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This work describes multiphysics analyses conducted to investigate the effect of geometric deviations
and materials properties on flow-induced deflections of fuel plates. The analyzed configuration consists
of two fuel plates and each one of them is bounded by two fluid channels. The fluid-dynamic forces acting
on the plates are calculated using a Computational Fluid Dynamics model and the structural response is
determined by means of a Finite Element Analysis model. Both models are coupled using the two-way
fluid-structure interaction approach. The results show that manufacturing deviations from the nominal
conditions and the increment of the system temperature lead to reduce the critical fluid velocity of the
assembly.
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1. Introduction

In parallel-plate fuel elements (see Fig. 1), a phenomenon called
hydroelastic instability of the fuel plates has been identified. Its
nature is that the motion of the plates alters the fluid-dynamic
forces acting over them. As a result, these plates extract energy
from the fluid flow in such a way that excessive deflections,
eventually permanent deformation, or collapse may occur. This
behavior may produce local overheating of the plates and perhaps
a complete blockage of the flow channels. The fluid velocity at
which that event occurs is named the critical velocity of the fuel
assembly. Thus, the estimation of this velocity is essential to estab-
lish operating conditions and safety limitations of the reactors.

Daniel Miller was the first to propose a formula for predicting
the critical flow velocity of fuel elements (Miller, 1958). He
estimated it based on the interaction between the changes in
cross-sectional areas, coolant velocities and pressures in two
adjacent flow channels. For a multiple plate assembly with the long
edges fixed, ‘‘Miller’s velocity” is defined as:

vM ¼ 15Ea3h
qw4ð1� t2Þ
� �1=2

ð1Þ
In the equation E is the Young’s Modulus of elasticity, q is the
density of the coolant, t the Poisson’s ratio, athe fuel plate thick-
ness, h the flow channel thickness and w the wetted width of the
fuel plate or flow channel width.

The main drawback of Miller’s model is that the 3D effects of
the system are neglected. He considered the plate to be a wide
beam and assumed a central portion of the plate. Hence, Eq. (1)
neglects any local effects happening near the upstream or down-
stream edges. To date, Miller’s theory is applied during the design
of new fuel elements. Reference (IAEA, 1980) recommends that the
coolant velocity through the fuel assemblies should be limited to
two-thirds of the critical value given by Miller.

In the last decade, the interest in the performance of parallel-
plate fuel elements has increased because a new monolithic low
enriched uranium (LEU) configuration is under evaluation to
replace current high enriched uranium (HEU) fuel plates
(Lemoine and Wachs, 2007), which lead to somewhat thinner
plates and increased fluid velocities. Consequently, the plates
may be more susceptible to flow-induced deflections. In Brazil,
with the construction of a new research reactor, there has also
been growing attention on the fluid-structure interaction (FSI)
phenomenon occurring in parallel plate assemblies. Additionally,
few works have been done to comprehend the effects of deviations
from the nominal geometric parameters and materials properties
on the hydroelastic instability of the fuel plates.

The study presented herein, by conducting multiphysics simu-
lations using Finite Element Analysis (FEA) and Computational
Fluid Dynamics (CFD) codes, was undertaken to investigate the
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Fig. 1. Example of a fuel element used in research reactors.
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influence of manufacturing deviations and the change of materials
properties due to the increment of temperature on the critical
velocity and deflection of fuel plates. For these purposes, non-
linear multiphysics models were developed. These models include
fluid and solid fields. The domain is composed of two parallel
plates and each of them is bounded by two coolant channels. The
two-way fluid-structure interaction technique was utilized to cou-
ple both fields.

Based on the geometric and hydraulic characteristics of a typi-
cal fuel element of the future Brazilian Multipurpose Reactor (RMB,
acronym in Portuguese) (Perrotta and Soares, 2015), this work con-
sists of three different cases:

� Case A: Considers an array of two equal plates and three-equal
flow channels, all with thicknesses smaller than the nominal
dimensions, and materials properties at room temperature
(24 �C).

� Case B: Considers the same plates of Case A, coolant channels
with different thicknesses and materials properties at room
temperature.

� Case C: Considers the plates and coolant channels with nominal
dimensions and materials properties at operating temperatures,
i.e. an average temperature of 50 �C and 120 �C for the fluid flow
and the plates were set, respectively. The latter is approxi-
mately the maximum temperature that can be reached in a fuel
plate during normal operation.

Cases A and B were motivated by Kane (1963), who described
the effect of the size of inlet spacing deviations on the plate deflec-
tion. As a result of the fabrication process, some channels and/or
fuel plates could have smaller dimensions. That’s why, in these
two cases, we considered that the thicknesses of the coolant chan-
nels and fuel plates deviated from the nominal dimensions of the
assembly given in Case C. The last case was inspired by Miller
(1958) who mentioned that thermoelastic instability is another
source of instability. According to Miller, ‘‘it may arise due to the
effects of fuel-plate deflection upon flow distribution and heat
transfer”.
2. Numerical approach

Our investigation was conducted using a partitioned method.
On the fluid side, ANSYS CFX was utilized, and the structural side
was solved with ANSYS Mechanical. For the two-way FSI simula-
tions, the ANSYS MFX coupling algorithm was employed.

2.1. Governing equations of the fluid domain

In the present study, a three-dimensional, transient, incom-
pressible, and turbulent flow is considered. By considering a
single-phase Newtonian fluid, the Reynolds-Averaged Navier-
Stokes (RANS) equations were chosen to model this fluid flow.
These equations are given below:
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In these equations i; j ¼ 1;2;3; U is the time-averaged velocity

component, q the fluid density, l the dynamic viscosity and SM is

the momentum source. The Reynolds stress qu0
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0
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to close the system of equations. Its value is calculated with turbu-
lence models, such as the k-e model.

In the standard k- e model, two additional transport equations
are solved:
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where k is the turbulence kinetic energy, lt the turbulence vis-

cosity, and e is the turbulence eddy dissipation. These equations
contain five constants: Cl ¼ 0:09, Ce1 ¼ 1:44, Ce2 ¼ 1:92, rk ¼ 1:0
and re ¼ 1:3. These constants have been obtained by means of
comprehensive data fitting for a wide variety of turbulent flows
(Launder and Spalding, 1974). Pk represents the turbulence pro-
duction due to viscous forces, Pkb and Peb are the influence of the
buoyancy forces, correspondingly (ANSYS Inc., 2017a).
2.2. Governing equations of the solid domain

The calculations for the structural part are based on impulse
conservation. It is solved using a finite element approach. The
dynamic response of the structure herein analyzed is described
as follows:

M½ �€xþ C½ � _xþ K½ �x ¼ FðtÞ ð6Þ
in which M½ � is the mass matrix of the structure, €x the nodal

acceleration vector, C½ � the damping matrix, _xthe nodal velocity
vector, K½ � the stiffness matrix, xthe nodal displacement vector,
and FðtÞ the total load vector changing with time.
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2.3. Interface conditions

In fluid-structure problems, the mechanical quantities of the
two fields are exchanged at the interface. In particular, the fluid
passes forces to the solid, while the solid sends displacements back
to the fluid flow. At the interface between both domains, the kine-
matic condition requires the velocity of the fluid (Uf ) to be equal to
the velocity of the solid interface (Us). In addition, the dynamic
condition ensures the compatibility of traction across the FSI
interface:

n � rs ¼ �n � rf ð7Þ
where n is the unit normal vector of the interface, and rs and rf

denotes the solid and fluid stress, respectively. Implementing the
kinematic condition, fluid nodes on the interface are updated
according to their corresponding solid nodes. By doing the same
for the dynamic condition, the equilibrium of stress on the fluid-
solid interface is guaranteed. Then, the fluid pressure is integrated
into a fluid force, which is applied to the solid nodes along with the
interface.

2.4. Coupling scheme

The process flowchart for the two-way coupling algorithm is
shown in Fig. 2. During a transient simulation, within one-time
step, the solution for the fluid domain provides the forces acting
on the structure. After interpolating the forces from the fluid mesh
to the surface mesh of the structure, a solution of the structural
dynamics will be attained under the effect of the acting forces.
Fig. 2. Solution algorithm for two-way FSI coupling.
The response of the solid part to the emerging load represents a
displacement of the structural nodes. The displacements at the
boundary between solid and fluid are interpolated to the fluid
mesh which leads to its deformation. This step closes one inner
loop of the simulation. For strong (implicit) two-way coupling sim-
ulations, these steps are repeated until the changes in the flow
forces and the structural displacements fall below a prescribed
amount. After that, a new time step begins. The downside of this
coupling technique is that the computational cost increases con-
siderably. For weak (explicit) two-way FSI simulations, the conver-
gence at the boundary between solid and fluid is not considered
and a new time step is launched directly. However, at the end of
the simulation, the convergence is required.

In general, an explicit scheme is easier to implement and is
computationally more efficient, allowing to attain a solution simi-
lar to that obtained with an implicit scheme but in less time. In
view of the available computational resources, the explicit scheme
was the elected option (ANSYS Inc., 2017a).
3. Computational setup

The computational domain was built taking into account the
dimensions of RMB’s fuel elements. These assemblies will contain
21 plates and the dimensions are 80.5 mm � 80.5 mm � 1045 mm.
The meat of each fuel plate will be made of low enriched uranium-
silicide (U3Si2) dispersed in an aluminum matrix (Perrotta and
Soares, 2015). This meat will be hermetically sealed between an
aluminum alloy cladding.

A generic diagram of the studied domain is shown in Fig. 3. In
the figure, the dark blue arrows indicate the fluid flow direction.
In Table 1, the geometric specifications for the three cases are
described. Tables 2 and 3 present the materials properties for dif-
ferent temperatures. In this study, in order to create an appropriate
Fig. 3. Schematic diagram of the computational domain: longitudinal view (left)
and top view (right). Modified from (González Mantecón and Mattar Neto, 2018).



Table 1
Geometric specifications for each case.

Parameter Case A Case B Case C

Channel 1 – thickness, h1 [mm] 2.35 2.35 2.45
Channel 2 – thickness, h2[mm] 2.35 2.35 2.45
Channel 3 – thickness, h3 [mm] 2.35 2.55 2.45
Fuel plates – thickness, a[mm] 1.33 1.33 1.35
Channels – width, w [mm] 70.5
Fuel plates – width, d [mm] 75
Inlet plenum – length, Li [mm] 190
Channels (fuel plates) – length, Lp[mm] 655
Outlet plenum – length, Lo [mm] 70

Table 2
Water properties for given temperatures.

Property Value

24 �C 50 �C

Dynamic viscosity, l [Pa∙s] 8.87 � 10�4 5.47 � 10�4

Density, q [kg/m3] 997.6 988

Table 3
Aluminum alloy 6061-T6 properties for given temperatures.

Property Value

24 �C 120 �C

Density, qm [kg/m3] 2700
Poisson’s ratio, m 0.33
Young’s modulus, E [GPa] 68.9 64.9
Yield strength, ry [MPa] 276 246.5
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mesh for the coupled analyses, the fluid and structural models
were verified independently.
3.1. CFD model

In all three cases of interest, the fluid around the plates is water
with constant physical properties (see Table 2). The fluid domain is
Fig. 4. Multiphysics domain. (a) Full view. (b) Transparent view close to the leading edges
the references to colour in this figure legend, the reader is referred to the web version o
composed of an inlet plenum, coolant channels, and an outlet ple-
num (see Fig. 3). It was modeled using the CFD code ANSYS CFX
(ANSYS Inc., 2017a). The complete multiphysics domain is dis-
played in Fig. 4(a). A transparent view of this domain, near the
leading edges of the plates, is presented in Fig. 4(b). It is possible
to see the surfaces of the plates in contact with the fluid flow.
3.1.1. Verification of the CFD model
For all three cases, steady-state analyses with three progres-

sively refined meshes were conducted to assess the numerical
accuracy and determine the suitability of the CFD mesh for the
coupled simulations. The solution verification studies were per-
formed following the ASME CFD best-practice standard (ASME,
2009). This standard suggests the Grid Convergence Index (GCI)
method to estimate and report the uncertainty due to the dis-
cretization. Generally speaking, this method is based on the selec-
tion of variables of interest or key parameters to evaluate how they
vary with two or more different meshes. The aim of the method is
to estimate a 95% confidence interval that contains the exact solu-
tion to the problem. For the sake of brevity, the GCI method is not
described here but the formulas to calculate the GCI for the finest
mesh (GCI12), the refinement factor (r), the extrapolated value of
the variable of interest (/21

ext) and the approximate relative error
(e21a ) can be found in reference (ASME, 2009). The boundary condi-
tions for the CFD model verification analyses are given in Table 4.

The uniform inflow velocity (vin) was defined by considering an
inlet volumetric flow rate (Q in) of 15.3 m3/h (see Table 5). This rate
of fluid flow was determined to take into account an average fluid
velocity (v0) of 8.2 m/s in the channels, which is the minimum
coolant velocity required in an RMB’s fuel assembly.

The fluid domain was divided into different volumes allowing
the creation of hexahedral mesh. In an effort to capture the con-
traction/expansion effects at the leading/trailing edges of the
plates, a bias factor 4:1 was set up for spacing the cells along the
inlet, outlet, and channel lengths. The same bias factor was
adopted for the elements along with the thickness of the channels.

The maximum pressure (Pmax) and wall shear stress (sw) on the
surfaces of one plate, and the pressure drop (DPcch) through the
. The red surfaces are the regions used to clamp the fuel plates. (For interpretation of
f this article.)



Fig. 5. Example of the mesh used in the verification of the CFD model.

Table 7
Uncertainty quantification of the CFD model.

Case Parameter /21
ext [Pa] e21a [%] GCI12 [%]

A DPcch 131,145 0.79 0.96
Pmax 140,648 0.24 0.09
sw 198.76 0.18 0.20

B DPcch 122,541 0.48 0.54
Pmax 130,148 0.22 0.13
sw 184.57 0.17 0.24

C DPcch 111,794 1.08 1.93
Pmax 113,949 0.26 0.09
sw 163.43 0.23 0.31

Table 4
Description of the CFD model used in the verification analyses.

Analysis type Steady-state

Material Water at 24 �C (properties in Table 2)
Boundary conditions Inlet: vin (see Table 5)

Outlet: Pout ¼ 0
No-slip rigid walls

Turbulence model k- e with scalable wall functions
Turbulence intensity at the inlet = 5%

Convergence criteria RMS residuals of all conservation equation <10�4

Imbalances of mass and momentum <1%
Global variables do not change with iterations

Table 5
Volumetric flow rates, velocities, and Reynolds numbers in the verification analyses.

Case Q in [m3/h] vin [m3/h] Rein

A 15.3 6.21 119,198
B 6.08 118,810
C 6 190,826
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central channel were selected as the key parameters. In Case B, the
maximum pressure and the wall shear stress were taken from the
plate located between channels with unlike thicknesses. An exam-
ple of the mesh utilized in the verification of the fluid flow models
is depicted in Fig. 5. Details of the three meshes for each case are
summarized in Table 6, in which Mesh 1 identifies the fine mesh
and Mesh 3 the coarse mesh.
Table 6
Characteristics of the meshes used in the verification of the CFD model and the values of

Case Mesh Elements r

A 1 1,040,000 1.1435
2 695,600 1.2462
3 359,381 –

B 1 1,057,160 1.1173
2 757,796 1.2723
3 368,002 –

C 1 1,040,000 1.1436
2 695,600 1.2462
3 359,381 –
Table 7 shows the results obtained by applying the ASME stan-
dard. It can be seen that a well-behaved convergence is obtained
with all meshes. Hence, the predicted uncertainty of the key
parameters can be considered as a reliable approximation of the
correct solution. From the results given in tables Tables 6 and 7,
we can conclude that, in each case, Mesh 1 is suitable for the
fluid–solid simulations as the numerical uncertainties of the vari-
ables of interest are lower than 2%.
3.2. Structural model

The structural part of the fluid-solid domain was modeled using
the FEA program ANSYS Mechanical (Transient Structural module).
As mentioned before, the fuel meat of the studied plates is a fuel
powder dispersed in a matrix and clad of aluminum. Thus, the con-
sidered plate material is aluminum alloy 6061-T6 (see Table 3). The
plates were discretized using a structured mesh with three-
dimensional solid elements SOLID186 (ANSYS Inc., 2017b). The
plasticity Bilinear Isotropic Hardening model with zero Tangent
Modulus is assumed.
3.2.1. Verification of the structural model
For the verification of the solid model, three different meshes

were generated and static simulations were performed with ANSYS
Mechanical. One plate was examined and a uniform pressure load
(P) was applied over one of its long surfaces. This pressure loading
is equal to the maximum pressure found in the verification of the
CFD model for each case with Mesh 1. It was imposed to simulate
the hydraulically induced load that the plates would be exposed to
when coupled with the fluid domain. Along both sides of each plate
and parallel to the fluid flow, a 2.25 mm region of the plate width
was utilized to clamp them (see Fig. 3). The description of the
structural model for the mesh verification studies is given in
Table 8.

The plate model is depicted in Fig. 6. Twenty-two elements
along the thickness of each plate were set to capture their flexural
behavior with a high degree of accuracy.
the key parameters.

DPcch (Pa) Pmax [Pa] sw [Pa]

132,156 140,550 198.44
133,196 140,206 198.08
137,697 135,429 199.16

123,073 130,014 184.21
123,668 129,725 183.90
128,292 125,062 184.88

110,097 113,869 163.03
108,908 113,574 162.66
104,897 109,245 163.61



Table 9
Characteristics of the meshes used in the verification of the structural model and
values of the key parameters.

Case P [Pa] Mesh Elements r dM [mm]

A 1 149,600 1.2488 0.5454
140,550 2 76,800 1.2470 0.5449

3 39,600 – 0.5439

B 1 149,600 1.2489 0.5113
130,014 2 76,800 1.2470 0.5107

3 39,600 – 0.5098

C 1 149,600 1.2489 0.4638
113,869 2 76,800 1.2470 0.4633

3 39,600 – 0.4624

Table 10
Uncertainty quantification of the structural model.

Case Parameter /21
ext [Pa] e21a [%] GCI12 [%]

A 0.5459 0.09 0.11
B dM [mm] 0.5125 0.12 0.29

Table 8
Description of the structural model used in the verification analyses.

Analysis type Static-structural

Material Aluminum alloy 6061-T6 at 24 �C (properties in
Table 3)

Boundary conditions (see
Fig. 6)

Displacements x ¼ y ¼ z ¼ 0 (front and back of
red surfaces)
Pressure (P) over a long surface of the plate.
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For the uncertainty quantification due to the discretization of
the structural model, the GCI method was also employed. The
deflection at the midpoint (dM) of the plate was chosen as the main
parameter for the GCI calculation. Table 9 shows the characteristic
of the studied meshes and the values of the key variable. Mesh 1 is
the finest mesh.

Table 10 sums up the uncertainty quantification of the struc-
tural model. It can be observed that, in all cases, the uncertainty
of the finest mesh was lower than 0.5%. Therefore, in each case,
Mesh 1 is chosen for the FSI calculations.
C 0.4644 0.11 0.16
3.3. Multiphysics models

In previous subsections, the process for obtaining precise solu-
tions of the fluid and solid domains individually is detailed. The fol-
lowing step was to couple these two models to investigate the
behavior of the fuel plates under high-velocity flow and different
geometric and materials conditions. It is important to remind that
the multiphysics domain is illustrated in Fig. 4. The mesh density
was established based on the aforementioned verification studies.
In Table 11, some parameters of the FSI models are listed.

For the coupled models, fluid–solid interface boundary condi-
tions were assumed on the surfaces of the plates in contact with
the water. These are the surfaces where forces from the CFD anal-
ysis are applied to the structure. In the fluid domain, mesh motion
of all fluid surfaces in contact with the fuel plates was allowed. In
all simulations, the energy equation was neglected and double pre-
cision was adopted. For each simulation, inlet velocities of water
were determined using the inlet flow rates and assumed at the
inlet boundary condition. Table 12 provides those targeted values.
Finally, in each case, the other conditions defined in past subsec-
tions were preserved.
Fig. 6. Example of the mesh utilized in the verification of the solid model. T
In a previous study (González Mantecón and Mattar Neto,
2019), a similar approach was employed. It showed to produce rea-
sonably accurate results, which were validated against the experi-
mental data of Kennedy (2015).
4. Results and discussion

The first numerical analysis was carried out and the structural
response of each plate was obtained. This solution was taken as
an initial condition and the new simulations were conducted. Each
one ran until the convergence criterion was satisfied and steady-
state solutions of the flow and structure variables were achieved,
e.g. fluid-dynamic force acting on the plates and pressure drop.
In all simulations, the dimensionless normal distance from the wall
(yþ) was checked to verify if the wall distance requirements for the
k-emodel were satisfied. It was found that yþ was between 30 and
100, which is in the proper range with the wall function approach
(ANSYS Inc., 2017a).

To verify the model convergence, monitor points (A and B) were
located at the midpoint of the leading edges of the fuel plates and
he arrow indicates the direction of the application of the pressure load.



Fig. 7. Convergence history of Point A displacement for various fluid velocities in
the channels.

Fig. 8. Deflection profile of each plate for an inflow velocity of 12.75 m/s.

Table 11
Description of the multiphysics models.

Material Fluid: water
Solid: aluminum alloy 6061-T6

Analysis type CFX: Transient, ANSYS Multifield Coupling
Mechanical: Transient structural, large deformations
enabled

Number of
elements

Case A – Fluid: 1040000, Solid: 299,200
Case B – Fluid: 1057160, Solid: 299,200
Case C – Fluid: 1040000, Solid: 299,200

Boundary
conditions

Fluid – Inlet: various vin (see Table 12)
Fluid – Outlet: Pout ¼ 0
Fluid – No-slip moving walls (surfaces touching the
plates)
Fluid – No-slip rigid walls (remaining surfaces)
Solid – Fluid-solid interface (surfaces bounded by the
water)
Solid – Displacements x ¼ y ¼ z ¼ 0 (clamped
regions)

Coupling scheme Explicit
Time step 0.025 s
Convergence

criteria
RMS residuals of all conservation equation < 10�4

Imbalances of mass and momentum < 1%
Global variables do not change with iterations
Mesh displacement residual target < 10�4

Coupling data
transfer

Under relaxation factor = 0.75
Convergence target = 0.01

Solution sequence Solve ANSYSMechanical fields before ANSYS CFX fields

Table 12
Volume flow rates and velocities used in the multiphysics simulations.

Q in ½m3=h� vin ½m=s�
Case A Case B Case C

15.30 6.21 6.08 6.00
17.27 7.01 6.87 6.77
18.85 7.65 7.49 7.39
20.43 8.29 8.12 8.01
21.99 8.92 8.74 8.62
23.57 9.56 9.37 9.24
25.12 10.20 9.99 9.85
26.71 10.84 10.62 10.47
28.26 11.47 11.24 11.08
29.84 12.11 11.86 11.70
31.42 12.75 12.49 12.32
32.98 13.38 13.11 12.93
34.56 14.02 13.74 13.55
36.14 14.66 14.37 14.17
37.70 15.30 14.99 14.78
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the total mesh displacement was extracted. Convergence history of
displacement of the leading edge midpoint (Point A) of Plate 1 is
here presented (see Fig. 7). This example was taken from Case C.
4.1. Results of Case A

A path was created along the axial centerline of the plates. Then,
the total mesh displacement along the x-direction was extracted
and plotted to give the deflection profile of each plate. Examples
of these profiles are provided in Fig. 8. According to Miller
(1958), and experimentally verified (Groninger and Kane, 1963;
Kennedy, 2015; Smissaert, 1968), the deflection of adjacent plates
are in opposite directions; this trend can be observed in the figure.
Notably, the maximum deflection of each plate occurred at the
leading edge, which was defined as static divergence (Smissaert,
1968).

In order to identify the critical velocity of the system in Case A,
the relationship between the maximum deflection of the plates
and the square of the average fluid velocity in the channels was
considered.
With the objective of updating current techniques applied to
the design of fuel elements, a methodology was proposed in
reference (González Mantecón and Mattar Neto, 2018) to predict
the critical velocity by means of FSI simulations. It consists in the
determination of the velocity where the maximum deflection of
the plates altered from linear to nonlinear comportment with the
increment of the volume flow rate. In that study, nominal dimen-
sions of an RMB’s fuel assembly and materials properties at room
temperature were taken into account. Coincidentally, for these
conditions, it was identified that the critical velocity determined
with the numerical model was equal to Miller’s velocity estimated
with Eq. (1), which value is 16.84 m/s. That procedure is employed
in this work.

In Fig. 9, we can note that the plotted points follow two trends.
Then, two curves that fit these points were included. The first curve
fit was completed up to a specific velocity and it suggests that the
maximum deflection of the plates is a linear function of the
squared fluid velocity in the channels. It was observed that for
velocities up to that specific value, the coefficient of determination
(R-Square) was higher than 0.95. On the other hand, for velocities
higher than that value, it is possible to see that the maximum
deflection of the plate becomes larger and it was fitted to a
quadratic function. There was found that 16.68 m/s is the critical
flow velocity because it is the velocity where the shape of the curve



Fig. 9. Maximum deflection of Plate 1 or 2 as a function of the squared fluid velocity
in the channels. The arrow indicates the critical velocity in Case A.

Fig. 10. Deflection profile of each plate for a fluid velocity in the channels of
17.07 m/s.
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varied from linear (R-Square � 0:95Þ to nonlinear behavior (see
Fig. 9). This moment is also recognized as the beginning of the
hydroelastic instability. Comparing to the result in reference
(González Mantecón and Mattar Neto, 2018), the critical velocity
in the current case is about 1% lower.

4.2. Results of Case B

In the second assembly, Plate 1 is located between the two-
equal coolant channels and Plate 2 is flanked by the channels with
different thicknesses. As can be seen in Fig. 10, the deflection of
Plate 2 is larger. This is a result of a higher pressure difference
between the two adjacent channels with unequal thicknesses.
Fig. 11. Velocity contours along the midplane of the channels and near the leading edge
presented undeformed and fluid flow is downward.
Furthermore, this plate deflected into the larger channel because
of a bigger pressure drop in the smaller channel.

Velocity and pressure contours along the midplane of the cool-
ant channels and near the leading edges of the plates are shown in
Figs. 11 and 12, correspondingly. The flow and pressure fields in
these figures demonstrate that there is a difference in pressure
and flow velocity in neighboring plates. Moreover, these results
show that the deflections at the leading edge of the plates play
an important role in the flow redistribution between the fuel
plates.

In Fig. 13, it should be noted that the total deflection of the plates
is higherwhen different channels are considered. For this numerical
experiment, the shape of the curve changes for an average fluid
of the plates for inflow velocities of (a) 6.08 m/s and (b) 12.49 m/s. The plates are



Fig. 13. Maximum deflection of each plate as a function of the squared fluid
velocity in the channels. The arrows point out the critical velocity in Case B.

Fig. 14. Maximum deflection of Plate 1 or 2 as a function of the squared fluid
velocity in the channels. The arrow indicates the critical velocity in Case C.

Fig. 12. Pressure contours along the midplane of the channels and near the leading edge of the plates for inflow velocities of (a) 6.08 m/s and (b) 12.49 m/s. The plates are
presented undeformed and fluid flow is downward.
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velocity in the channels of 16.21 m/s. This critical velocity is around
3.7% smaller than that indicated in the study with nominal dimen-
sions. Results from this case indicate that greater deflections of the
plates occur and the critical velocity may be expected at lesser
velocities if initial channels deviations are present.

4.3. Results of Case C

The results from the third case are displayed in Fig. 14. For
this test, the critical velocity was detected at 16 m/s. Making
the comparison with the velocity determined by González
Mantecón and Mattar Neto (2018), it was found that the critical
flow velocity fell about 5%. This is a result of the reduction of
the mechanical strength of the fuel plates with the increment
of temperature.
5. Conclusions

Based on the results and by comparing to the work with nom-
inal dimensions (González Mantecón and Mattar Neto, 2018), the
following conclusions can be drawn from this study:
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1) The predicted critical velocity is an indication of the flow
rate at which the deflections become larger, rather than
the sudden collapse of the fuel plates.

2) The results from cases A and B revealed that, if initial
tolerances on fluid channel dimensions exist as a result of
the fabrication process of the assemblies, deflections of the
fuel plates will be amplified due to the imposed pressure
difference, and the critical velocity may be expected at lower
flow rates. Similarly, it was perceived that coolant channels
with different thicknesses cause larger deflections than
channels with smaller but equal thicknesses.

3) The influence of materials properties on flow-induced
deflections of the plates was investigated in Case C. It was
verified the decrease of the critical velocity magnitude with
the increment of the system temperature.

4) These numerical results are qualitatively consistent with
theoretical expectations and experimental investigations
and have allowed gaining understandings of coupled
problems in fuel elements, permitting the analysis in
different conditions that would be costly to explore with
experimental apparatuses.

5) In the studied cases, the plastic deformation of the plates
was not detected.

The main contribution of this work is that it shows that, even if
some geometric deviations from the nominal conditions due to the
fabrication process are present in the fuel element, the safety factor
of two-thirds of the critical velocity recommended by the IAEA
could be diminished and higher flow rates could be considered. It
also demonstrates the applicability of numerical simulations of
fluid-structure interaction to predict the critical fluid velocity of
parallel plate assemblies. Hence, representing an alternative tool
that could be used during the project of new fuel assemblies.
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