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Abstract. Enhanced finite volume thermoelastic models, with emphasis on convergence
acceleration and direct face gradient calculation, are presented. Second-order discretisa-
tion schemes are employed in time and space, and two different approaches to solve the
linear system of equations have been implemented: a segregated method and a block-
coupled method. The accuracy and execution time requirements of the solvers are studied
for three different cases, both with static and transient conditions. Significant savings in
computation time are achieved owing to the acceleration strategies, without compromising
the solution accuracy.

1 INTRODUCTION

Finite volume method has proved to be a reliable numerical approach to solve a great
variety of computational structural mechanics phenomena. Early and current works on
this topic can be found for example in [1-4]. In general, discretisation schemes are cell-
centred, and the equations of each displacement direction are decoupled in three different
linear systems. Thus, displacement inter-component dependencies are deferred to the
source term and a fixed-point iterative process is needed. The final segregated model pro-
vides a simple and conservative formulation (in local and global momentum equilibrium),
which employs very low memory usage but can experience slow convergence rates when
there is strong coupling between displacement directions. This would be particularly dis-
advantageous in front of other structural solvers when considering partitioned implicit
fluid-structure interaction cases, which requires solving both domains multiple times per
time step.

Consequently, different solutions to accelerate the solution convergence have been pro-
posed in the literature. A full multigrid algorithm based on V cycles and a correction
scheme was used in [5]. In [6], the entire elasticity equation was arranged in a single lin-
ear system by integrating the discretisation coefficients of the displacement gradient into
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a coupled matrix. The method was tested and applied to study structure-electrostatics
interaction in microelectromechanical systems, showing dramatical improvement in the
convergence rate. Similarly, [7] defined a block-coupled solver for linear elasticity which
resulted in less execution time and memory requirements than a finite element software
for the set of cases tested. Unlike [6], the displacement gradient was directly calculated
on the faces, hence shrinking the gradient stencil of nodes and improving accuracy.

In this work, two different finite volume approaches for thermoelasticity problems in
3D unstructured meshes, with emphasis on convergence acceleration of the linear system
resolution, are presented. The first one relates to a segregated method with Aitken accel-
eration and gradient-stress evaluation directly on the volume faces. The second is based
on the block-coupled arrangement developed by [7]. First, the governing equations and
the main highlights of the numerical implementation are described. Then, the models are
validated and their computing performance analysed in static and transient cases.

These structural solvers are to be used within our semi-implicit partitioned fluid-
structure interaction method, which has been already validated and applied for industrial
applications [8-10]. In this manner, a common finite volume framework will be used for
both domains, ensuring a consistent coupling strategy and a conservative resolution of
the governing equations.

2 GOVERNING EQUATIONS

The lagrangian form of the linear momentum equation integrated over a control volume
V', bounded by the surface S, can be written as:

/Vaza(;“) de/Sn-adS, (1)

where p is the density, u the displacement, n the surface unit normal vector pointing
outwards, and o is the Cauchy stress tensor.

Hooke’s law for isotropic linear thermoelastic materials relates the stresses with dis-
placements and temperatures:

o = uVu+ pu (Vu)" 4+ Atr (Vu) — (T —Ty) T, (2)

where A and p are the first and second Lamé’s parameters, respectively. The parameter
[ is related to the coefficient of linear thermal expansion « by

B=a2u+3\). (3)

In this manner, the first stress term of Eq. 1 (un - Vu) behaves as a diffusion term
and its discretisation is straightforward, as will be shown later. Taking into account the
optimal implicit contribution for the segregated method [2], both the laplacian transpose
term and the laplacian trace of the displacement will be treated as a normal laplacian,
and a deferred correction will assign the correct values of the total stress. Therefore, the
arrangement of the segregated model for Eq. 1 reads:
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where right-hand side will be allocated to the source term.
On the other hand, the block-coupled approach treats the entire stress term implic-

itly, considering separately the surface normal and tangential derivatives in the following
fashion [7]:

2
/ . 8(;;u) dV — / (Cp+A)n - Vu, + Antr (Viug) + pn - Vug + pViu,) dS =
v S

—/Snﬁ(T—To) ds. (5)

where w,, = nn - u, u; = (I —nn) - u, u, = n-u, and tensor nn results from the
dyadic product of normal vector. The surface tangential derivatives of any variable ¢ are
equivalent to V¢ = (I — nn) - V.

The temperature distribution 7" is governed by the energy conservation equation. Con-
sidering quasi-static linear thermoelastic problems, temperature becomes independent of
the strain rate, and energy balance reduces to a conduction heat transfer equation [11].

3 NUMERICAL METHOD

The domain is divided into arbitrary convex polyhedral cells, where the conservation
equations are integrated. The system of equations is written as a function of the value of
the displacements in cell centres and boundary face centres (all treated as nodes). Since
the stress term of Eq. 1 is integrated over the cell faces, here both gradient and stress
are discretised directly on the faces, instead of interpolating their value from the adjacent
cell centres.

3.1 Temporal discretization

The momentum equation is solved using a direct implicit time integration, where all
terms are evaluated from the state of the system at the current instant. The inertial
term is formulated according to the trapezoidal rule, which is second-order accurate,
unconditionally stable for linear analysis and shows limited integration errors [12,13].
The resulting equations for the velocity w and displacement at the current time are

cndl | en
= uu%m, (6)
"t 4+ u"

u"t = u A" A+ TAt2 : (7)

The acceleration 4" can be expressed in terms of u™*! from Eq. 7, and thus be used

within the inertial term of the equilibrium equation, 9? (pu) /0t*. Following the linear
formulation for small strains, p is assumed constant over time.

3.2 Gradient discretization

Like in the block-coupled solver of [7], the gradient is calculated directly on the face
by numerical schemes which compute normal and tangential components of the gradient
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Figure 1: Geometrical relations between two adjacent cells (left) and face-edge parameters (right).

separately,
(Vo) = (Vag); + (Vi9), , (8)
where ¢ can be any scalar or vector field stored in the nodes.

In this work this normal-tangential gradient decomposition is extended to the segre-
gated method too, in order to obtain an equivalent discretisation with both methods and
just a different manner to deal with the resulting linear system of equations in each one.

The face normal derivative includes an orthogonal contribution and a non-orthogonal
correction:

whered =y —xp, A =d/(d-n)and k = n—A, as can be seen in Fig. 1. The selected
vector k is tangent to the face f, allowing for evaluating the non-orthogonal correction
with (V) instead of with the total face gradient.

To calculate the face tangential derivative, the surface Gauss theorem is employed [14],
which integrates along the face edges e as follows:

(Vio)y = g S meLio, (10)

where L, is the length of the straight edge and m, is the unit vector parallel to the face
and perpendicular to the edge (see Fig. 1). The edge value ¢, is obtained by averaging
the value of ¢ in the edge vertices v; and vy. Therefore, a vertex interpolation procedure,
to interpolate the node-centred displacement to the grid vertices, is needed. For this
purpose, in lieu of a Least Squares interpolation with linear fit function, the modified
Shepard interpolation described by [15], which is exact for linear polynomials, is used.
The former should solve a 4 x 4 system for each vertex, whereas the latter deals with a
3 x 3 system, hence greatly decreasing the computational effort. The final value of the
field in the vertex results in a linear combination of its value in the surrounding nodes,
indexed as vn,

¢’U = Zwvn¢vn . (11)
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Finally, the tangential derivative discretisation of Eq. 10 relative to the node values

becomes
1 1
(Vt¢)f ~ g Z (meLe Z éwvngbvn) . (12)

In the segregated method, the orthogonal contribution of Eq. 9 is used to discretise
implicitly the diffusion term of Eq. 4. The face gradient and face stress are computed via
Eqgs. 9, 12 and 2 with the last value of the displacement, and added to the system source
term. In the block-coupled method, the whole derivative discretisation is considered
implicitly. For more information about the block-coupled methodology, the reader is
referred to [7].

3.3 Boundary conditions

Three types of boundary conditions have been implemented:

e Known displacement (Dirichlet): ug = U.

e Zero normal gradient of the displacement (Neumann): (n - Vu), = 0. Following
the numerical scheme for the normal derivative (Eq. 9), the resulting expression of
the boundary node is

Up —UN
|
where the non-orthogonal correction is evaluated with Eq. 12. In the segregated

method, this correction is added to the source term, whereas in the block-coupled
method it is considered implicitly.

|A| +(k-Viu)z, =0, (13)

e Known external traction: (n- o)y = T. The discretisation of this boundary condi-
tion is the same as the one employed to discretise the internal face stress.

A symmetry plane is represented as a Dirichlet condition in the normal component of
the displacement and a Neumann condition in the tangential directions.

3.4 Linear system resolution

As already mentioned, the segregated method moves the inter-component dependencies
of the thermoelasticity equation to the source term. Consequently, three linear symmetric
systems, one for each direction, are defined. The implicit momentum equilibrium should
be solved then performing fixed-point iterations, where the source is updated after every
iteration. To accelerate the solution convergence, a multidimensional Aitken A? technique
[16] is proposed:

ﬁk+2 — 'U/k+2 4 ’)/’l”k+2 7 (14)
,r,k+2 A ,’,.k+2 _ ,r,kJrl
|,r.k+2 _ ,r.kJrl‘
,’,,k+2 — uk+2 . uk—l—l ) (16)
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It has been found that applying this Aitken formula every five iterations provides an
optimum convergence acceleration for the particular cases analysed in this work.

Thus, each time step is solved by an iterative process, where every iteration performs
the next tasks: solve all three linear systems [A;]-{u;} = {B;}, relax the solution {u;}, cal-
culate (Vu),; and o, update the source terms { B; }, evaluate the maximum system initial
residual |[4;] - {w;} — {Bi}|/ [{B:}| and check for problem convergence if it is lower than
1077, Since the source term does not provide the converged values from the beginning,
there is no need to reach very tight tolerance in every linear system resolution.

On the other side, the block-coupled model joins all displacement dependencies into
a single linear system. This generates a non-symmetric system with three times the size
of the segregated systems. Furthermore, the matrix is less diagonally dominant and less
sparse. The linear system is clearly harder to solve, considering numerical stability and
memory requirements. However, as will be shown, the resulting convergence speed is
notably higher than that obtained with the segregated methods.

Both methodologies employ parallel PETSc solvers [17,18]. A conjugate-gradient solver
with 1072 error tolerance relative to the initial residual has been selected for all the
segregated simulations, while a biconjugate gradient stabilized solver with 10~7 relative
error tolerance has been selected for the block-coupled ones.

4 RESULTS

In this section, the accuracy of numerical schemes is studied for three different cases,
in static and transient conditions. Besides, the effectiveness to reduce the computational
times of the segregated convergence acceleration and the block-coupled arrangement is
analysed.

4.1 Case A: Thermal loading

NAFEMS Standard Benchmark Test LE11 [19] is solved to check the order of accuracy
of the described formulation. A body of revolution with Young’s modulus £ = 210 GPa,
Poisson’s ratio v = 0.3 and thermal expansion coefficient o = 2.3-107* K~!, is subjected to
static non-linear thermal loading, and thereby to thermal expansion and thermal stresses.
Geometry, temperature rise function and boundary conditions can be found in Fig. 2.
The target solution refers to o., at point A, whose value should be —105 MPa.

Due to the axisymmetric configuration, only a quarter of the cylindrical solid is mod-
elled. Four different mesh refinements have been tested, each mesh doubling the number
of divisions in all directions of the previous one. Thus, observing the second level of
refinement shown in Fig. 2, the resulting number of cells of the meshes are: 60 (1), 480
(2), 3840 (3) and 30720 (4).

The relative error in stress in the specified point is plotted as a function of mesh size
in Fig. 2. As can be seen, a second-order rate of convergence in the stress solution is ob-
tained. Despite considering a point located in the domain boundary vertex, second-order
accuracy can be achieved owing to the vertex interpolation technique and the second-order
tangential derivative discretisation on inner and boundary faces. Although segregated and
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Figure 2: Case A: Problem description with Mesh 2 (left) and variation of relative error in o, at point
A (right). All boundary conditions not specified are traction free. Mesh 2 has 6 divisions in the azimuthal
direction. Units in m, °C.

block-coupled methodologies share the same numerical schemes, minor discrepancies in
this point stress arise with Mesh 3, probably due to convergence criteria or linear solvers
operation.

The execution times consumed to run this case are presented in Table 1. In general, the
computing demand of this case is very low for all meshes. The convergence acceleration
introduced in the segregated approach is able to decrease the computing time with all mesh
refinements, although the major savings in this sense are produced by the block-coupled
method, which solves the problem up to 2.4 times faster than the proposed segregated
method.

4.2 Case B: Bending of a thick plate

A thick elliptic plate under normal pressure, which suffers from static out-of-plate
bending, was reproduced by [5] as a benchmark structural problem. Details of the domain
and boundary conditions are depicted in Fig. 3. The material properties are £ = 210
GPa and v = 0.3. A quarter of the domain is again sufficient due to the double symmetry
of the configuration. As in Case A, four systematically refined meshes have been tested:
72 (1), 576 (2), 4608 (3) and 36864 (4).

The distribution of o,, and oy, on the plate mid-section compared with the benchmark
solution by [5] is delineated in Fig. 3. Like in the original solution, the symmetry between
both stresses which would be expected with circumferential edges is disrupted by the
elliptic shapes. The obtained solution agrees well with the benchmark, although visible
differences can still be seen close to the symmetry boundaries, as a result of the mesh
refinement. Convergence to the reference solution is distinctly proved observing Fig. 4,
where x displacement and von Mises equivalent stress along line x = y on the plate
mid-section are depicted and compared with results from [5].
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Figure 3: Case B: Problem description with Mesh 3 (left) and distribution of stress components on the
plate mid-section obtained with Mesh 4 compared with results from [5] (right). Mesh 3 has 12 divisions
in thickness. Units in m, Pa.
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Figure 4: Case B: Distribution of u, (left) and equivalent stress (right) on the plate mid-section along
x =y compared with results from [5].
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Figure 5: Case C: Problem description with mesh (left) and deflection at the tip over time compared
with results from [13] (right). Units in m.

The acceleration achieved with the presented models describes the same tendency as
in Case A. Nevertheless, both methods reduce the required computational time in greater
magnitude than before. The same case was reproduced by [7], showing similar levels of
speed-up between block-coupled and segregated methods. In that case, a finite element
software was tested too, and the block-coupled approach demonstrated fewer requirements
in time (less than one third) and memory (less than half) for all meshes.

Table 1: Execution time and speed-up in all cases for each numerical approach: segregated (SA),
segregated with convergence acceleration (SB) and block-coupled (C). The simulations have been carried
out using 1 CPU core (3.4 GHz Intel Haswell processors).

Case A Case B Case C
1 2 3 4 1 2 3 4 1 2 3 4
SA[s] |0.10 0.60 4.8 38 |0.27 20 18 1683615 3773 3958 356
SB[s] [0.09 031 25 25017 1.0 49 39 | 1408 1112 2871 65
C [S 0.07 0.15 1.0 10 |0.06 O.17 1.1 11 302 274 221 4.0
SA/SB | 1.1 19 19 15|16 21 38 43| 26 3.4 1.4 54
SB/C 14 20 24 24| 26 57 43 34| 4.7 4.1 13 16

4.3 Case C: Vibration of a cantilever structure

In order to verify the time integration scheme and highlight the differences in computing
efficiency among the models facing transient cases, the vibration of a cantilever 3D beam
is studied. The case follows an example of [13], and is outlined in Fig. 5. Density is
2600 kg/m3, Young’s modulus 10 MPa and Poisson’s ratio 0.3. The force in y direction
is increased linearly from zero to F' = —500 N during the first 7 seconds, and then it is
released.

Unlike in the previous cases, here a unique mesh of 80 x 8 x 8 (see Fig. 5) has been
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tested. The variations within the case comprise different time steps, i.e. At =0.25 s (1),
At =0.5s (2) and At = 15 (3), and a static simulation with a steady force of F' = —500
N (4).

The resulted transient response of the structure matches very well the solution from
[13], as observed in Fig. 5. Time dedicated to conducting the whole transient and static
simulations is summarised in Table 1. Being a bending case, strong coupling among
displacement components arises, and greater speed-ups of the block-coupled model are
achieved. The major benefit is obtained with the static case since transient cases alleviate
these dependencies and allow starting the resolution of an instant with the time preceding
solution as an initial guess, which is close to the new solution. Thus, the speed-up of the
block-coupled method compared with the segregated method is lower for the shorter
time steps. Potential improvements in the transient solver, such as a predictor step to
extrapolate the value at the start of a time step may further reduce these differences
between both approaches.

5 CONCLUSIONS

Two enhanced unstructured finite volume models for 3D linear thermoelastic materi-
als have been presented. They both discretise the displacement in the cell centre and
its gradient and stress directly on the cell faces. The first approach follows the tradi-
tional segregated method to solve the coupled linear system, but with the addition of
a convergence acceleration technique. The second is based on a block-coupled method,
which includes all the displacement inter-component relations within a unique system.
After simulating three different cases, the proposed segregated model has shown great
robustness and speed-ups between 1.1 and 5.4 as a result of the acceleration step. The
block-coupled method has been able to predict the same results but with significantly
less execution time: between 6 and 70 % of the time spent by the accelerated segregated
method. However, higher memory usage and fine tuning of the linear solver to ensure
convergence has been required.
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