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a b s t r a c t

Fuel assembly (FA) bow in pressurized water reactor (PWR) cores is considered to be a complex process
with a large number of influencing mechanisms and several unknowns. Uncertainty and sensitivity
analyses are a common way to assess the predictability of such complex phenomena. To perform such
analyses, a structural model of a row of 15 FAs in the reactor core is implemented with the finite-element
code ANSYS Mechanical APDL. The distribution of lateral hydraulic forces within the core row is esti-
mated based on a two-dimensional Computational Fluid Dynamics model with porous media, assuming
symmetric or asymmetric core inlet and outlet flow profiles. The influence of the creep rate on the bow
amplitude is tested based on different creep models for guide tubes and fuel rods. Different FA initial
states are considered: fresh FAs or FAs with higher burnup, which may be initially straight or exhibit an
initial bow from previous cycles. The simulation results over one reactor cycle demonstrate that changes
in the creep rate and the hydraulic conditions may have a considerable impact on the bow amplitudes
and the bow patterns. A good knowledge of the specific creep behavior and the hydraulic conditions is
therefore crucial for making reliable predictions.
© 2018 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

During thereactor operation, fuel assemblies (FAs) deform as a
result of external forces and material parametererelated change
mechanisms. This is of great practical importance because de-
formations may cause significant problems, such as grid damage or
incomplete rod insertion events and may affect the power and flow
distribution. The FAs deform most commonly in the first bending
mode; that is, they exhibit a C-shaped bow, but bowing in higher
bending modes is also observed, such as S-shaped and W-shaped
bows. The latter are the least desirable because they present an
increased risk for incomplete rod insertion and grid damage due to
the decreased bending radius and the potentially higher number of
interassembly contact points.

Since the occurrence of FA bow, operators and fuel vendors have
tried to counteract the problemmainly by increasing the FA stiffness
and creep resistance [1]. Because of these measures, FA de-
formations could be reduced in some instances but not completely
eradicated because FA bow continues to be observed. At the same
time, computational tools to predict the deformation of the fuel

assemblies in the core have been developed to optimize the FA
design and core planning. Still, owing to the complexity of the
considered system, prediction uncertainties remain, regarding both
the deformation amplitude and the direction. This may be associ-
ated with the high uncertainties about the boundary conditions, for
example, the distribution of lateral hydraulic forces and the neutron
fluxedependent material models. Within this project, we want to
assess themodeling output uncertainty and parameter sensitivity of
structural models representing this complex system. To perform
such analyses, a reference fuel assembly structural model was
developed in the finite-element code ANSYS Mechanical APDL to
simulate the typical FA structural behavior [2]. As a first approach to
understand the relative influence of many model parameters, a
qualitative sensitivity analysis of the model was conducted in a
previous work [3]. That analysis considered one single isolated FA
and analyzed the sensitivity of the permanent FA deformation to
different influencing parameters. For this purpose, a hypothetical
discrete lateral force was applied at the mid-grid level over four
reactor cycles. The outcome of that analysis showed that the un-
certainties about the creep rate and the lateral hydraulic forces are
at least as influential on the bow amplitude as possible changes to
the FA structural stiffness (see Fig. 1). Furthermore, the influence of
FA growth became more important for high burnup (BU).* Corresponding author.
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However, the shortcomings of that analysis are also clear. First,
the fact of considering only a single FA does not account for the
lateral constraints the FA is subjected to in the reactor. Next, only a
discrete lateral force was applied instead of a realistic distribution
of hydraulic forces. As for the creep models, only standard Zry-4
models were used without verifying their applicability to bending
problems and more recent advanced materials. Moreover, lateral
neutron flux and temperature gradients over the FA as they are
present at the core periphery were not considered. For these rea-
sons, in our study, we extended the analysis to a full 2-D model,
considering the central row of 15 FAs in the reactor core. All new
model features and assumptions are presented in the second sec-
tion of this article. The third section discusses the simulation re-
sults. Considering the previous analysis, our emphasis lies on the
influence of uncertainties about creep and lateral hydraulic forces.
Finally, the effect of FAs with an initial bow from previous cycles is
investigated.

2. Models and methods

2.1. FA row structural model

The FA structural model is based on the 16�16 design for KWU
Vor-Konvoi plants. Fig. 2 gives a schematic representation of the
model setup and its individual elements, which were described in
[2,3]. Themost important new feature of the structural model when
an FA row is set up is that the neighboring FAs are coupled to each
other at the grid levels with 1-D gap-contact elements. Contact be-
tween FAs is established if the relative displacement between two
FAs is larger than the initial gap size bgap;ini, thus coupling the FAs
mechanically in the lateral translational degree of freedom (DOF).
The initial gap size under operation is defined as bgap;ini ¼ 1.6 mm,
which is the nominal value of thewater gap between two FAs in hot
condition [4]. For our analysis, we assumed this value to be constant
for all interassembly gaps at all temperatures and BUs, ignoring grid
growth, manufacturing tolerances, and other effects. Fig. 3 repre-
sents the undeformed system of 15 FAs. To better appreciate the FA
deformations, the FAs are reduced to a curve defined by the dis-
placements at grid levels 1e9 (top grid). The deformation of the FA
row is limited by the presence of the left and right reactor walls at a
distance of bgap;ini from FA 1 and 15.

Table 1 summarizes the FA boundary conditions used for the
different simulation steps. Two in-core and one ex-core conditions
are distinguished. During in-core operation, all DOFs at the FA head
and foot are fixed, except for the axial and rotational displacement
DOFs at the FA head, which result implicitly from the solution as a
function of the holddown (HD) spring stiffness kHD, the HD spring
relaxation over BU, and the differential axial thermal expansion of
the FAs and the core structures. At the beginning of cycle (BOC), an
initial load step is simulated to set up the thermoelastic equilibrium

under reactor operating conditions due the thermal and hydraulic
loads, Tðx; zÞ and f hydðx; zÞ, which are introduced in the following
sections. After this initial step, the operation load step is started and
includes creep and growth algorithms depending on the distribu-
tion of the fast neutron flux fðx; zÞ and extends over 7,920 full-
power hours until the end of cycle (EOC). In the cold condition,
the temperature is decreased to 50�C, and the pumps are turned off,
so that the hydraulic loads are withdrawn entirely. The mechanical
constraints remain the same as during operation, but the HD force
is increased due to the decreased temperature. The ex-core con-
dition simulates isolated FAs lifted out of the open pressure vessel
to obtain the unconstrained FA deformation, which is measurable
during the outage. For this purpose, the FAs are decoupled by
laterally drawing away the FAs from each other, thus opening all
contact elements between them. Moreover, all rotational and HD
constraints modeling the effect of the core plates are removed, thus
creating a statically determinate system without external loading.
Finally, an upward force about equal to the FA weight force WFA is
imposed on the top of the fuel assembly to account for the
tensioning effect in the FA due to its weight when it is lifted.

2.2. Creep and growth laws

Because creep anddfor high BUdgrowth proved to be very
influential in the previous analysis, we undertook a more thorough
analysis of guide tube (GT) creep and growth data. Two generations
of zirconium alloys for GT materials are distinguished, Zircaloy-4
and advanced zirconium alloys with niobium content. No differ-
ence is made between the various types of advanced alloys by
different vendors. This facilitates deriving correlations from
experimental and performance data because a larger database is
available. Because the fuel rods (FRs) are only coupled to the FA
structure for low BU when the grid springs are not yet relaxed, FR
creep and growth plays a minor role compared with that of GTs and
is not treated explicitly in this article.

The measurement data underlying Yvon's Zry-4 GT creep law
[5], which were used in the previous analysis, cover only a specific
loading state, namely axial traction between 76 MPa and 94 MPa.
Therefore, the validity of Yvon's creep law for other stress levels
and loading patterns, particularly bending, needs to be confirmed.
For this purpose, uniaxial creep measurement data for recrystal-
lization-annealed Zry-4 from different authors [5,6,8,12] are
compared with the predictions with Yvon's creep law (see the data
and the corresponding curves in Fig. 4A). In general, we conclude
that a good agreement of Yvon's creep response predictions exists
with experimental data for traction, compression, and bending
problems of recrystallization-annealed Zry-4 for a wide range of
stresses from 7 MPa to 102 MPa and the temperatures of interest.
In particular, we found a very good agreement with bending creep
data by Pettersson [6]. Yvon's law has hence been proved adequate
to model the creep response of Zry-4 GTs in the context of FA bow
problems.

As for creep measurement data of advanced zirconium alloys,
bending tests financed by SKI and the Swedish nuclear industry
research co-operation (BFUK) were performed with two widely
used GT materials in fresh and preirradiated conditions using the
same setup as used for Pettersson's data. A best-estimate (BE) creep
law with lower bounds and upper bounds (UB), Fig. 4B, was
developed from the totality of data without regard to the pre-
irradiation state because the preirradiation fluence was relatively
low ð1� 1021ncm�2Þ. The observations in biaxial creep tests with
the same materials suggest that the transient creep is practically
saturated at the fluence of 1� 1020ncm�2, at which the first data
points were obtained in the bending creep tests. All data points are
hence assumed to lie in the secondary creep regime, so that a

Fig. 1. Relative linear effects versus BU of different parameters [3].
BU, burnup; HD, holddown.
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steady-state creep rate can be obtained by performing a linear
regression. The intersection of the linear curve with the y-axis then
represents the saturated primary creep strain. In this manner, a
combined primary and secondary creep law, Equation (1), is ob-
tained, summing up the influences of both contributions. The
saturating fluence dependence of the primary creep is represented
with a rational polynomial.

εcr ¼
�
Ccr;pri

pcrft
1þ pcrft

þ Ccr;secfnf t
�
snse�QT=T (1)

The GT growth laws for Zry-4 and advanced alloys used in the
structural model (see Fig. 5) are based on performance data [7].
Particularly for high BUs, usually large scattering of measurement
data is observed depending on when breakaway growth with
increased constant growth rates sets in. To test the influence of the
increased growth rates on the structural model, a linear UB growth
law is also implemented for the use with high-BU FAs. The value is
obtained from measurements of accelerated growth of high-BU

Zry-4 GT specimens with high hydrogen uptake [8]. For advanced
alloys, a representative UB linear growth rate half that of Zircaloy-4
is assumed, which is in good agreement with the maximum of the
performance data [7].

2.3. FA row burnup model

The local linear power density q0ðx; zÞ, Equation (2), is defined by
the core-averaged linear power density q0ave multiplied by a radial
factor arðxÞ and an axial factor azðzÞ. Instead of a continuous dis-
tribution, the radial factor is the sum of two components:

� The averaged radial power factor of the respective fuel assembly
ar;i defined by its position i in the FA row.

� The averaged and linearized lateral power gradient glat;i over
each fuel assembly. The resultant radial factor is then a function
of the local cross-sectional coordinate xi of the considered FA
with the origin in the FA central axis.

Figs. 6A and 6B represent graphically the lateral and axial pro-
files. The fast neutron flux (En >1MeV) fðx; zÞ, which is the basis for
the calculation of the irradiation creep, relaxation, and growth
processes, is then linearly linked to q0ðx; zÞ by a typical conversion
factor c (see Equation (3)). For the FA structure, the temperature
TðzÞ is assumed to be equal to that of the surrounding coolant and is
linearly interpolated between the core inlet and outlet tempera-
tures from the bottom to the top of the active region. The FR
cladding temperatures Tðx; zÞ are derived as a function of q0ðx; zÞ
from heat transfer coefficients [9] between the coolant and clad-
ding. Fig. 6C gives the corresponding temperature distribution in
GTs (inner tubes) and FRs for averaged core power conditions. For
the time being, we consider no evolution of the power density due
to BU effects or due to changes in the interassembly water gaps.
Over the FA row, a heterogeneous BU configuration is implemented
according to a typical loading pattern in the central core row. For
this purpose, three different FA burnup conditions are defined for
the simulation runs: Fresh (F), medium BU (M), and high BU (H).
Table 2 gives the initial conditions for the different cases with re-
gard to effective growth, including the effect of HD spring relaxa-
tion and the grid spring relaxation (see also Ref. [2,3] for details).
For the high-BU FAs, additionally a case with UB growth is
considered. The BU condition used at the respective position is
marked in Fig. 6A.

q0ðx; zÞ ¼ arðxÞazðzÞq0ave with arðxÞ ¼ ar;i þ glat;ixi (2)

fðx; zÞ ¼ cq0ðx; zÞ (3)

2.4. FA row hydraulic model

The lateral hydraulic forces due to cross flow appear to be one of
the main drivers of the FA bow and were very influential in the
previous screening sensitivity analysis. For a more realistic esti-
mation of the lateral hydraulic forces, numerical Computational
Fluid Dynamics (CFD) calculations were necessary. Within our
framework, the objective was not to predict the lateral hydraulic
forces as accurately as possible, but to investigate the relative effect
of parameter changes. Therefore, it was not necessary to create a
detailed CFDmodel with resolved structures, but it was sufficient to
design an approximate 2-D porous-medium model, representing
the central core plane in which the FA row was positioned. With
this approach, distributedmomentum sinks SM induce the pressure
gradient due to the frictional and form drag effect of the structures
(see Equations (4) and (5)), where Kk and K⊥ are the pressure loss

Fig. 2. As-fabricated FA and schematics of the FA structural model (right) and the FA
porous hydraulic model (left). The depicted FA is different from the modeled FA design.
FA, fuel assembly; FR, fuel rod; GT, guide tube.

Fig. 3. Representation of the undeformed FA row.
FA, fuel assembly.
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coefficients parallel and transverse to the structure. For the pro-
posed model, the axial and transverse loss coefficients for both rod
bundle and spacer grid regions need to be determined: Kk;rods,
Kk;grid, K⊥;rods, and K⊥;grid which are represented schematically in
Fig. 2. No hydraulic resistance is assumed in the gaps, that is,
Kk;gap ¼ K⊥;gap ¼ 0. The axial loss coefficients Kk for the grid and rod
regions are defined based on validated thermohydraulic correla-
tions [9,10]. The definition of the lateral loss coefficients is more
challenging. Cross flow inside nuclear reactors has an important
axial component due to the high mass flow rate through the core.
The flow corresponds to an oblique flow over a rod bundle with a
small angle of attack q≪90

�
. With decreasing values of q, the

contribution of pressure drag to the flow resistance decreases in
favor of friction drag, thus reducing the flow resistance. To obtain

the pressure drop of the oblique flow, a resistance reduction ratio
jðqÞ is applied to the flow resistance coefficient obtained from pure
cross flow K⊥;90� [10]. The correlation obtained with the EOLE test
section [11], Equation (6), is one of the few correlations for jðqÞ in
the literature which was specifically developed for PWR rod bun-
dles. The EOLE correlation was additionally validated with experi-
mental tests inside a water flow loop with an FA mock-up and the
possibility to inject cross flow, the MISTRAL test section. To validate
the EOLE correlation for use in our porous model, the experiments
in the MISTRAL test section are simulated with a dedicated model
in ANSYS CFX. Fig. 7A compares the experimental results for the
lateral hydraulic force on the FA mock-up obtained with the
MISTRAL test section with the CFX results. The EOLE correlation
provides simulation results which are in very good agreement with
the experiment and can be judged sufficiently reliable to provide a
good estimation of the lateral pressure drop in PWR cross flow
within our project. As for the definition of K⊥;grid, we assume that
the grid redirects the flow completely into the axial direction after
entering into the grid regionwith an arbitrary angle of attack q. The
lateral loss coefficient for the grid K⊥;grid can hence be estimated
based on the lateral reaction force on the grid due to the direction
change.

SM;k ¼ �Kk
r

2
jvjvk (4)

SM;⊥ ¼ �K⊥
r

2
jvjv⊥ (5)

K⊥ðqÞ ¼ jðqÞK⊥;90� ¼
�
sinq=cos

�
90� � q

2

��1:7

K⊥;90� (6)

Fig. 7B shows the meshed domain implemented in ANSYS CFX,
representing the entire row of 15 FAs. The mesh is refined in the

Table 1
FA boundary conditions for different simulation steps.

Condition Constraints Loads

FA foot FA head Thermal Neutron flux Hydraulic

ux uz qy ux uz qy

In-core under operation 0 0 0 0 f ðkHD; T; BUÞ Tðx; zÞ fðx; zÞ f hydðx; zÞ
In-core in cold condition (CC) 0 0 0 0 f ðkHD; T; BUÞ 50�C 0 0
Ex-core and lifted FAs 0 0 d 0 WFA d 50�C 0 0

BU, burnup; FA, fuel assembly; HD, holddown.

(A) (B)

Fig. 4. Comparison of GT creep measurement data and used creep model.(A) Comparison for RXA Zry-4.(B) Comparison for advanced Zirconium alloys.
GT, guide tube; RXA, recrystallization-annealed.

Fig. 5. Representation of GT growth laws.
BE, best-estimate; GT, guide tube; UB, upper-bound.
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grid and gap regions. A two-way fluid-structure interaction can be
established by updating over time the position and size of the gaps
in the modeled domain according to the FA structural deformation.
The flow redistribution inside the core due to nonuniform core
velocity inlet and outlet profiles is likely to be one of the drivers of
FA bow. Based on specific observations made in experimental tests
and numerical simulations given in the literature, we define hy-
pothetical symmetric inlet and outlet flow profiles (see Fig. 7C).
However, often asymmetric bow patterns have been observed,
which cannot be explained by symmetric flow in the core. An
asymmetric condition is necessary to obtain such deformations.
Accordingly, an additional asymmetric velocity inlet profile is
assumed. It is based on the symmetric profile, but the maximum is
shifted a distance of two FA pitches to the left. Using these profiles
as boundary conditions, the code evaluates the redistribution of the
flow inside the core plane as a result of the pressure gradients
originating from the nonhomogeneous flow distribution.

The lateral hydraulic force on the FA structure in a certain rod or
grid region is obtained by integrating over the body force due to the
porous medium in this region given by the CFDmodel solution. The
resulting distribution serves as the data source for the lateral hy-
draulic loads in the structural model. Fig. 8 shows the distribution
of line forces over each FA averaged over each grid and rod region
for both symmetric and shifted inlet flow profiles. The line forces
are clearly higher in the grid regions due to the increased flow
resistance. For the case with symmetric inlet and outlet profile
(Fig. 8A), the forces are maximum close to the FA extremities. In the
core center, the influence of the boundaries nearly vanishes. That is,
the flow redistribution is limited to the first and last third of the
core. For the case with asymmetric inlet and symmetric outlet
profile (Fig. 8B), the symmetry is clearly broken. The forces in the
center of the core are significantly higher because the amount of
flow to be redistributed increased due to the asymmetry. There is

hence a twofold detrimental effect on the FA structure. Not only do
the total lateral forces increase but also the effect on the FA struc-
ture is increased more than linearly due to the redistribution of
forces towards the axial center. Only a negligible feedback of the FA
deformation on the hydraulic forces was observed for the cases
discussed in this article. Therefore, the hydraulic forces are
considered constant over time.

3. Results

3.1. Symmetric hydraulic conditions

In this first simulation, the symmetric lateral hydraulic load dis-
tribution given in Fig. 8A was applied. Owing to the symmetry, we
could use this case to estimate the beneficial effect when using FAs
with advanced alloys. For this purpose, the FAs to the left (1e7) are
assumed to be made of conventional Zry-4, whereas the FAs to the
right (8e15) are made of advanced alloys. Fig. 9 gives the FA de-
formations for different times (BOCor EOC) and conditions according
toTable 1. Fig. 9A depicts the thermoelastic equilibrium in the FA row
at BOC under operation. Whereas the medium-BU and high-BU FAs
are clearly deformed in the direction of the hydraulic force, the fresh
FAs exhibit only little deformation, which is due to the higher stiff-
ness and due to the inward bending as a result of the differential
elongation of the FRs due to the thermal gradient. As operation ad-
vances, the FAs deform slowly toward the core shroud due to creep.
At EOC under operation (Fig. 9B), only four FAs in the center remain
without contact. After transition to cold condition and turningoff the
pumps (Fig. 9C), the overall deformation is reduced because the
elastic component is removed. It becomes evident that toward the
end of cycle, the lateral hydraulic forces on FAs 1e5 were mostly
absorbed by the core shroud because their deflection amplitude only
decreases slightly. As for the ex-core deformation of the FAs (Fig. 9D),

Fig. 6. Lateral and axial power profiles and derived temperature distribution. (A) Lateral power and BU profile. (B) Axial power profile. (C) Temperature [�C] distribution for average
power.
FA, fuel assembly.

Table 2
Initial parameters for different BU conditions.

Case BU Effective growtha Grid relaxationb

½GWd=tHM� law Zry-4 Advanced alloy Zr-alloy Inconel Evolution

Fresh (F) 0 BE 0 mm 0 mm 0% 0% Decreasing
Medium (M) 15e40 BE 0 mm 0 mm 99% 25% Constant
High (H) >40 BE 5 mm 2.5 mm 99% 25% Constant
High (H) >40 UB 10 mm 5 mm 99% 25% Constant

BE, best-estimate; BU, burnup; UB, upper-bound.
a Estimated average values based on the FA growth performance data in Ref. [7].
b Assumed values based on the considerations in Ref. [2].
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the amplitude is decreased clearly due to the stress stiffening effect
when the FAs are lifted. The Zry-4 FA 6 undergoes the largest defor-
mation of nearly 6 mm. For the advanced-alloy FAs, the maximum
deflection is reduced by nearly 25% compared with Zry4, which un-
derlines the importance of the creep rate for the bow problem.

3.2. Asymmetric hydraulic conditions

From this point, only FAs with advanced-alloy GT and FR ma-
terials are investigated because they have become the standard in
most Western PWRs. As the first approach to an uncertainty anal-
ysis, we wanted to investigate the effect of possible changes to the
hydraulic, creep, and growth parameters on the outcome of the
solution. In the first step, only the hydraulic condition is changed,
switching from the symmetric inlet profile to the asymmetric inlet
profile in the hydraulic model. Because of the asymmetric force
distribution (Fig. 8B), themaxima for the elastic deflection occur for
the FAs at the right (see Fig. 10A). Owing to the unilateral force on
most FAs, they deformmostly in the first bendingmode and exhibit
C shapes. Only FA 5 undergoes forces in opposite directions at the
bottom and the top and deforms in the second bending mode,
resulting in an S shape. Considering the final ex-core bow shapes
(Fig. 10B), FAs 2e8 exhibit strongly different shapes compared with
the result with symmetric hydraulic conditions (Fig. 9D at the
right). For FAs 9e15, an increase in bow amplitudes is observed
with the total maximum increasing from 4.52 mm to 5.83 mm. The
second step investigates two extremal cases within the uncertainty
bounds of the established creep and growth models. For this pur-
pose, we sought to create one simulation with maximum positive
(þ) amplitudes and one with maximum negative (�) amplitudes,
only by modifying the creep and growth rates within the uncer-
tainty bounds and without changing the hydraulic condition.

Table 3 summarizes the creep and growth conditions assumed
for the different FAs to generate the different bow patterns.
Figs. 10C and 10D give the ex-core results for the two extremal
cases, whereas Fig. 10B represents the BE result. Between the (�)
case and the (þ) case, there are important differences regarding
both the FA deformation amplitude and pattern. The maximum
amplitude is increased by more than 50% solely due to the uncer-
tainty about the creep law. As for the deformation pattern, a
particularly strong effect becomes evident for the peripheral FAs
undergoing UB growth. The inward bow due to the accelerated
differential growth significantly outweighs bow due to the creep as
a result of the outward hydraulic forces. The deformation ampli-
tude and shape of the concerned FAs change strongly compared
with those of the BE case. As for the high-BU FAs placed at positions
with high flux gradients, there is hence a high uncertainty about
the final deformation pattern.

3.3. FAs with initial bow

So far, the analyses have only included straight FAs at BOC, no
matter the assumed BU level. In reality, FAs with nonzero BU may
exhibit initial bow from previous cycles, thus perturbing the
initially straight system. To investigate the effect of such FAs on the
system, three different FAs with initial bow are introduced into the
FA row: one FAwith an S shape at position 3, one FAwith a C shape
and high deformation at position 11, and one FAwith a C shape and
reduced deformation at position 14. The deformations of these
three FAs are generated in the first reactor cycle. Fig. 11A gives their
ex-core bow shapes at EOC 1. Then the prebowed FAs are con-
strained and coupled to the other straight FAs in the second cycle of
the same run (see Fig. 11B for the resulting equilibrium in cold
condition). Starting from this state, two different simulations are

Fig. 7. FA hydraulic model. (A) Results for validation simulation. (B) Meshed domain (not to scale). (C) Inlet and outlet profiles.
FA, fuel assembly.

Fig. 8. Region-averaged lateral hydraulic line forces. (A) For symmetric inlet and outlet profile. (B) For asymmetric inlet and symmetric outlet profile.
FA, fuel assembly.
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performed. Fig. 11C gives the results of the first simulation, per-
formed without lateral hydraulic forces and gradients over the FAs
to assess the isolated effect of the initial bow. Owing to the me-
chanical coupling between the FAs, the deflection amplitude of the
FAs with initial bow is reduced, up to nearly one half for FA 11. On
the other hand, the FAs neighboring the prebowed assemblies
remain permanently deformed due to the interaction. The second

simulation is performed with the symmetric hydraulic forces used
in Section 3.1 to appreciate the perturbing effect of the initial bow
on the final result in Fig. 11D compared with that of FAs 9e16 in
Fig. 9D. Owing to the effect of the unilateral hydraulic forces, the S
shape of FA 3 is transformed into an inversed P shape, which rep-
resents a superposition of the first and second bending modes. For
FA 11, the formation of aW shape is observed while its amplitude is

Fig. 9. FA deformation in different phases using the symmetric hydraulic conditions.
BOC, beginning of cycle; CC, cold condition; EOC, end of cycle; FA, fuel assembly.

Fig. 10. FA deformations for different creep and growth uncertainty assumptions using the asymmetric hydraulic conditions.
BE, best-estimate; BOC, beginning of cycle; EOC, end of cycle; FA, fuel assembly.
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reduced to less than a quarter of the original value. For FA 14, the
bow direction is the inverse due to the creep deformation due to
the hydraulic loads, resulting in a P-shaped bow. As for the initially
straight FAs, a clear difference in the bow pattern can be observed
compared with the deformation of the reference state with only
straight FAs at BOC in Fig. 9D. This confirms the strong effect of the
initial bow on the final bow patterns.

4. Discussion

This article described simulations of the creep deformation of
the FA structure in a single FA row in a PWR core. We investigated
the influence of both modeling uncertainties and bow before the
irradiation cycle on the final bow shapes after one cycle of opera-
tion. The resulting bow shapes were in good agreement with what
was observed in ex-core bow measurements of PWR FAs: C shapes

were the most common, but also P, S, and W shapes were detected.
First, the reference simulation with a symmetric hydraulic force
distribution was performed, and the sensitivity of the solution to
the creep resistance of different materials was demonstrated. Then,
the role of the uncertainties in the model was investigated. The
simulations confirmed the tendencies obtained from a previous
screening sensitivity analysis: both the hydraulic condition in the
core and the uncertainty about the creep rates have an equally
important impact on the final bow pattern. The specific creep law
affects mostly the deformation rate, whereas changes in the hy-
draulic condition may fundamentally modify the bow pattern.
Given the limited knowledge about the boundary conditions inside
an operating core and their time behavior, it was a challenge to
predict a specific unique bow pattern. Instead, we determined the
distribution of potential bow patterns. To characterize the spread of
the model predictions, several statistical measures exist, which will

Table 3
Creep and growth models used for the extremal cases: lower-bound (LB), best-estimate (BE), or upper-bound (UB).

Fig. 11. FA deformations when introducing FAs with initial bow.
BOC, beginning of cycle; EOC, end of cycle; FA, fuel assembly.
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be evaluated in a future step. Finally, simulation runs over two
reactor cycles were presented, in which only certain FAs were
deformed in the first cycle and then coupled to the other straight
FAs in the second cycle of the same run. This illustrated how bow
patterns can propagate over several cycles. It indicated, further-
more, that if the bow shapes are not measured after each cycle, the
initial bow imposes another source of uncertainty on the pre-
dictions. In practice, this means that it is necessary to implement a
transfer of the final stress and strain states of bowed FAs after one
irradiation cycle as an initial condition to a new run. In addition,
grid growth must be accounted for bymodifying the initial gap size
of the contact elements as a function of fluence and temperature. In
this manner, the propagation of bow patterns can be simulated
flexibly for any FA reshuffling plan.

For further studies, our specific interest lies in extending the
simulations to the full-core system. The FA structural model pre-
sented in this article was designed as a full 3-D model and, there-
fore, takes into account that the deformations in the cross-sectional
directions are not independent of each other. For example, the
evolution of the creep rate is often nonlinear in the strain or stress
dependence, leading to different creep rates if two load states are
superposed. Moreover, loading the FA simultaneously in both
cross-sectional directions modifies the FA lateral stiffness due to
the characteristics of the frictional FR support: rotationally loading
the grid-to-rod connection about one axis affects the frictional
behavior in the perpendicular direction. Common 2-Deonly FA
structural models ignore these nonlinearities and separately
calculate the deformation of each FA row in each lateral direction of
the reactor core, although a full 3-D structural model might be
indispensable to duly account for these effects. In addition, a
coupling of the mechanical model to neutronics calculations can be
considered in the future to account for the feedback of power
density changes on the bow deformation. However, for such a
coupled 3-D system, it can be expected that the variance of the bow
patterns will further increase due to the higher number of DOFs.
Moreover, it also implies a strong increase in computational
expense and will require new solutions to enhance performance.

In conclusion, our results demonstrated the important chal-
lenges in FA bow modeling and suggest that bow calculations
should be accompanied by an uncertainty analysis to estimate the
variability of the model predictions. Provided that the uncertainties
are accounted for, future FA bow prediction models can offer

important support to operators about the expected bow patterns
for a specific core loading plan.
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