ 3.018), and short

cylindrical shell (v C 8.069 R2/t2). When the fuel rod

axially fixed, it is subjected to axial force. For the three

kinds of cylindrical shells with axial compression model,

the critical stress can be calculated as follows.

For the slender cylindrical shell, the critical pressure

load rcr can be obtained by the formula of Euler beam,

rcr ¼ p2EI= A llð Þ2
h i

; ð1Þ

where E is elastic or Young’s modulus; I = p(D4 - d4)/64

is the cross-sectional moment of inertia, with d and D being

the internal and external diameters of cylindrical shells,

respectively; A is the cross-sectional area of cylindrical

shell; and l is length factor.

The critical load of the cylindrical shell can be calcu-

lated by Eq. (2) [12],

rcr ¼ E t=Rð Þ3= 4 1� t2
� �� �

; ð2Þ

For middle or short length cylindrical shell, Eq. (3) can

be applied based on the Donnell linear theory [3],

D0d4w=dx4 þ rxt þ d2w=dx2 þ Etw=R2 ¼ 0; ð3Þ

where D0 = Et3/[12(1 - t2)] is bending stiffness of

cylindrical shell, with E being the elastic modulus and t the
Poisson’ ratio; w is the lateral displacement, x is the axial

coordinate, t is thickness of the cylindrical shell, R is the

medium radius, and rx is the axial stress.

By solving Eq. (3), the critical stress rcr is obtained.

rcr ¼ E t=Rð Þ= 3 1� t2
� �� �1=2

: ð4Þ

However, the theoretical and experimental results are of

great error [3]. Generally, an empirical formula is used to

calculate the critical stress of a cylindrical shell of medium

length:

rcr ¼ 0:25Et=R: ð5Þ

3 Case study

A fuel rod referred to the design for China fast reactor

[13] in the CIADS is shown schematically in Fig. 2. Its

active region consists of fuel pellets stacked like ‘‘dish,’’

top and bottom reflection layer, bob-weight, bottom end

plug, gas chamber, gas gap, and cladding structure. For

LMFBR, 316L is usually used as a candidate material for

the cladding [14]. According to the ASME code, Section II,

part D [15], the 316L physical parameters can be obtained

in Table 1.

3.1 Temperature distribution of fuel cladding

The following formulas can be derived by the steady-

state heat transfer equation [16],

qLL ¼ QCLBE To � Tið Þ;R0DT=U ¼ ln To=Tið Þ½ �= 2pkcLð Þ;
ð6Þ

where qL is the fuel rod linear power density (W/mm)

calculated by reactor physics analysis; Q = qAV is mass

flow (g/s), with q, A, and V being fluid density, the single

flow channel area, and the flow velocity, respectively; CLBE

is the specific heat capacity (J g-1 �C) of coolant (lead

bismuth eutectic) at constant pressure; kc is the thermal

conductivity (W mm-1 �C-1) of 316L; R0 is the thermal

resistance (�C/W); U is the heat flux (W); To is the outlet

temperature (�C); and Ti is the inlet temperature (�C).
By Eq. (6), the temperature distribution of coolant can

be calculated by:

To ¼ qLL= QCp

� �
þ Ti: ð7Þ

The heat balance equation is written as:

qLL ¼ aX� DTh: ð8Þ

Fig. 1 Schematic view of end plug–end seat reserved space
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So, DTh ¼ qLL=ðaXÞ, where DTh is the film temperature

pressure of coolant and cladding, a is the convective heat

transfer coefficient, and X is the heat transfer area (mm2) of

the heat exchange.

And thus, the temperature of outer surface of the shell is

obtained by:

Tos ¼ T þ DTh; ð9Þ

where T is the temperature of coolant [17].

Through the discrete solution of Eq. (9), the temperature

distribution of the cladding from Eq. (9) is shown in Fig. 3.

By Eq. (6), the temperature difference between inner

and outer surface of fuel cladding can be derived as

DTc ¼ R0U ¼ qL= 2pkcð Þ½ �ln Ro=Rið Þ: ð10Þ

From Eq. (10), the temperature difference is 2–3 �C.
Thus, it can be neglected, and the average temperature of

inner and outer surface of fuel cladding can be used as the

cladding temperature. The temperature function of

T = 0.16x ? 296.3 is obtained by fitting the data in Fig. 3.

3.2 Calculation of the gap for axial expansion

of cladding

Radial deformation of the 0.5-mm-thick cladding is

negligible, and the deformation of cladding is just axial

deformation. If the shell deformation by thermal expansion

is more than the reserve space of the upper end, the clad-

ding can produce extrusion stress. The gap calculation is

discussed as follows.

Thermal expansion coefficients of 316 L at different

temperatures in Table 1 can be fitted by K(T) = 4 9

10-9T ? 16.5 9 10-6.

In this paper, the thermal expansion is obtained from

ASME code, section II [15]. The calculation length of the

cladding and the outer sleeve is L = 1675 mm. For Dx, the
thermal expansion can be written as Dd = K(T) DxDT,
where DT = T - 25 is the temperature changes by setting

reference temperature at 25 �C.
For the active region, the total deformation is.

dactive ¼
Z L

0

K � DTð Þdx: ð11Þ

On substituting the parameters into Eq. (11), we have

dactive = 4.562 mm.

In addition to active region of the fuel rod, the lengths of

upper and lower non-active region of the cladding are

calculated to be Llower = Lupper = 575 mm. In the active

region, the cladding temperature change is so small that the

expansion can be calculated based on the average

temperatures,

DLlower ¼ K300Llower 300� 25ð Þ ¼ 2:081mm,

DLupper ¼ K421Lupper 421� 25ð Þ ¼ 1:982mm;

DLtotal ¼ dactive þ DLlower þ DLupper ¼ 8:625mm,

ð12Þ

where K300 and K421 is the thermal expansion coefficient of

the lower and upper parts.

By applying a fixed constraint to the lower end of

cladding and the temperature function in Fig. 3, the

Fig. 2 Fuel rod structure (in

mm)

Table 1 Physical parameters of

316L stainless steel
Temperature (�C) 250 275 300 325 350 375 400 425

Elastic modulus (GPa) 179 – 176 – 172 – 169 –

Coefficient of thermal expansion (910-6) 17.4 17.5 17.7 17.8 17.9 18.0 18.1 18.2

Thermal conductivity (W) 17.6 17.9 18.3 18.7 19.0 19.4 19.7 20.1

Fig. 3 Cladding temperature along the axis
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displacement of cladding in the active region can be cal-

culated by the ANSYS code (Fig. 4).

Comparing simulation results in Fig. 5 with the calcu-

lation results, we can see that the radial thermal deforma-

tion has a greater influence than the axial thermal

deformation, and thus

DLtotal ¼ 6:40þ DLlower þ DLupper ¼ 10:46 mm

From thermal hydraulic calculation, the outer sleeve

temperature distributes linearly, and temperature changes

in the outer sleeve can be obtained by Eq. (13),

T 0 ¼ 0:072xþ 250: ð13Þ

Taking Eq. (13) into Eq. (11), the thermal deformation

is 5.107 mm.

Thermal deformations of the outer sleeve calculated by

the ANSYS code are shown in Fig. 5. Through linear

buckling analysis using the ANSYS code, critical stresses

of the cladding under axial compression are shown in

Fig. 6.

3.3 Analysis and discussion of the result

Because of the calculation results of ANSYS taking into

account the influence of the radial to the axial direction, the

total deformation of the cladding is 2.09 mm larger than

that of the outer sleeve.

Buckling critical stresses calculated using Eq. (1) and

APDL ANSYS code are 9.33 and 1.04 MPa, respectively;

while the critical stress of cladding collapse calculated

using Eq. (2) is 37.7 MPa.

The three calculation methods above can obtain critical

stress of cladding failure, with the empirical formula of

Eq. (2) giving the largest result. In the reactor, the fuel rod

load in addition to the axial pressure include the coolant

and chamber gas, so the balance of radial load increases the

structure stability. Therefore, the gap is calculated using

Eq. (2).

According to the critical stress, the average strain can be

estimated at

e ¼ rcr=E ¼ 1:38� 10�4: ð14Þ

Then, the allowed compress value of the fuel rods is

DL = eL = 0.23 mm. Therefore, to prevent the fuel rod

buckling, the gap range is 1.86–2.09 mm.

4 Conclusion

In this paper, three kinds of critical stress calculation

methods about cylindrical shells under different shell

length are analyzed and obtained. The temperature distri-

bution of cladding is calculated which is based on nuclear

reactor physics and heat transfer calculation for CIADS

fuel rod. The temperature difference between inlet and

outlet is about 120 �C. Finally, the thermal expansion gap

reserved is obtained, which is vital of importance for the

design of fuel rod assembly. Besides, the calculation

method of thermal expansion gap is studied; the results of

three calculation methods are compared and analyzed.Fig. 4 ANSYS-simulated displacement of cladding in axial direction

Fig. 5 Displacement contour of the outer sleeve at axial direction

Fig. 6 Critical stress of the linear buckling for cladding
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Through the analysis, it is found that the optimal method to

calculating the reserved clearance is the second method

using Eq. (2). The gap between the end plug and the end

seat is 1.86–2.09 mm.
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