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ABSTRACT 

Thermal strain deformation is a pressure tube failure mechanism. The main objective of this 
paper is to develop mechanistic models to evaluate local thermal-mechanical deformation of 
a pressure tube in a CANDU reactor and to investigate fuel channel integrity under localized 
contact between fuel elements and pressure tube. The consequence of concern is potential 
creep strain failure of a pressure tube and calandria tube. The initial focus will be on the case 
where a fuel rod contacts the pressure tube at full power with highly cooling condition. Such 
an event could occur if a fuel element was to become detached from a bundle. Calculations 
are performed using the finite element method in which the heat and thermal mechanical strain 
equations are solved simultaneously. The heat conduction from fuel sheath to the inner surface 
of the pressure tube with appropriate convective and radiation boundary conditions has been 
simulated. Furthermore, the thermal-elastic stresses have been obtained for when the pressure 
tube is under full operational condition. The contact boundary could be a spot or a small arc 
contact between the fuel sheath and pressure tube. The vapor pockets are considered in the areas 
beside the contact region where the convective cooling is drastically decreased. Subsequently, 
modeling has been extended to the contact of number of fuel elements where several fuel rods 
are postulated to contact the pressure tube under fully cooling conditions. It is observed that the 
pressure tube thermal strain will occur if sufficiently high temperature is reached. Sensitivity 
analysis is performed in order to evaluate the contact conductance, the extension of vapor region 
and the contact width. The pressure tube local strain is very sensitive to these parameters where 
any local strain will act to reduce the contact width, contact conductance and pressure tube 
thermal strain and therefore will be self-limiting. 

1. INTRODUCTION 

The typical CANDU fuel assembly is a 37 rod cluster fuelled with natural uranium oxide and 
cladded with zircaloy-4 (Figure 1(a)). The fuel assemblies are located inside a pressure tube 
made of zirconium with 2.5% niobium containing heavy water coolant. This pressure tube is 
separated by an annular gas-filled insulation gap from the zircaloy-2 calandria tube which is 
immersed in a heavy water moderator. Normally, the fuel elements (FEs) are not in direct con-
tact with the pressure tube (PT) except at the bearing pads of the outer elements at the bottom 
of the bundle. Should a sever bundle defect occur, it can be postulated that an element becomes 
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Figure 1. Standard CANDU-6 (a) and when FE/PT contact occurs (b) 

detached from the bundle and sits in contact with the pressure tube. This highly unlikely condi-
tion is postulated to occur at full power and normal coolant flows and the resulting heat transfer 
and thermal-mechanical deformation are analyzed to determine the potential consequences of 
such an event. The contact boundary between the fuel element and pressure tube is considered 
using the geometry depicted in Figure 1(b). The contact boundary could be either a single spot 
or a small arc depending on the bundle weight and location. 

As a consequence of localized degraded cooling in the region of contact, the coolant could 
be vaporized on either side of the contact region creating vapor pockets. These vapor pockets 
might be extended even more (increasing 0) depending on the heat flux of the fuel element and 
coolant conditions. During such reduction in convective cooling and the extension of vapor 
pockets if sufficient heat is transferred to the pressure tube through conduction and radiation, 
then local deformation of the pressure tube may occur. In fact, zircaloy creep strain is sig-
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detached from the bundle and sits in contact with the pressure tube. This highly unlikely condi-
tion is postulated to occur at full power and normal coolant flows and the resulting heat transfer
and thermal-mechanical deformation are analyzed to determine the potential consequences of
such an event. The contact boundary between the fuel element and pressure tube is considered
using the geometry depicted in Figure 1(b). The contact boundary could be either a single spot
or a small arc depending on the bundle weight and location.

As a consequence of localized degraded cooling in the region of contact, the coolant could
be vaporized on either side of the contact region creating vapor pockets. These vapor pockets
might be extended even more (increasing θ) depending on the heat flux of the fuel element and
coolant conditions. During such reduction in convective cooling and the extension of vapor
pockets if sufficient heat is transferred to the pressure tube through conduction and radiation,
then local deformation of the pressure tube may occur. In fact, zircaloy creep strain is sig-
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nificantly increased at temperatures greater than approximately 900 K due to a to 3 phase 
change.L1' 21

A number of analytical and experimental studies have been performed and published. One 
of the earlier studies presented by McGee et al.,[31 describes the theoretical models that were 
made and compared with experimental analysis. The main goal was to evaluate the overall 
thermal resistance of a joint (consisting of a smooth right circular cylinder in contact with a 
smooth flat surface). A line contact model was considered to evaluate the thermal resistance 
of the solid to solid contact (i.e., cylinder to flat contact). For the thermal resistance of the 
gas-filled gaps on either side of the contact, the decoupled model (DCM), the half-space model 
(HSM) and the parallel flux-tube model (PFTM) were constructed. These three models differ 
in the method used to calculate the temperature drop across the joint. Therefore, the total joint 
resistance was obtained using parallel summation of solid to solid contact with gas-gap thermal 
resistances. Experimental measurements of the overall thermal resistance were performed in 
vacuum and with a fluid. Furthermore, the effect of contact pressure was investigated for me-
chanical loads on specimens fabricated from Keewatin tool steel, stainless steel (type 304) and 
zircaloy-4. Finally, the authors compared the experimental data with the model predictions and 
large differences were observed between model and measurement except for a limited range of 
experimental parameters. 

Another study was performed by Reeves et al.,[41 where the authors presented analytical 
models which predict the transient thermal-mechanical behavior of a pressure tube following 
the contact of a hot fuel element under loss of coolant accident (LOCA) conditions. The code 
MINI-SMARTT was developed, based on finite difference techniques to solve the heat conduc-
tion equations with radiation and convection to the coolant and contact conduction between any 
specified number of fuel elements and pressure tube. A ring radiation model has been consid-
ered in order to simplify the surface to surface radiation model for the entire 37 fuel elements. 
This approach produced conservatively high radiation heat fluxes to the region of the pressure 
tube near the contact point. Using the code NUBALL, creep strain analysis associated with 
FE/PT contact was performed over a very broad range of calculations and a number of different 
cases. From the results of sensitivity analysis, the author concluded that the most sensitive pa-
rameters relevant to FE/PT contact were the contact conductance, transient time of the contact 
and contact width. 

The MINI-SMARTT code was also used to investigate the effect of bearing pads (BPs) 
to pressure tube (PT) contact and the code was validated using contact experimental results 
obtained at AECL-WRL.L5I Zircaloy oxidation at the fuel channel surfaces which drastically 
decreases the thermal conductivity of any zircaloy components was also considered.L61 They 
observed that the contact conductance of BP/PT contact was the most important parameter 
which did not remain constant during heating of the fuel bundle. Contact conductance increased 
significantly until a threshold temperature was reached and then decreased, once local bulging 
allowed the pressure tube to deform away from the bearing pad. The authors concluded that 
contact conductances are small enough to ensure fuel channel integrity when single or multiple 
bearing pad contacts occur. 

Muir et al.,m studied the case where the circumferential temperature gradient on the pres-
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sure tube is nonuniform resulting a nonuniform hoop stress leading to a nonuniform pressure 
tube ballooning, which could result in pressure tube failure before occurrence of PT/CT contact. 
The pressure tube strain rate was calculated using the codes SMARTT and PTSTRAIN. Com-
parison presented with the code predictions against two different set of experiments which were 
performed with defected and non-defected pressure tubes at Stem Laboratories and at AECL. 
The authors explained that although slightly earlier failures were observed for non-defected 
tubes and slightly later failures were predicted for defected tubes, they could be attributed to 
the approximations made in the model where the pressure tube was considered as a thin walled 
tube and remained circular during deformation. 

During a postulated LOCA with failure of emergency core injection system (ECIS), if the 
pressure tube temperature increases sufficiently, the self-weight of the pressure tubes together 
with the weight of the fuel bundles could cause the pressure tube to sag into contact with the 
calandria tube. This might be accompanied simultaneously with pressure tube ballooning due 
to the internal pressure. Therefore, depending on the accident scenarios, other studies were per-
formed either in experimental facilities or with analytical simulations using different computer 
codes in order to assess fuel channel integrity.[8-12] A very interesting study of complete coolant 
flow blockage of a single pressure tube in ACR-700 was performed by Gerardi et al. 131 The 
authors performed several thermal analyses in order to achieve a solid physical framework for 
the key phenomena of each stage of this accident using the finite element code COSMOSM. 
During the early stages of this accident the reactor remains at full power and full pressure, re-
sulting in rapid coolant boil off and fuel overheating. Melting of the zircaloy components in the 
fuel bundle can occur, with relocation of some molten material to the bottom of the pressure 
tube, and therefore localized bulging of the pressure tube is predicted. According to Muirm a 
37% reduction in wall thickness of the pressure tube from its initial value results in pressure 
tube and/or the calandria tube failure. They also concluded that a minimum molten zircaloy 
mass of about 100 g is required for failure of both the pressure tube and calandria tube. 

None of the published papers considered any fuel element to pressure tube contact problem 
at full power and highly cooling conditions. The present research is focused on establish-
ing the limits for maintaining fuel channel integrity for the situation in which fuel element to 
pressure tube contact occurs at full power and high coolant flow conditions. Therefore, we 
have attempted to simulate several analytical contact models which are the simultaneous solu-
tions to the steady state heat transfer and thermal-mechanical equations along with appropriate 
boundary conditions as a primary analysis for creep strain calculations. Several important key 
parameters affecting the contact modeling are introduced in order to perform the sensitivity 
analysis. 

2. DESCRIPTION OF THE MODELS 

In a CANDU 37 element fuel bundle, four fuel rings containing respectively 1, 6, 12 and 18 
fuel elements are considered (see Figure 1(a)). The pitch circle radius of each ring is 0.0 cm, 
1.4884 cm, 2.8755 and 4.3305 cm, respectively. The fuel pellet radius is 0.6122 cm and the 
thickness of the sheath is 0.0418 cm. The inner radius of the pressure tube is 5.1689 cm and 
its thickness is 0.4343 cm. The gas gap between the pressure and calandria tubes is filled with 
carbon dioxide and the thickness of gap is 0.8446 cm.[14]
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Figure 2. Single FE/PT contact (a) and 3FE/PT contact (b) 

Fuel element to pressure tube contact is postulated to occur in a number of different ways. 
Two different cases are considered here, i.e., single fuel element-pressure tube contact (FE/PT) 
and a cluster of three fuel elements-pressure tube contact (3FE/PT) (see Figure 2). In the first 
case, the center of an outer fuel element is displaced radially by 0.1835 cm bringing it into 
contact with the inner surface of the pressure tube (Figure 2(a)). In the second case, three fuel 
elements are postulated to radially contact to the pressure tube, in the same way as the first case 
(Figure 2(b)). Both cases are constructed with a pressure tube arc angle of 2a = 60°. In the 
second case, the central locations of the fuel elements are maintained within the same azimuthal 
step size of 3 = 20°. 

Coolant is vaporized in the both sides of the contact boundary due to the degraded cooling 
condition creating local vapor pockets. The extent of the vapor pockets depends on the heat 
flux of the fuel element and coolant conditions. In order to simulate such conditions, the vapor 
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Fuel element to pressure tube contact is postulated to occur in a number of different ways.
Two different cases are considered here, i.e., single fuel element-pressure tube contact (FE/PT)
and a cluster of three fuel elements-pressure tube contact (3FE/PT) (see Figure 2). In the first
case, the center of an outer fuel element is displaced radially by 0.1835 cm bringing it into
contact with the inner surface of the pressure tube (Figure 2(a)). In the second case, three fuel
elements are postulated to radially contact to the pressure tube, in the same way as the first case
(Figure 2(b)). Both cases are constructed with a pressure tube arc angle of 2α = 60◦. In the
second case, the central locations of the fuel elements are maintained within the same azimuthal
step size of β = 20◦.

Coolant is vaporized in the both sides of the contact boundary due to the degraded cooling
condition creating local vapor pockets. The extent of the vapor pockets depends on the heat
flux of the fuel element and coolant conditions. In order to simulate such conditions, the vapor
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pocket dimensions, specified by 0, is uniformly increased in both sides of each fuel element 
from 15° to 57.3° where they are overlapped according to the Figure 2(b). However, the vapor 
in these pockets is considered to be stagnated due to the fact that vapor velocity is zero at the 
boundaries and therefore any motion or convection by vapor is not expected.L151 With regard to 
radiation heat transfer, a nonparticipating transparent medium is considered inside each vapor 
pocket that neither absorbs nor scatters the surface radiations and emits no radiation.L151

The steady state heat transfer equation (1) with appropriate convective and radiation bound-
ary conditions (equation 2,3) are considered for the fuel sheath, pressure tube and transparent 
vapor pocket regions: 

' '' • leV-T = 0 : C2 (1) 

ii • q' = (Z ± h(Twaii — Too) : S5 (2) 

(1 — OR = J — co-T4  > q'Tad = c(R — crT4) : S3 (3) 

where k (T) denotes the thermal conductivity (m  ) as a function of temperature for each domain 
S2, i.e., zircaloy-4 fuel sheath, zirconium-2.5% niobium pressure tube and vapor regions which 
is obtained from the ZRPROL161 and XSteam-Matlab joint function.L171

As is shown in Figure 3 only outward fuel element heat flux vector, qic; = 1.5 m117 is con-

sidered on the surface Si, which is identical to that of qlo = 60 147, a typical high linear rating 
power of outer elements in a CANDU fuel bundle. On the surface S5, the heat transfer coeffi-
cient h = 10 mi /217K has been chosen without consideration of any extra heat sources.L131 The term 
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pocket dimensions, specified by θ, is uniformly increased in both sides of each fuel element
from 15◦ to 57.3◦ where they are overlapped according to the Figure 2(b). However, the vapor
in these pockets is considered to be stagnated due to the fact that vapor velocity is zero at the
boundaries and therefore any motion or convection by vapor is not expected.[15] With regard to
radiation heat transfer, a nonparticipating transparent medium is considered inside each vapor
pocket that neither absorbs nor scatters the surface radiations and emits no radiation.[15]

The steady state heat transfer equation (1) with appropriate convective and radiation bound-
ary conditions (equation 2,3) are considered for the fuel sheath, pressure tube and transparent
vapor pocket regions:

~∇ · k ~∇T = 0 : Ω (1)

n̂ · ~q′′ = ~q′′0 + h(Twall − T∞) : S5 (2)

(1− ε)R = J − εσT 4 =⇒ ~q′′rad = ε(R− σT 4) : S3 (3)

where k(T ) denotes the thermal conductivity ( W
mK

) as a function of temperature for each domain
Ω, i.e., zircaloy-4 fuel sheath, zirconium-2.5% niobium pressure tube and vapor regions which
is obtained from the ZRPRO[16] and XSteam-Matlab joint function.[17]

As is shown in Figure 3 only outward fuel element heat flux vector, ~q′′0 = 1.5 MW
m2 is con-

sidered on the surface S1, which is identical to that of ~q′0 = 60 kW
m

, a typical high linear rating
power of outer elements in a CANDU fuel bundle. On the surface S5, the heat transfer coeffi-
cient h = 10 W

m2K
has been chosen without consideration of any extra heat sources.[13] The term
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It is the normal unit vector at each boundary surface and the temperature of the annulus gas 
gap has been taken as Too = 180°C. When vapor pockets are created, radiative heat is trans-
ferred through these transparent regions and the inner surface of pressure tube gets hotter and 
hence, surface to surface radiation boundary conditions must be considered on the S3 surfaces. 
The zircaloy emissivity is considered as c = 0.8 and o is Stefan-Boltzmann constant, R and J 
are the radiosity and irradiation, respectively. The 82 surface boundaries are considered to be 
at fully cooled condition with saturation temperature of coolant, i.e., T = 310°C at 10 MPa 
pressure.L18• 191 On the S6 surface boundary where the coolant has reached the vapor medium, 
we have assumed that the evaporation is at the equilibrium with condensation and therefore 
T = 310°C is implemented. The symmetry boundary conditions are also considered in both 
ends of the pressure tube 84 

The pressure tube is under combined internal pressure and radial-circumferential temper-
ature gradient, therefore a nonuniform temperature profile obtained from preceding equations 
is used to calculate the thermal stress distributions for each domain I In this study only the 
thermal-elastic deformations of the pressure tube and fuel element are simulated and the yield 
criterion and the plastic deformation are not considered. The thermal-elastic stresses are ob-
tained from the equilibrium equation (4) and Hook's law (5):[201 

= Er ± 68 E z 

u • z3• ,z • = —F. Qij = 

crii = 6.0(0 — 3aT) + 2G(Eii — SijaT) 

µE
A =  = 

(1 + tt)(1 — 2/i) 
G 

2(1 + tt) 

aUr 1 074 Ur 1 , 1 aUr aUO U9
Er =   E0 =   Er0 = 2r 00 + Or r9 Or r 00 r ) (6) 

where crii is the stress tensor, uij i is a derivative of the stress tensor, Fi denotes the body forces 
and eij is the strain tensor. In fact, we have assumed that a state of plain strain E z = 0 is produced 
where the axial length of pressure tube and fuel element is very large compare to the width of 
loaded region. Therefore, the strain tensor components are only defined in the two dimensional 
cases (equation 6) in which (ur, u9) are the radial and circumferential displacements in the 
cylindrical coordinate and axial displacement is prevented. The term a is the thermal expansion 
coefficient (K-1), Sii is the Kronecker delta, au is the poisson's ratio and E(T) denotes the 
Young's modulus (Pa) as a function of temperature for each domain. All the material properties 
are obtained from the ZRPRO. A uniform internal pressure Pi = 10 MPa is considered on the 
82 and S3 surfaces (o-rr • it = —Pi) where the pressure load on the fuel element outer surface 
will be balanced. An atmospheric pressure Po = 101325 Pa is also considered on the S5 surface 

(Uri: • it = — Po). 
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n̂ is the normal unit vector at each boundary surface and the temperature of the annulus gas
gap has been taken as T∞ = 180◦C. When vapor pockets are created, radiative heat is trans-
ferred through these transparent regions and the inner surface of pressure tube gets hotter and
hence, surface to surface radiation boundary conditions must be considered on the S3 surfaces.
The zircaloy emissivity is considered as ε = 0.8 and σ is Stefan-Boltzmann constant, R and J
are the radiosity and irradiation, respectively. The S2 surface boundaries are considered to be
at fully cooled condition with saturation temperature of coolant, i.e., T = 310◦C at 10 MPa
pressure.[18, 19] On the S6 surface boundary where the coolant has reached the vapor medium,
we have assumed that the evaporation is at the equilibrium with condensation and therefore
T = 310◦C is implemented. The symmetry boundary conditions are also considered in both
ends of the pressure tube S4.

The pressure tube is under combined internal pressure and radial-circumferential temper-
ature gradient, therefore a nonuniform temperature profile obtained from preceding equations
is used to calculate the thermal stress distributions for each domain Ω. In this study only the
thermal-elastic deformations of the pressure tube and fuel element are simulated and the yield
criterion and the plastic deformation are not considered. The thermal-elastic stresses are ob-
tained from the equilibrium equation (4) and Hook’s law (5):[20]

σij,i = −Fj σij = σji (4)

σij = δijλ(Θ− 3αT ) + 2G(εij − δijαT ) (5)

Θ = εr + εθ + εz λ =
µE

(1 + µ)(1− 2µ)
G =

E

2(1 + µ)

εr =
∂ur

∂r
εθ =

1

r

∂uθ

∂θ
+

ur

r
εrθ =

1

2
(
1

r

∂ur

∂θ
+

∂uθ

∂r
− uθ

r
) (6)

where σij is the stress tensor, σij,i is a derivative of the stress tensor, Fj denotes the body forces
and εij is the strain tensor. In fact, we have assumed that a state of plain strain εz = 0 is produced
where the axial length of pressure tube and fuel element is very large compare to the width of
loaded region. Therefore, the strain tensor components are only defined in the two dimensional
cases (equation 6) in which (ur, uθ) are the radial and circumferential displacements in the
cylindrical coordinate and axial displacement is prevented. The term α is the thermal expansion
coefficient (K−1), δij is the Kronecker delta, µ is the poisson’s ratio and E(T ) denotes the
Young’s modulus (Pa) as a function of temperature for each domain. All the material properties
are obtained from the ZRPRO. A uniform internal pressure Pi = 10 MPa is considered on the
S2 and S3 surfaces (σrr̂ · n̂ = −Pi) where the pressure load on the fuel element outer surface
will be balanced. An atmospheric pressure Po = 101325 Pa is also considered on the S5 surface
(σrr̂ · n̂ = −Po).
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Figure 4. Temperature profile (a) and the total thermal-elastic displacement (b) in FE/PT with 
spot contact and 0 = 55° vapor pocket. 

Based on the principle of virtual work[21] for the total stored energy of system, the above 
equations and boundary conditions are solved simultaneously with the finite element methodm3
in the COMSOLE233 software package. The surface to surface radiation on the boundaries could 
be calculated either by direct area integration or hemicube method. All these calculations are 
strongly dependent on the consideration of the contact boundary between the fuel element and 
pressure tube.(4'24'253 In fact, the pressure which acts on the contacting surfaces and the contact 
width (CO are related to the bundle weight, direction, location and other contact circumstances 
in the fuel channel. However, the contact boundary could be either a single spot or a small arc. 
Therefore, the spot model simulation and the arc model simulation performed based on contact 
boundary. 

2.1 SPOT MODEL SIMULATION 

In this weightless model, a single spot with perfect contact condition is considered for either 
the FE/PT or 3FEIPT contact cases. Only a half of domain is simulated due to symmetry in the 
modeling (see the symmetry line Q in Figure 3) . In order to ensure spatial convergence, each 
domain and boundary must be subdivided into the fine regions. However, for those boundaries 
where surface to surface radiation condition (S3 in Figure 3) is considered, even finer mesh 
element must be chosen. As a result, in the case of FE/PT contact when 0 is changed from 
15° to 57.3°, the number of mesh and degrees of freedom[223 increased from 6500 and 41300 to 
8200 and 47300, respectively. Similarly, in the case of 3FFJPT the number of mesh and degrees 
of freedom have risen accordingly, from 15500 and 95300 to 20000 and 114200. 
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Figure 4. Temperature profile (a) and the total thermal-elastic displacement (b) in FE/PT with
spot contact and θ = 55◦ vapor pocket.

Based on the principle of virtual work[21] for the total stored energy of system, the above
equations and boundary conditions are solved simultaneously with the finite element method[22]

in the COMSOL[23] software package. The surface to surface radiation on the boundaries could
be calculated either by direct area integration or hemicube method. All these calculations are
strongly dependent on the consideration of the contact boundary between the fuel element and
pressure tube.[4, 24, 25] In fact, the pressure which acts on the contacting surfaces and the contact
width (Cw) are related to the bundle weight, direction, location and other contact circumstances
in the fuel channel. However, the contact boundary could be either a single spot or a small arc.
Therefore, the spot model simulation and the arc model simulation performed based on contact
boundary.

2.1 SPOT MODEL SIMULATION

In this weightless model, a single spot with perfect contact condition is considered for either
the FE/PT or 3FE/PT contact cases. Only a half of domain is simulated due to symmetry in the
modeling (see the symmetry line CL in Figure 3) . In order to ensure spatial convergence, each
domain and boundary must be subdivided into the fine regions. However, for those boundaries
where surface to surface radiation condition (S3 in Figure 3) is considered, even finer mesh
element must be chosen. As a result, in the case of FE/PT contact when θ is changed from
15◦ to 57.3◦, the number of mesh and degrees of freedom[22] increased from 6500 and 41300 to
8200 and 47300, respectively. Similarly, in the case of 3FE/PT the number of mesh and degrees
of freedom have risen accordingly, from 15500 and 95300 to 20000 and 114200.
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Figure 5. Thermal stresses in FE/PT and 3FE/PT central contact. 

Figure 4 (a) shows the solution to the energy equation for the spot contact model (FE/PT 
case) where 0 = 55°. It can be seen that the PT thickness temperature is greater than 900 K 
where zircaloy creep strain is significantly increased due to a to 3 phase change. The maximum 
temperature (Tax = 1503 K) is obtained in the FE sheath domain while the pressure tube 
maximum temperature is found to be at spot contact boundary (Tax = 1207 K). This is because 
of the fact that heat generated in the fuel pellet could properly transfer into the coolant by 
convection but partially conducted to the PT through contact point and then transferred through 
PT thickness to the annulus gas gap. However, those hot regions are achieved due to the lack 
of proper cooling condition either by conduction, convection and radiation through the vapor 
pockets. The rest of domain is cooled and temperature remains practically unchanged at 583 
K. Although, the maximum temperatures of the FE sheath and PT inner surface are increased 
when 0 increases, however, the behavior of temperature profile obtained for whole domain are 
pretty similar to that of 0 = 55°. 

In Figure 4 (b), the total thermal-elastic displacement 77, = Uri + uo 0 is shown where we 
have assumed that the single spot contact is preserved during the thermal-elastic deformation 
and the outward fuel element heat flux i.e., q() = 60 kW is fixed on the surface Si. As a result, 
the maximum elastic displacement is occurred on the 85 surface where the PT radius is the 
highest and the temperature is the lowest i.e., ug,;,x = 0.6 mm and the minimum deformation 
i.e., uciL = 0.0047 mm is obtained on the FE outer surface where is properly cooled by coolant. 
However, the minimum pressure tube local strain ugi'n = 0.4 mm is occurred on the spot contact 
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Figure 5. Thermal stresses in FE/PT and 3FE/PT central contact.

Figure 4 (a) shows the solution to the energy equation for the spot contact model (FE/PT
case) where θ = 55◦. It can be seen that the PT thickness temperature is greater than 900 K
where zircaloy creep strain is significantly increased due to α to β phase change. The maximum
temperature (T FE

Max = 1503 K) is obtained in the FE sheath domain while the pressure tube
maximum temperature is found to be at spot contact boundary (T PT

Max = 1207 K). This is because
of the fact that heat generated in the fuel pellet could properly transfer into the coolant by
convection but partially conducted to the PT through contact point and then transferred through
PT thickness to the annulus gas gap. However, those hot regions are achieved due to the lack
of proper cooling condition either by conduction, convection and radiation through the vapor
pockets. The rest of domain is cooled and temperature remains practically unchanged at 583
K. Although, the maximum temperatures of the FE sheath and PT inner surface are increased
when θ increases, however, the behavior of temperature profile obtained for whole domain are
pretty similar to that of θ = 55◦.

In Figure 4 (b), the total thermal-elastic displacement ~u = urr̂ + uθθ̂ is shown where we
have assumed that the single spot contact is preserved during the thermal-elastic deformation
and the outward fuel element heat flux i.e., ~q′0 = 60 kW

m
is fixed on the surface S1. As a result,

the maximum elastic displacement is occurred on the S5 surface where the PT radius is the
highest and the temperature is the lowest i.e., uPT

Max = 0.6 mm and the minimum deformation
i.e., uFE

Min = 0.0047 mm is obtained on the FE outer surface where is properly cooled by coolant.
However, the minimum pressure tube local strain uPT

Min = 0.4 mm is occurred on the spot contact
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Figure 6. Temperature profile (a) and the total thermal-elastic displacement (b) in 3FE/PT with 
spot contact and 0 = 55° vapor pocket. 

boundary where the PT temperature is the highest. In fact, when temperature rises, the pressure 
tube expands, however, such an expansion generally can not proceed freely in the pressure tube 
circumferential arc length where the rest of body is maintained at the cooler temperature and 
acts as a constrain for any expansion. In the other hand, when the thermal stresses are depicted 
against the radial thickness of the pressure tube (see Figure 5 with y-axis shown in Figure 4 
(b)), it can be seen that the radial thermal stress is almost negligible inside the PT thickness, 
i.e., cr 0 and the tangential (hoop) stress is tensile with a nearly uniform value of cro = 0.11 
GPa, however, the axial stress is highly compressive within the contact region i.e., crz = —2.03 
GPa and decreases toward the VT outer surface i.e., crz = —1.56 GPa, therefore the pressure tube 
total displacement on the spot contact boundary is lower than that obtained on the 55 surface. 

Figure 6 (a) shows the 3FE/PT contact case with constructed vapor pocket of 0 = 55°. The 
maximum temperatures of the central FE sheath (TriE..) is increased by 30 K and by 17 K in the 
other fuel sheaths. Accordingly, the pressure tube maximum temperature (TIM) is obtained as 
1262 K at the central spot contact compare to that of 1237 K at the two other contacts. The 
total thermal-elastic deformation is also calculated with the same assumptions made on single 
FE/PT contact case and is depicted in Figure 6 (b). The maximum deformation is obtained on 
the VT outer surface i.e., 1.25 mm and the minimum on the FE outer surface i.e., 0.413 mm. 
The minimum ITT local strain is occurred on the central spot contact boundary where the PT 
temperature is the highest i.e., urfir, = 0.89 mm. This result clearly shows the significance 
of different contact simulations such that when the 3FE/PT contact case has been considered, 
the pressure tube local strain is increased due to the higher temperature obtained. The thermal 
stresses are shown in Figure 5. In the 3FE/PT contact case the radial and hoop stresses are 
almost identical to those obtained in the single FE/PT contact case, and although the axial 
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boundary where the PT temperature is the highest. In fact, when temperature rises, the pressure
tube expands, however, such an expansion generally can not proceed freely in the pressure tube
circumferential arc length where the rest of body is maintained at the cooler temperature and
acts as a constrain for any expansion. In the other hand, when the thermal stresses are depicted
against the radial thickness of the pressure tube (see Figure 5 with y-axis shown in Figure 4
(b)), it can be seen that the radial thermal stress is almost negligible inside the PT thickness,
i.e., σr

∼= 0 and the tangential (hoop) stress is tensile with a nearly uniform value of σθ = 0.11
GPa, however, the axial stress is highly compressive within the contact region i.e., σz = −2.03
GPa and decreases toward the PT outer surface i.e., σz = −1.56 GPa, therefore the pressure tube
total displacement on the spot contact boundary is lower than that obtained on the S5 surface.

Figure 6 (a) shows the 3FE/PT contact case with constructed vapor pocket of θ = 55◦. The
maximum temperatures of the central FE sheath (T FE

Max) is increased by 30 K and by 17 K in the
other fuel sheaths. Accordingly, the pressure tube maximum temperature (T PT

Max) is obtained as
1262 K at the central spot contact compare to that of 1237 K at the two other contacts. The
total thermal-elastic deformation is also calculated with the same assumptions made on single
FE/PT contact case and is depicted in Figure 6 (b). The maximum deformation is obtained on
the PT outer surface i.e., 1.25 mm and the minimum on the FE outer surface i.e., 0.413 mm.
The minimum PT local strain is occurred on the central spot contact boundary where the PT
temperature is the highest i.e., uPT

Min = 0.89 mm. This result clearly shows the significance
of different contact simulations such that when the 3FE/PT contact case has been considered,
the pressure tube local strain is increased due to the higher temperature obtained. The thermal
stresses are shown in Figure 5. In the 3FE/PT contact case the radial and hoop stresses are
almost identical to those obtained in the single FE/PT contact case, and although the axial
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Li 

Figure 7. FE/PT contact case: arc length Li and thickness y. 

stress is more compressive, the behavior remains the same as previous one where it is —2.07 
GPa compressive on the contact spot boundary and decreases to a value of —1.77 GPa on the 
PT outer surface. 

According to Figure 7, a sensitivity analysis of the PT temperature is performed and de-
picted in Figures 8 and 9. It can be seen from Figure 8 that the highest temperature of the PT 
is achieved at the contact point and is decreased across the thickness. However, the PT tem-
perature rises significantly as the vapor pocket dimension increases and hence, after a certain 
value of 0, i.e., 51° to 57.3° the whole thickness temperature passes the par value of 900 K 
where considerable creep strain is expected. From Figure 9 it can be seen that the maximum 
PT temperature increases by 55 K at the central contact compare to that of single FE/PT case. 
This is mainly due to the reduction of coolant in two parts of pressure tube where vapor pockets 
are being overlapped, as well as higher heat conduction from two other contact regions. Ac-
cording to Figure 9, the maximum pressure tube temperature increases rapidly even when vapor 
pocket dimension increases (corresponding to increasing 0) resulting in very little coolant con-
tacting the pressure tube between the fuel elements. These results illustrate the sensitivity of 
the calculated pressure tube temperature to the assumed coolant boundary conditions. 

2.2 ARC MODEL SIMULATION 

Although, the weightless spot model has a very good estimation of temperature profiles and 
local thermal-strain deformations in different contact cases, it can be reasonably assumed that 
a uniform reaction force develops over the contact area due to the fuel bundle weight. The 
mechanical deformation of the pressure tube is directly affected by the width of contact between 
the fuel element and pressure tube. The width of contact is a function of the forces acting on 
the contacting fuel element, the surface roughness of the interface and the local temperature of 
the fuel element. Circumferential spreading of contact is not likely to be substantial, as the fuel 
sheath is supported by ceramic UO2 pellets, which are not subject to plastic deformation at the 
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stress is more compressive, the behavior remains the same as previous one where it is −2.07
GPa compressive on the contact spot boundary and decreases to a value of −1.77 GPa on the
PT outer surface.

According to Figure 7, a sensitivity analysis of the PT temperature is performed and de-
picted in Figures 8 and 9. It can be seen from Figure 8 that the highest temperature of the PT
is achieved at the contact point and is decreased across the thickness. However, the PT tem-
perature rises significantly as the vapor pocket dimension increases and hence, after a certain
value of θ, i.e., 51◦ to 57.3◦ the whole thickness temperature passes the par value of 900 K
where considerable creep strain is expected. From Figure 9 it can be seen that the maximum
PT temperature increases by 55 K at the central contact compare to that of single FE/PT case.
This is mainly due to the reduction of coolant in two parts of pressure tube where vapor pockets
are being overlapped, as well as higher heat conduction from two other contact regions. Ac-
cording to Figure 9, the maximum pressure tube temperature increases rapidly even when vapor
pocket dimension increases (corresponding to increasing θ) resulting in very little coolant con-
tacting the pressure tube between the fuel elements. These results illustrate the sensitivity of
the calculated pressure tube temperature to the assumed coolant boundary conditions.

2.2 ARC MODEL SIMULATION

Although, the weightless spot model has a very good estimation of temperature profiles and
local thermal-strain deformations in different contact cases, it can be reasonably assumed that
a uniform reaction force develops over the contact area due to the fuel bundle weight. The
mechanical deformation of the pressure tube is directly affected by the width of contact between
the fuel element and pressure tube. The width of contact is a function of the forces acting on
the contacting fuel element, the surface roughness of the interface and the local temperature of
the fuel element. Circumferential spreading of contact is not likely to be substantial, as the fuel
sheath is supported by ceramic UO2 pellets, which are not subject to plastic deformation at the

11

31st Annual Conference of the Canadian Nuclear Society 
34th CNS/CNA Student Conference

May 24 - 27, 2010 
Hilton Montreal Bonaventure, Montreal, Quebec



31st Annual Conference of the Canadian Nuclear Society May 24 - 27, 2010 
34th CNS/CNA Student Conference Hilton Montreal Bonaventure, Montreal, Quebec 

T
em

pe
ra

tu
re

 (
K

) 

1400 

1300 

1200 

1100 

1000 

900 

800 

700 

600 

  3FE/PT 

- FE/PT 

- 2  3FE/PT @ 57.3° 
-1E1- FE/PT @ 57.3° 

- 
0=57.3°

0=55°^"' 

— - 

- V 

D=45° 

oo. 

0=15° 

0= 

4 -3.5 -3 -2.5 -2 -1.5 -1 -0.5 0 

)1 (the thickness of PT) (mm) Spot contact

Figure 8. PT temperature profiles with respect to thickness y-axis in FE/PT and 3FE/PT central 
contact cases and vapor development. 

1400 Ns 

1300 

5 5 
Kt 

1no 

1100 

900 

800 

700 

• • S. 

• 

• 

ti• 

 3FE/PT 

- FE/PT 

3FE/PT @ 57.3° 
-El- FE/PT @ 57.3° 

• 
• 

• •   • 

0=57.3° • 

600 

0 

0=30° 

0=15° 

0=45° 

• 
• 

0=55° 

Li 
2 5 6 7 8 

(Inner surface of PT circumferential arc length) (mm) 

9 
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temperatures associated with fuel element to pressure tube contact. Based on Hertz theory[251 of 
elastic contact for cylindrical bodies, Reeves et al.,[41 obtained a width of contact as Cu, = 0.015 
mm for a fuel element at 1273 K contacting a pressure tube at 573 K under 130 m uniform 
lateral FE load. This small value indicates that the introduced spot contact model is initially 
appropriate, however in those contact scenarios where contact temperature rises and elasto-
plastic deformation occurs, the contact width will increase.L241

The arc model simulation presented here is based on the most sensitive contact parameters 
i.e., contact width and contact conductance. The simulations are performed for either FE/PT or 
3FE/PT contact cases where an extra contact region is also considered between FE and PT. Such 
a contact boundary region is constructed with a very small uniform thickness of 2µm according 
to the zircaloy roughness of fuel sheath and pressure tube.L31 In this study, the contact width and 
contact conductance are treated parametrically to determine the sensitivity of the pressure tube 
thermal-mechanical behavior to these parameters. The contact width Cu, and contact conduc-
tance h are varied between 0.1 mm to 4 mm and 0.5 k1247 

m2K 
to 25 kW respectively.L41m K 

Figure 10 is obtained for the single FE/PT contact case when two different contact conduc-
tances i.e., h5 = 5 mk2wK and h20 = 20 mk2wK are considered in the contact boundary region. The 
contact length assumed as Cu, = 2 mm and the vapor pockets are constructed with 0 = 55°. 
The x axis is taken as the inner surface of PT or outer surface of FE circumferential arc length 
according to 83 in Figure 3. It is clearly shown that when contact conductance decreases (h20 to 
h5) or contact resistances increases, the temperature difference between FE and PT significantly 
increases (120 K to 340 K). However, these results also show that the fuel sheath temperature 
is more sensitive to h compare to the pressure tube's inner surface temperature. It is interest-
ing to note that this temperature step change could be increased even more when lower contact 
conductance is considered at the contact boundary region. 

Figure 11 shows a temperature profile comparison between single FE/PT contact case with 
that of obtained for central fuel element at the 3FE/PT contact case. The heat transfer calcu-
lations are performed using the contact conductance of h20 = 20 mk2wK in both cases and a 60 
K increase have been achieved in both FE and PT temperature profiles at the contact boundary 
region. Apparently in this case, the fuel sheath temperature differences are reduced when the 
circumferential arc length increases while, pressure tube temperature differences are uniformly 
preserved in the whole vapor pocket. This is mainly due to the consideration of the other two 
fuel elements as compared to the results obtained with a single FE, in which case more heat 
energy is conducted to the pressure tube. 

In the remaining arc model simulations, a sensitivity analysis has been performed in order 
to obtain the effect of contact width Cu,. In these simulations, once again the vapor pockets are 
built with 0 = 55° in the FE/PT contact case along with a contact conductance of h20 = 20 mk2wK • 
It can be seen from Figure 12 that when contact width increases from 0.1 mm to 4 mm the 
pressure tube temperature reduces almost by 50 K in the center of contact region. However, the 
temperature profile in the contact boundary is uniformly deceased in the higher contact width, 
i.e., 1 nun to 4 nun, while it is increased in lower contact width, i.e., 0.1 nun and 0.5 nun. 
This is due to the fact that when a very small contact width is considered, the heat conduction 
through the vapor pocket is high and is dominant relative to the contact resistance, therefore, 
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temperatures associated with fuel element to pressure tube contact. Based on Hertz theory[25] of
elastic contact for cylindrical bodies, Reeves et al.,[4] obtained a width of contact as Cw = 0.015
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lateral FE load. This small value indicates that the introduced spot contact model is initially
appropriate, however in those contact scenarios where contact temperature rises and elasto-
plastic deformation occurs, the contact width will increase.[24]

The arc model simulation presented here is based on the most sensitive contact parameters
i.e., contact width and contact conductance. The simulations are performed for either FE/PT or
3FE/PT contact cases where an extra contact region is also considered between FE and PT. Such
a contact boundary region is constructed with a very small uniform thickness of 2 µm according
to the zircaloy roughness of fuel sheath and pressure tube.[3] In this study, the contact width and
contact conductance are treated parametrically to determine the sensitivity of the pressure tube
thermal-mechanical behavior to these parameters. The contact width Cw and contact conduc-
tance h are varied between 0.1 mm to 4 mm and 0.5 kW
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, respectively.[4]

Figure 10 is obtained for the single FE/PT contact case when two different contact conduc-
tances i.e., h5 = 5 kW

m2K
and h20 = 20 kW

m2K
are considered in the contact boundary region. The

contact length assumed as Cw = 2 mm and the vapor pockets are constructed with θ = 55◦.
The x axis is taken as the inner surface of PT or outer surface of FE circumferential arc length
according to S3 in Figure 3. It is clearly shown that when contact conductance decreases (h20 to
h5) or contact resistances increases, the temperature difference between FE and PT significantly
increases (120 K to 340 K). However, these results also show that the fuel sheath temperature
is more sensitive to h compare to the pressure tube’s inner surface temperature. It is interest-
ing to note that this temperature step change could be increased even more when lower contact
conductance is considered at the contact boundary region.

Figure 11 shows a temperature profile comparison between single FE/PT contact case with
that of obtained for central fuel element at the 3FE/PT contact case. The heat transfer calcu-
lations are performed using the contact conductance of h20 = 20 kW

m2K
in both cases and a 60

K increase have been achieved in both FE and PT temperature profiles at the contact boundary
region. Apparently in this case, the fuel sheath temperature differences are reduced when the
circumferential arc length increases while, pressure tube temperature differences are uniformly
preserved in the whole vapor pocket. This is mainly due to the consideration of the other two
fuel elements as compared to the results obtained with a single FE, in which case more heat
energy is conducted to the pressure tube.

In the remaining arc model simulations, a sensitivity analysis has been performed in order
to obtain the effect of contact width Cw. In these simulations, once again the vapor pockets are
built with θ = 55◦ in the FE/PT contact case along with a contact conductance of h20 = 20 kW

m2K
.

It can be seen from Figure 12 that when contact width increases from 0.1 mm to 4 mm the
pressure tube temperature reduces almost by 50 K in the center of contact region. However, the
temperature profile in the contact boundary is uniformly deceased in the higher contact width,
i.e., 1 mm to 4 mm, while it is increased in lower contact width, i.e., 0.1 mm and 0.5 mm.
This is due to the fact that when a very small contact width is considered, the heat conduction
through the vapor pocket is high and is dominant relative to the contact resistance, therefore,
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the pressure tube temperature in the contact edge is increased mostly by vapor conduction and 
radiation. 

The thermal sensitivity of the pressure tube to the contact width Cu, is shown in Figure 13 
for the 3FE/PT contact case where the vapor pocket dimension 0 is uniformly increased in both 
sides of each fuel element from 15° to 55° and contact conductance is remained at h20 = 20 mk2wK • 
It is interesting to note that there is a clear drop in temperature on the inner surface of pressure 
tube when Cu, is increased from 0.1 mm to 4 mm. This can be justified by the fact that as the 
contact width is risen, heat generated in the fuel pellet could properly transfer into the pressure 
tube through a larger contacting area and therefore conduct to the coolant by the pressure tube 
thickness, hence, the overall pressure tube temperature is dropped. However, those cases with 
higher temperature of 900 K and 0 > 55° could experience significant thermal creep strain. 

The total thermal-elastic deformation is calculated here in order to compare with those ob-
tained in single spot simulations. The outward fuel element heat flux is assumed to be fixed and 
the contact width preserved during the thermal-elastic deformation. The 3FE/PT contact case 
was built with the vapor pocket dimension, 0 = 55°, contact width, Cu, = 2 mm and contact 
conductance, h20 = 20 Trik2wK . As a result, the maximum elastic displacement once again is oc-
curred on the 85 surface where the PT radius is the highest and the temperature is the lowest 
i.e., uZx = 1.29 mm and the minimum deformation i.e., uctL i = 0.575 mm is obtained on the 
FE outer surface where is cooled properly. However, the minimum pressure tube local strain 
uM = 0.89 mm occurs on the contact boundary where the PT temperature is the highest. 
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Figure 12. PT temperature profiles in FE/PT contact case with 0 = 55° and different Cw. 
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the pressure tube temperature in the contact edge is increased mostly by vapor conduction and
radiation.

The thermal sensitivity of the pressure tube to the contact width Cw is shown in Figure 13
for the 3FE/PT contact case where the vapor pocket dimension θ is uniformly increased in both
sides of each fuel element from 15◦ to 55◦ and contact conductance is remained at h20 = 20 kW

m2K
.

It is interesting to note that there is a clear drop in temperature on the inner surface of pressure
tube when Cw is increased from 0.1 mm to 4 mm. This can be justified by the fact that as the
contact width is risen, heat generated in the fuel pellet could properly transfer into the pressure
tube through a larger contacting area and therefore conduct to the coolant by the pressure tube
thickness, hence, the overall pressure tube temperature is dropped. However, those cases with
higher temperature of 900 K and θ > 55◦ could experience significant thermal creep strain.

The total thermal-elastic deformation is calculated here in order to compare with those ob-
tained in single spot simulations. The outward fuel element heat flux is assumed to be fixed and
the contact width preserved during the thermal-elastic deformation. The 3FE/PT contact case
was built with the vapor pocket dimension, θ = 55◦, contact width, Cw = 2 mm and contact
conductance, h20 = 20 kW

m2K
. As a result, the maximum elastic displacement once again is oc-

curred on the S5 surface where the PT radius is the highest and the temperature is the lowest
i.e., uPT

Max = 1.29 mm and the minimum deformation i.e., uFE
Min = 0.575 mm is obtained on the

FE outer surface where is cooled properly. However, the minimum pressure tube local strain
uPT

Min = 0.89 mm occurs on the contact boundary where the PT temperature is the highest.
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case with h20 = 20 mk1247K and different Cw. 

3. CONCLUSION 

Thermal-mechanical behavior of the fuel element to pressure tube contact at full power and 
highly cooling conditions is considered here in order to investigate potential challenges in fuel 
channel integrity. We have attempted to simulate several analytical contact models which are 
the solutions to the steady state heat transfer and thermal-mechanical equations along with 
appropriate boundary conditions as a primary analysis for the creep strain calculations. The 
results described here quantify the conditions under which FE/PT or 3FE/PT contact cases could 
create localized high temperatures on the inner surface of a pressure tube, where the pressure 
tube local strain occurs. Two different set of simulations have been performed based on contact 
boundary consideration. The value of parameters considered in these simulations cover a very 
broad range and many cases. However, the most sensitive parameters which significantly affect 
the contact modeling are the vapor pocket dimension 0, contact conductance h and contact width 
C. The results demonstrate the strong sensitivity of maximum pressure tube temperature and 
local strain to the contact conditions and indicate that any local pressure tube deformation will 
act to reduce the heat transfer to the pressure tube and therefore, will be self-limiting. 
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3. CONCLUSION

Thermal-mechanical behavior of the fuel element to pressure tube contact at full power and
highly cooling conditions is considered here in order to investigate potential challenges in fuel
channel integrity. We have attempted to simulate several analytical contact models which are
the solutions to the steady state heat transfer and thermal-mechanical equations along with
appropriate boundary conditions as a primary analysis for the creep strain calculations. The
results described here quantify the conditions under which FE/PT or 3FE/PT contact cases could
create localized high temperatures on the inner surface of a pressure tube, where the pressure
tube local strain occurs. Two different set of simulations have been performed based on contact
boundary consideration. The value of parameters considered in these simulations cover a very
broad range and many cases. However, the most sensitive parameters which significantly affect
the contact modeling are the vapor pocket dimension θ, contact conductance h and contact width
Cw. The results demonstrate the strong sensitivity of maximum pressure tube temperature and
local strain to the contact conditions and indicate that any local pressure tube deformation will
act to reduce the heat transfer to the pressure tube and therefore, will be self-limiting.
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