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ABSTRACT

Thermal creep strain deformation is a very important pressure tube failure mechanism. During
a postulated LOCA (loss of coolant accident) with failure of emergency core injection sys-
tem (ECIS), the fuel cladding temperature rapidly increases and the pressure tube becomes
completely dry in a few seconds after flow stagnation occurs. Subsequently, the pressure tube
circumference is heated by thermal radiation except at the spots where the bearing pads are in
direct contact with the pressure tube. Therefore, the localized hot spots are developed on the
pressure tube’s inner surface under the bearing pads. The main objective of this paper is to eval-
uate the local thermal-mechanical deformation of a pressure tube in a CANDU reactor and to
investigate the fuel channel integrity under localized contact between bearing pad and pressure
tube. Furthermore, the mechanistic models are validated against the experimental works per-
formed at WRL (Whiteshell research laboratory). Calculations are performed using the finite
element method in which the heat, thermal mechanical and creep strain equations are solved,
simultaneously. According to the experimental set up, the heat conduction from bearing pads to
the inner surface of the pressure tube with appropriate convective and radiation boundary condi-
tions has been simulated. Furthermore, the thermal creep strain deformation has been obtained
for when the pressure tube is still under operational condition. It is observed that the pressure
tube thermal strain will occur if sufficient high temperature is reached however, depending on
the severity of flow degradation in the fuel channel, these localized hot spots could represent a
potential creep strain failure of the pressure tube. Whether the pressure tube would fail at these
hot spots before contacting the calandria tube depends on the localized temperature and expe-
rienced pressure transients. Sensitivity analysis is performed in order to evaluate the contact
conductance, the contact width and zircaloy surface emissivity. The pressure tube local strain
is very sensitive to these parameters.

1. INTRODUCTION

Normally, the fuel elements (FEs) are not in direct contact with the pressure tube (PT) except
at the bearing pads (BPs) of the outer elements at the bottom of the bundle. During a postu-
lated LOCA with failure of ECIS, if the pressure tube temperature increases and coolant flow
sufficiently degrades in the fuel channel, the influence of hot bearing pads on the pressure tube
temperature transient and the consequence of mechanical deformation is very important to be
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studied. Therefore, twelve series of BPs to PT contact experiments have been performed at
WRL under CANDU Owner Group (COG).[1, 2] The main differences considered in the experi-
mental conditions were pressurizing medium, pressure tube internal pressure, bearing pad types
and test section power. In the first four experiments, superheated steam was used as the pres-
surizing medium while in the next eight, the pressure tube was pressurized with a gas mixture
consist of 75% Ar and 25% O2 instead of steam in order to eliminate the possibility of steam
condensation on the bottom of the pressure tube contributing to an axial pressure tube temper-
ature gradient. In the first four experiments, the pressure tube ballooned into contact with the
calandria tube, however steam condensed on the water cooled end spacers and collected on the
bottom and reentered to the heated test section area from each end and evaporated. This indeed
represented an extra temperature gradients on the pressure tube and the fuel element simulator.
The condensated steam also picked up contaminates from the end insulating blocks and de-
posited them along the bottom of the pressure tube which may have had an effect on the contact
heat transfer between the bearing pads and the pressure tube.

In all other contact experiments, the pressure tube ballooned into contact with the calandria
tube with the exception of three experiments where pressure tube rupture occurred i.e., the sixth,
tenth and twelfth experiment. The first two failures occurred due to the PT high internal pressure
of 6 MPa and large circumferential differential temperatures (greater than 100◦C) and the last
one, which was at a pressure of 3 MPa, due to the FESs to PT contact between the bearing pad
rings.[3, 4] An interesting result was obtained in the fifth series of experiments, where the sides
and bottom of the pressure tube were hotter than the top during the high power heatup phase
resulting in significant preferential wall thinning (∼ 68%) directly under the bottom bearing
pad during ballooning contact. This was the starting point of the present research, where we
have attempted to evaluate the effect of BPs to PT contact behavior under same condition using
the COMSOL software package[5] and validate the results against the fifth test. Therefore, the
validated results can be extended in further creep strain analysis where a high temperature fuel
element is in contact with the pressure tube at full power and high cooling conditions.

2. EXPERIMENTAL APPARATUS, PROCEDURE AND RESULTS

According to the 28 element CANDU fuel bundle design, the apparatus made for these experi-
ments consists of a 1.2 m long section of pressure tube mounted inside a 1.1 m long calandria
tube (see Figure 1(a)). The annulus gap was purged with CO2 and remained at atmospheric
pressure throughout the experiment. The calandria tube was surrounded by a nonflowing heated
water in an open tank. The top surface of the calandria tube was covered by 250 mm of water
during the test. The pressure tube was connected to the blowdown tank with an opened hydraulic
valve. This tank served as a reservoir to help maintain pressure during the volume change which
occurs during pressure tube ballooning. Relative displacement of the pressure tube with respect
to the calandria tube was monitored by top and bottom linear variable differential transformers
(LVDTs) located 6 mm off the test section centreline (see Figure 1(a)).

The 16 electrically heated fuel element simulators (FESs) were arranged to represent the
outer ring of fuel bundle (see Figure 1(b) and Figure 2). These FESs were connected in parallel
to a DC power supply. The pressure tube was pressurized with a 75% Ar and 25% O2 gas
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Figure 1. Schematic of the experimental apparatus (a) and Fuel channel test section (b)
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mixture instead of steam. Each FES has an annular alumina pellet (6.1 mm inner diameter
and 14.3 mm outer diameter) which electrically insulates the zircaloy-4 cladding (14.4 mm
inner diameter and 15.2 mm outer diameter) from a graphite rod heater filaments. The 6 mm
diameter graphite rod heater was coated with tungsten carbide to minimize the reaction between
the alumina and the graphite at high temperatures.

Five axial rings of bearing and spacer pads were spot-welded to the fuel sheaths (BPs Ring
1 to 5 in Figure 1 (b)) located at the sheath axial center as well as 197 mm and 394 mm on
either side of center. Each bearing pads-ring was brazed on the outermost of FESs, so that
the heat transfer coupling between the fuel sheaths and these bearing pads with the pressure
tube was typical of a 28 element CANDU fuel assembly (see Figure 2). Nine central tungsten
weight cans were also placed inside the ring of FESs so the mass per unit length of the FES
bundle (49.4 gr

mm
) was similar to 28 element CANDU fuel bundles. The heated length of the

test section was 1094 mm.[4]

The fifth series of contact experiments was performed using an “as received” type of bearing
pad where its axial axis was slightly concave in order to reduce the bearing pad contact length
to the pressure tube. However, in the current study the BPs are considered cuboid with 1.22 mm
height, 2.54 mm width and 25.4 mm axial length. Test section temperatures were monitored
with 51 thermocouples (TCs). Figure 2 shows those various thermocouples located at the FESs
cross section in the test section centreline. The experiment began at a slow heatup rate in the
entire FES bundle until the PT temperature approached 300◦C (top to bottom PT temperature
gradient was ∼30◦C). Then, the bottom seven FESs were powered at a higher power rate in 40
second where PT temperature gradient was reversed. Subsequently, the single bottom FES and
bottom seven FESs were powered by alternately switching the power and power rate remained
constant throughout the test.

This procedure minimized the circumferential temperature gradient on the pressure tube
circumference. The sheath of the bottom FES was hot at the start of high power heatup, and
remained hotter than the sheath temperatures on the top of the FES bundle throughout heatup
phase. Figure 3 shows the temperatures of TCs in the bottom FES with corresponding bearing
pad temperature obtained at TC6. In fact, TC13 and TC14 were located inside the small holes in
the alumina pellets in the bottom FES close to sheath inner surface. Although TC13 indicated
a higher temperature than TC14 and TC6 throughout heatup phase however, heat loss to the
internal tungsten weights was not disproportionately high in this experiment.

The circumferential PT temperatures at the central BP ring are shown in Figure 4 where
TC22 measured the highest PT temperature during heatup phase. During the ballooning phase
(time interval between 105 to 135 sec) the highest temperature first occurred at TC27 when
the significant PT ballooning began (∼107 sec) then TC26 measured a higher temperature (120
to 135 sec) until the end of ballooning phase. The temperature profiles obtained from this
experiment are therefore used as the boundary conditions for the thermal-mechanical models
establish in the current study and simulation.

During the heatup and ballooning phases of the fifth test, the local hot spots developed
on the pressure tube under the bottom bearing pad along with the concentrated loading of the
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Figure 3. Thermocouple’s temperatures in the bottom FES.

tungsten weight caused significant local PT wall thinning (∼68%) under the central bottom
bearing pad; whereas the circumferential wall thinning a few millimeters on either side of this
bearing pad was about 20%. The wall thinning between BP rings did not show a similar deep
indentation. The contact conductance between the bottom BP and PT decreased during PT
straining as shown by reduction in the PT heatup rate (see TC27 temperature gradient in Figure
4 during the ballooning phase). Power was decreased and the test terminated when the pressure
tube to calandria tube contact occurred (t=∼135 sec) and stable nucleate boiling was observed
on the test section. The pressure tube was pressurized to 3 MPa and held constant throughout
the experiment.

3. DESCRIPTION OF THE MODEL: HEAT TRANSFER

A 2D model (Figure 5) is constructed exactly similar to the fifth experimental test, in order to
validate COMSOL results against this experiment and provide the bases for reliable results in
further simulations. The local pressure tube creep strain deformation is the main incentive of the
present study, therefore a portion of 2D cross section of the FESs located at the bottom of test
section centreline will be considered (dash-line shown in Figure 2). According to the experi-
ment, the pressure tube local thickness was drastically reduced under the central bottom bearing
pad so the finite element calculations are performed to obtain pressure tube creep strain, sym-
metrically under these bottom bearing pads (see Figure 5). The transient heat transfer equation
(1) with appropriate convective and radiation boundary conditions (equation 2,3) are considered
for the fuel sheaths, the bearing pads, the pressure and calandria tubes and the transparent gas
mixture regions:
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Figure 4. Thermocouple’s temperatures in the PT outer surface.
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ρCp
∂T

∂t
=
−→∇ · k−→∇T + Q : Ω (1)

n̂ · −→q′′ =
−→
q′′0 + h(Twall − T∞) : ∂Ω (2)

(1− ε)R = J − εσT 4 =⇒ −−→
q′′rad = R− J = ε(R− σT 4) : ∂Ω (3)

where k(T ), Cp(T ) and ρ(T ) denote respectively the thermal conductivity ( W
mK

), heat ca-
pacity ( J

kgK
) and density ( kg

m3 ) as a function of temperature for each domain Ω, i.e., zircaloy-4
fuel sheath and bearing pads, zirconium-2.5% niobium pressure tube, zircaloy-2 calandria tube,
Ar and O2 gas mixture and CO2 insulation gap regions which are obtained from the ZRPRO[6],
XSteam-Matlab joint function[7], MatWeb[8], MATPRO[9] and other experimental studies[10, 11].
The heat generation Q is considered zero in the all domains.

According to Figure 6, the insulation boundary condition n̂ ·−→q′′ = 0, has been chosen on the
surface S1 where

−→
q′′ is the heat flux vector and n̂ is the normal unit vector at boundary surface.

The experimental temperature profiles obtained from TC13 and TC14 are uniformly considered
on the upper and lower quadrants of the surface S2, respectively without consideration of any
extra heat fluxes (see Figure 6) and then temperature profiles obtained on the surface S5 and S6

are validated with those measured at TC5, TC6 and TC7. Furthermore, only the first 40 seconds
of temperature profiles obtained from TC13 and TC14 is applied on the surface S3 in accord
with the experimental conditions.
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The gas mixture region is almost stagnated, therefore any motion or convection by gas is not
expected.[4, 12] However, the radiative heat is transferred through Ar and O2 gas mixture region
and the inner surface of the pressure tube gets hotter, hence, the surface to surface radiation
boundary conditions must be considered on the S4, S5, S6, S7 and S8 surfaces. With regard
to radiation heat transfer, a nonparticipating transparent medium for the gas mixture region
Ar and O2 is considered that neither absorbs nor scatters the surface radiations and emits no
radiation.[12] The zircaloy emissivity is considered as ε = 0.8 for the fuel sheath and pressure
tube and σ is the Stefan-Boltzmann constant, R and J , respectively are the irradiation and
radiosity.

The experimental temperature profiles obtained from pressure tube outer surface i.e. TC27,
TC26 and TC24 are applied on the surface S9 with respect to the angles θ = 0◦, θ = 10◦ and
θ = 22.5◦ (Figure 6). However, the temperature profiles on the azimuthal pressure tube arc
length between these angles are considered to change gradually.

The temperature profile at the TC24 was not reported by the authors[4] therefore in the cur-
rent simulation temperature profile at the TC24 location θ = 22.5◦ is considered as an average
value of TC22 and TC27. Surface to surface radiation boundary conditions are also considered
on the S9 and S10 surfaces through CO2 transparent gas. Calandria tube emissivity is considered
as ε = 0.2. The S11 surface boundary is considered to be at fully cooled condition with the bulk
temperature of surrounding water T = 74◦C.[4] The symmetry boundary conditions are also
considered in both sides of the model.

4. DESCRIPTION OF THE MODEL: BP–PT CONTACT CONDUCTANCE

The BP and PT surface roughnesses prevent perfect contact from occurring when two surfaces
touch each other (see BP–PT central and corner contact boundaries in Figure 6). As a result,
microscopic contact and gap areas are formed. Therefore, heat is transferred through contacting
boundaries of bearing pads to pressure tube by conduction through the real solid to solid micro-
contacts hc, conduction through the very small interstitial gas gaps consist of argon and oxygen
gas mixture hg, and also radiation across these gas gaps hr. If sufficient heat is transferred to
the pressure tube, the local deformation of the pressure tube occurs. Therefore, the creep strain
deformation of the pressure tube is directly affected by the contact conductance between the
bearing pads and pressure tube and, the contact boundary dimensions (i.e., contact width and
height).

A number of different contact models have been developed and published in order to obtain
the total thermal contact conductance h = hc + hg + hr between two contacting bodies.[14]

Indeed, there is no convection through each micro gas gap, therefore the conductance is modeled
using the gas conductivity and a gas gap thickness is estimated based on the material roughness
and mechanical load. Furthermore, the radiative heat transfer across the gap can be neglected
in most applications when temperature is less than 600 ◦C.[13]

The temperature dependent contact parameters such as thermal properties of solids and gas,
gas pressure, surface curvature, surface roughness and applied load are obtained from a particu-
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lar thermal-mechanical model, which can be elastic, elasto-plastic or plastic for either conform-
ing or non-conforming contact cases. The elasto-plastic contact conductance model[14] moves
smoothly between the elastic contact model[15] and the plastic contact model.[16] Ross devel-
oped a model for contact conductance between fuel pellet and fuel sheath.[17] The solid to solid
conductance term was a function of thermal conductivity, surface roughness, surface hardness,
contact pressure and an empirical constant. The gas gap conductance term consists of the inter-
stitial gas thermal conductivity divided by the sum of the effective roughness of each material
where this effective roughness is measured based on the mean plane separation between the two
surfaces. Due to the fairly simple gas gap conductance term they proposed, the model is only
accurate for high contact pressures such as fuel pallet to fuel sheath, where the contact pressure
is approximately 10 MPa.

The literature shows that the Yovanovich correlations for the plastic contact conductance
are an improvement over older correlations and are validated for the rough surfaces of zircaloy
materials such as bearing pad and pressure tube. Therefore, in the current simulation the BP–PT
contact conductance transient characteristics are modeled based on Yovanovich’s integral gas
gap conductance hg given by:[16]

hg =
kg/σ√

2π

∫ ∞

0

e−0.5(Y
σ
−u)2

u + M/σ
du and

Y

σ
=
√

2 · erfc−1

(
2P

Hc

)
(4)

where kg = 0.75kAr + 0.25kO2 is the gas mixture thermal conductivity, u = t
σ

is the di-
mensionless local gap thickness, σ =

√
σ2

BP + σ2
PT is the rms surface roughness, M is the gas

gap rarefaction parameter, Y is the mean plane separation, erfc−1 is the inverse complementary
error function, P is the contact pressure and Hc is the contact micro-hardness. An iterative
model for calculation of contact micro-hardness is presented by Yovanovich[13] which leads to
the following explicit relationship:

P

Hc

=

[
P

c1(1.62× 106 σ
m

)c2

] 1
1+0.071c2

and c1 =
0.442HM

c2 + 0.370
(5)

where c1 and c2 are respectively the Vickers correlation coefficient and size index, in which
c2 = −0.267 for zirconium-2.5% niobium pressure tube and c2 = −0.278 for the zircaloy-4
fuel sheath and bearing pads and m =

√
m2

BP + m2
PT is the mean asperity slope and M is the

gas gap rarefaction parameter.

The elastic contact conductance he
c is calculated using Micik’s elastic contact correlations[15]

based on experimental data obtained by Hegazy[14, 18] where different zircaloy-4 and zirconium-
2.5% niobium roughnesses were used. The Yovanovich’s plastic contact conductance hp

c is also
used for two conforming rough surfaces of bearing pad and pressure tube:[13]

he
c = 1.54

ksm

σ

(√
2P

mE ′

)0.94

and hp
c = 1.25

ksm

σ

(
P

Hc

)0.95

(6)
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where E ′ =
(

1−υ2
BP

EBP
+

1−υ2
PT

EPT

)−1

is the interface equivalent Young’s modulus, υBP and υPT

are the Poisson’s ratios, EBP and EBP are the elastic modulus of the contacting asperities and
ks = 2kBPkPT

kBP+kPT
is the interface effective thermal conductivity.

CL

L1

BPs Ring 1 BPs Ring 2 BPs Ring 3 BPs Ring 4 BPs Ring 5
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Figure 7. (a) FES bundle, (b) statically indeterminate truss.

In order to evaluate the integral gas gap, elastic and plastic contact conductances at the BP–
PT central and corner contact boundaries, one needs to calculate the contact pressure imposed
by BPs due to the FES bundle’s weight on the inner surface of the pressure tube (see Figure
7). Based on slope deflection method, the force and moment balance equations are solved,
simultaneously. The whole FESs bundle is considered as a solid beam with an uniform mass
per unit length 49.4 gr

mm
on the bottom of pressure tube where the five fixed supports (A, B, C,

...) are the representatives of the bottom BPs located in the same axial positions. Therefore, the
slope deflection equations of the members AB and BC are:[19]
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∑
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M = 0 =⇒




RFy3 = 113.3 N
RFy4 = 59.7 N
RFy5 = 148.7 N

where L1 is the length between BP rings, EI is the flexural rigidity, θB and θC are the slope
angles at the support B and C, respectively and the reaction forces at each support shown by RFy.
The Euler beam simulation for the indeterminate structure using COMSOL[5] produced the same
results where the reaction force on the pressure tube inner surface in the test section centreline
was 113.2 N (at the BPs Ring 3 in Figure 7 (b)). Subsequently, this load is redistributed on the
seven bottom BPs of the BPs Ring 3 located in the test section centerline (see Figure 8):

F1 + 2F2 cos 22.5◦ + 2F3 cos 45◦ + 2F4 cos 67.5◦ = 113.2 N (7)

where the F1, F2, F3 and F4 are the reaction forces imposed on the pressure tube inner’s sur-
face at the bottom bearing pad θ = 0◦ and other BP locations θ = 22.5◦, θ = 45◦ and θ = 67.5◦,
respectively. In fact, the PT reaction force at the BP–PT central contact boundary imposed by
fuel bundle’s weight is greater than the other PT reaction forces produced at the other BP–PT
locations therefore, F1 > F2 > F3 > F4.[20] However, in the case of ideally equal load distri-
bution on the PT inner surface where F1 = F2 = F3 = F4, the uniform contact pressures of
P = 0.35 MPa is obtained at each BP–PT contact boundary.
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According to the fifth BP-PT experimental test, the contact pressure behavior may change
especially during the ballooning phase where some of the BPs are detached from the PT inner
surface at the beginning of the test in which the PT deformation is mostly uniform (see Figure
8). Therefore, the whole 113.2 N of FESs weight’s load is concentrated on either the central
BP–PT contact boundary where F2 = F3 = F4 = 0 and P = 1.75 MPa contact pressure is
created or on the central and corner BP–PT contact boundaries in which F3 = F4 = 0 and then
P = 0.62 MPa contact pressure is produced, respectively. Furthermore, the local creep strain
deformation of the pressure tube at the BP–PT central contact boundary could reproduce an
even more complicated loading situation in which the BP–PT contact occurs again at the other
BP–PT contact boundary locations.

Therefore, based on preceding correlations, equations 4, 6 and using different zircaloy mate-
rial roughnesses[18] five contact conductance profiles are obtained on the central BP–PT contact
boundary for when contact pressure is 0.35 MPa and increases step by step to its maximum
value 1.75 MPa and then reduces to the first level (see Figure 9). Such a behavior could oc-
cur when the azimuthal BPs are detached from the PT inner surfaces and then reattach once
local deformation is occurred on the central contact boundary. According to the Figure 9, the
left-y-axis hepg = he

c + hp
c + hg represents the summation of elastic, plastic and gas contact

conductances and the right one is the contact pressure.

It can be seen from Figure 9 that as the contact pressure and temperature are increased
between the bottom BP and PT, the hepg is also increases until when the local deformation is
occurred at T = 920 K (t = 107 sec) where the contact pressure reduces. The hepg reduces mo-
mentarily, even though the pressure reduction is continued, the temperature rises and therefore
the contact conductance is increased. For a roughness level of σ

m
= 11.11 µm, the elastic part

of the contact conductance at T < 730 K is calculated as 0.6 ≤ he
c(

kW
m2K

) ≤ 0.8, for T > 730
K the plastic part 1.1 ≤ hp

c(
kW

m2K
) ≤ 58 is obtained for the contact conductance and the gas gap

conductance is calculated in the range of 7.7 ≤ hg(
kW

m2K
) ≤ 20.9.

During the ballooning phase of the current simulations the contact temperature on the central
contact boundary is in the range of 650 ◦C to 900 ◦C for the pressure tube and 980 ◦C to 1200 ◦C
for the bearing pad (see Figure 3, 4). Therefore, based on Incropera[12] the following correlations
can be written:

−→
q
′′
cr =

σ(T 4
BP − T 4

PT )

ε−1
BP + ε−1

PT − 1
=⇒ hr =

−→
q
′′
cr

(TBP − TPT )
(8)

where
−→
q
′′
cr is the micro-gas gap radiation heat flux, εBP and εPT are the BP and PT emissivity,

TBP and TPT are the BP and PT temperature in kelvin, a rough calculation of radiative heat
transfer between two parallel planes with a view factor almost equal to unity, the radiation
conductance is calculated in the range of 0.2 to 0.35 kW

m2K
.

13

32nd Annual Conference of the Canadian Nuclear Society 
35th CNS/CNA Student Conference 

June 5 - 8, 2011 
Sheraton on the Falls, Niagara Falls, Ontario



600 650 700 750 800 850 900 950 1000 1050 1100

10
4

10
5

10
6

Temperature (K)

h
e
p
g
 (

W
/m

2
/K

)

 

 

σ/m = 11.11 µm

σ/m = 15.43 µm

σ/m = 20.05 µm

σ/m = 32.55 µm

σ/m = 44.05 µm

P

P
re

s
s
u
re

  
(P

a
)

Figure 9. Pressure profile and contact conductance for different material roughness.

5. HEAT TRANSFER WITH BP–PT CONTACT CONDUCTANCE RESULTS:

Figure 10 shows the solution to the energy equation for the BP–PT contact model at t = 135 s
and for a roughness level of σ

m
= 11.11 µm. According to the contact pressure obtained in this

simulation (see Figure 9), the total contact conductances calculated from previous section are
imposed in both BP–PT central and corner contact boundaries (Figure 6) and PT temperature
profile is obtained. A sensitivity analysis is performed on the emissivity of the pressure tube
inner surface and the FES’s sheaths in order to obtain the same temperature according to the
TC5 and TC6 of the experiment (see Figure 2). As the temperature between the bottom BP
and PT increases, the PT thickness temperature under the bottom BP rises to the values higher
than 650 ◦C where zircaloy creep strain is significantly increased due to α to β phase change.
The maximum temperature is obtained in the FES’s sheath domain while the pressure tube
maximum temperature is found to be at the BP–PT contact boundaries. This is because of the
fact that heat generated in the graphite pellet could properly transfer into the zirconium sheath
by conduction but partially conducted to the PT through contact width and then transferred
through PT thickness to the annulus gas gap. The behavior of temperature profile obtained for
whole domain at each time step are pretty similar to that of t = 135 s.

6. DESCRIPTION OF THE MODEL: STRUCTURAL MECHANICS AND CREEP STRAIN

The local deformation of the pressure tube occurs as a consequence of localized hot spots which
will produce in the region of contact (see BP–PT central and corner contact boundaries in Fig-
ure 6), if sufficient heat is transferred to the pressure tube through conduction and radiation.
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Figure 10. Temperature profile of the domain at t=135 s.

Therefore, the creep strain deformation of the pressure tube is directly affected by the con-
tact conductance between the BPs and PT and by the FESs radiation to the PT inner surface.
According to the experiment, the pressure tube is under combined internal pressure and radial-
circumferential temperature gradient, hence the hot spot created by bottom BP contact resulted
in PT wall thinning directly under the bottom bearing pad. Therefore, the stress-strain equation
5.1.4 from Mendelson[21] are solved for the pressure tube in the 2D cross section of test section
centreline (see Figure 5):

Sij = δijλ(Θ− 3αT ) + 2G(eij − δijαT ) where:





λ = υPTEPT

(1+υPT)(1−2υPT)

Θ = ex + ey + ez

G = EPT

2(1+υPT)

(9)

where Sij and eij are the stress and strain tensors, respectively and δij is the Kronecker delta.
The term α is the thermal expansion coefficient which is negligible in the plastic state, υPT is
the PT poisson’s ratio and EBP denotes the PT Young’s modulus as a function of temperature
are obtained from the ZRPRO.[6] In fact, we have assumed that a state of plain strain ez = 0 is
produced where the axial length of pressure tube is very large compare to the width of loaded
region. Therefore, the strain tensor components are only defined in the two dimensional cases:
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ex =
∂u

∂x
ey =

∂v

∂y
exy =

1

2

(
∂u

∂y
+

∂v

∂x

)
(10)

in which ex and ey are the strains in the x and y direction, exy is the shear strain, the dis-
placements in (x, y) axis in the Cartesian coordinate represent by (u, v), the axial displacement
w = 0 and the total displacement is D =

√
u2 + v2. Therefore, the stress-strain tensor com-

ponents are obtained in the two dimensional cases in which the creep strain components are
subtracted from the total strain in each direction:





Sx =
(
κ + 4

3
G

)
(ex − ec

x) +
(
κ− 2

3
G

) (
ey − ec

y

)
Sy =

(
κ + 4

3
G

) (
ey − ec

y

)
+

(
κ− 2

3
G

)
(ex − ec

x)
Sz =

(
κ− 2

3
G

) [
(ex − ec

x) +
(
ey − ec

y

)]
Sxy = 2G

(
exy − ec

xy

)
where: κ =

EBP

3(1− 2υPT)

where Sx, Sy and Sz are the stress components in the x, y and z direction and Sxy is the
shear stress in the Cartesian coordinate. The ec

x, ec
y and ec

xy are the creep strain components in
the x and y direction and ec

xy is the shear creep strain in the Cartesian coordinate and are defined
in equations 15 and 16. Understanding creep strain in zircaloy materials such as pressure tube
used in CANDU reactors is very important especially at higher temperatures.

This was accomplished by Shewfelt et al.,[22, 23] where both transverse and longitudinal sam-
ples from actual CANDU pressure tubes were examined in a uniaxial creep test apparatus. The
tests were successful in predicting the creep strain over a wide range of temperature ramp rates
of 1 to 50

◦C
sec

, the stress range of 5 to 100 MPa. There were also successful in predicting the
transverse creep of a section of internally pressurized tube which was heated at about 5

◦C
sec

,
over a range of internal pressures from 0.5 to l0 MPa. These tests cover all the conditions that
could occur in a CANDU pressure tube during a postulated loss of coolant accident (LOCA).
The authors concluded that the zircaloy creep strain is significantly increased at temperatures
greater than approximately 650 ◦C due to α to β phase change. Shewfelt developed creep strain
rate for the zirconium-2.5% niobium pressure tube in two separate temperature ranges . In the
temperature range of 450◦C < T < 850◦C, the creep rate is assumed to be the sum of two
components:





ėc = ėα + ėgb

ėc = 1.3× 10−5(σe)
9 × e(

−36600
T ) + 5.7×107(σe)1.8×e(

−29200
T )

[
1+2×1010

∫ t
t1

e(
−29200

T )dt

]0.42
(11)

where ėc ( 1
sec

) is the transverse creep rate, ėα is the component due to power-law creep in
the α phase and ėgb is the grain boundaries sliding component, T is the temperature in Kelvin
and t1 is the time where the temperature is above 700◦C and σe is the equivalent stress in MPa
given by the Von-Mises relation[21] in which for the plane strain case in the current simulation
is:
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σe =
1√
2

√
(Sx − Sy)2 + (Sy − Sz)2 + (Sz − Sx)2 + 6S2

xy (12)

In the temperature range of 850◦C < T < 1200◦C, the creep strain deformation is again
due to the two different mechanisms:





ėc = ėgb + ėβ

ėc = 10.4× (σe)
3.3 × e(

−19600
T ) + 3.5×104(σe)1.4×e(

−19600
T )

[
1+274

∫ t
t2

e(
−19600

T )(T−1105)3.72dt

] (13)

where ėgb is the grain boundaries sliding component, ėβ is the component due to power-law
creep in the β phase and t2 is the time where the temperature is above 850◦C. However, the
equations 11 and 13 are used in order to drive a mathematical creep model[21] for the pressure
tube under multiaxial stress condition:

ėc
ij =

3

2

Sd
ij

σe

ėc where:





Sd
x = 2Sx−Sy−Sz

3

Sd
y = 2Sy−Sz−Sx

3

Sd
z = 2Sz−Sx−Sy

3

(14)

where ėc
ij is the strain tensor, Sd

ij is the stress deviator tensor and Sd
x, Sd

y and Sd
z are the stress

deviator components in the x, y and z direction of the Cartesian coordinate system. There-
fore, the multiaxial creep strains are produced by equation 14 are for the temperature range of:
450◦C < T < 850◦C:





ėc
x = 3

2
Sd

x


1.3× 10−5(σ2

e)
9−1
2 e(

−36600
T ) + 5.7×107(σ2

e)
1.8−1

2 ×e(
−29200

T )
[
1+2×1010

∫ t
t1

e(
−29200

T )dt

]0.42




ėc
y = 3

2
Sd

y


1.3× 10−5(σ2

e)
9−1
2 e(

−36600
T ) + 5.7×107(σ2

e)
1.8−1

2 ×e(
−29200

T )
[
1+2×1010

∫ t
t1

e(
−29200

T )dt

]0.42




ėc
xy = 3

2
Sd

xy


1.3× 10−5(σ2

e)
9−1
2 e(

−36600
T ) + 5.7×107(σ2

e)
1.8−1

2 ×e(
−29200

T )
[
1+2×1010

∫ t
t1

e(
−29200

T )dt

]0.42




(15)

and for the temperature range of 850◦C < T < 1200◦C:
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



ėc
x = 3

2
Sd

x


10.4(σ2

e)
3.3−1

2 e(
−19600

T ) + 3.5×104(σ2
e)

1.4−1
2 ×e(

−19600
T )

[
1+274

∫ t
t2

e(
−19600

T )(T−1105)3.72dt

]




ėc
y = 3

2
Sd

y


10.4(σ2

e)
3.3−1

2 e(
−19600

T ) + 3.5×104(σ2
e)

1.4−1
2 ×e(

−19600
T )

[
1+274

∫ t
t2

e(
−19600

T )(T−1105)3.72dt

]




ėc
xy = 3

2
Sd

xy


10.4(σ2

e)
3.3−1

2 e(
−19600

T ) + 3.5×104(σ2
e)

1.4−1
2 ×e(

−19600
T )

[
1+274

∫ t
t2

e(
−19600

T )(T−1105)3.72dt

]




(16)

P

(a) (b)

Figure 11. PT deformation profile at t=135 s (a) uniform LVDT (b) single point LVDT.

7. PRESSURE TUBE CREEP STRAIN DEFORMATION RESULTS:

The pressure tube is under combined internal pressure and radial-circumferential temperature
gradient, therefore a nonuniform temperature profile obtained from preceding equations is used
to calculate pressure tube creep strain deformation and wall thinning under bottom BP–PT
contact. Two set of boundary condition are used on the PT outer surfaces in order to follow
the PT bulk deformation (see Figure 11). It can be seen in Figure 11 (a) when uniform LVDT
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results is used on the PT outer surface a wall thinning of 47% is obtained however when single
point LVDT results is imposed only at P point of PT outer surface 58% of wall thinning is
obtained. The rest of PT boundaries are considered to be free. According to experiment, during
the high power heatup phase and contact ballooning, significant preferential wall thinning (∼
68%) occurs directly under the bottom bearing pad. The results obtained here are very close
to those measured at the fifth experiment, therefore we could extend our validation for the next
step of simulation where fuel element to pressure tube contact occurred under full power and
high cooling condition.

8. CONCLUSION

Thermal-mechanical behavior of the bearing pad to pressure tube contact is considered here in
order to investigate potential challenges in fuel channel integrity. We have attempted to sim-
ulate several analytical contact models which are the solutions to the transient heat transfer,
thermal-mechanical and creep strain equations along with appropriate boundary conditions as a
validation analysis for the creep strain calculations of the CANDU fuel element to pressure tube
contact. The results described here quantify the conditions under which BP–PT contact cases
could create localized high temperature on the inner surface of a pressure tube where the pres-
sure tube local strain is occurred. Two different set of simulations have been performed based
on LVDT boundary consideration. The value of parameters considered in these simulations
cover a very broad range and in many cases. However, the most sensitive parameters which
significantly affecting the contact modelling are i.e., the emissivity ε, contact conductance h
and contact width Lc. 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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