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Abstract

The immersed boundary (IB) method is an approach in the computational fluid dynamics
in which complex geometry conforming meshes are replaced by simple ones and the true
simulated geometry is projected onto the simple mesh by a scalar field and adjustment of
governing equations. Such an approach is particularly advantageous in topology optimizations
(TO) where it allows for substantial speed-up since a single mesh can be used for all the
tested topologies. In our previous work, we linked our custom IB variant, the hybrid fictitious
domain-immersed boundary method (HFDIB), with a TO framework and successfully carried
out an optimization under laminar flow conditions. However, to allow for optimizations of real-
life components, the IB approach needs to be coupled with an affordable turbulence modeling.
In this contribution, we focus on extending the HFDIB approach by the possibility to perform
Reynolds-averaged simulations (RAS). In particular, we implemented the k — w turbulence
model and wall functions for closure variables and velocity.
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1 Introduction

With the growing available computational power, engineers more and more often utilize compu-
tational fluid dynamics (CFD) to design and test new components and devices. It is particularly
advantageous to use CFD in topology optimizations (T'O) where it can be easily connected with
various optimization algorithms [1]. However, the speed, accuracy and stability of every CFD simu-
lation relies on the quality of the computational mesh and mesh generation (meshing) is considered
to be one of the biggest bottlenecks of CFD [2].

A way to circumvent the mesh-related difficulties is to use the immersed boundary (IB) method
where the component geometry is not represented by the mesh conformation. Instead, a simple
mesh is used and the geometry is projected onto it using a scalar field (A) based on which the flow
governing equations are adjusted, see, e.g., [3]. Utilization of a simple mesh significantly reduces
the time spent on meshing and eliminates mesh quality related problems. Furthermore, usage of
an IB method in TO allows for a substantial speed-up since the mesh can be generated only once
and changes in topology are represented by changes in the A field [1, 4].

Still, the vast majority of IB applications reported in the literature is performed in such flow
regimes that the flow boundary layer is resolved [5]. Nevertheless, optimizations of components in
real-life conditions requires the IB method to be compatible with affordable turbulence modeling
approaches, e.g., Reynolds-averaged simulations (RAS), in which the boundary layer is commonly
modeled via wall functions. So far, there were several attempts on coupling of an IB method
with RAS [2, 5, 6, 7] showing acceptable accuracy yet not sufficient robustness for utilization in
automated topology optimization.

In this work, we focus on development of a robust and general implementation of the RAS
approach into our custom IB method variant, the hybrid fictitious immersed boundary method
(HEDIB), see [3]. In Kubickova and Isoz [8], we have already linked the HFDIB method to a TO
framework to conduct a laminar TO. With the newly proposed HFDIB-RAS approach, we aim to
perform TO under turbulent flow conditions. In the present state, the HFDIB-RAS approach is a
combination of the HFDIB method, the k-w turbulence model and wall functions for the closure
variables (k and w) and for velocity. The implementation is done in OpenFOAM [9] and the
framework is general and allows for extension by any one or two equation RAS model. Finally,
the method behavior is presented on several verification tests and the results show a qualitative
agreement with standard geometry-conforming simulations.
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2 Methods

Let Q C R3 be a finite volume discretization of an open, bounded, and connected computational
domain, see Fig. 1-a). Based on the simulated component geometry, we can divide 2 into three
subdomains

Q=0 UQ U Qg (1)

where Qg represents a part of the domain fully immersed in solid, ¢ is a part of 2 immersed in
fluid and Qg comprises cells that are intersected by the fluid-solid interface, see Fig. 1-b). In the
HFDIB-RAS approach, the division in (1) is represented by a scalar field A, see Fig. 1-¢). In each
cell Qp C Q, the A field is defined as

0 if Qp C O )
A=< 1 ifQpCcQ , A=05 1—tanh<ﬁﬁ> (2)
A€ (0,1) if Qp C Qy Ve

where V is the average cell volume in € and y, is the signed perpendicular distance from P, the
center of Qp, to the solid surface.

(a) (b)

2
]

I FTTTTTT I
(c) . (d)

Figure 1: a) Uniform orthogonal mesh. b) Overlay of an immersed body (dark) and the mesh
from a) with indicated division of © as is referred in (1). c¢) Representation of the immersed body

geometry by a scalar field A. d) Division of the mesh cells according to the influence of the solid
and the fluid phase.

in-solid cells
[ | boundary cells

B free-stream cells

The X field carries purely geometric information and for the purposes of RAS modeling and
adjustment of governing equations, we further divide the cells in ) into three disjoint sets based
on the extent of influence of the two phases, see Fig. 1-d). The groups are (i) in-solid cells that
have A > 1/2 and are affected only by the solid phase, (ii) free-stream cells that are affected by
the fluid flow only and are defined as cells that have A = 0 and none of their vertex neighbors is
an in-solid cell and (iii) boundary cells where a combined effect of the two phases is present. The
boundary cells are either cells with A € (0,1/2) or cells with A = 0 and an in-solid cell as a vertex
neighbor.

The turbulent flow in € is described by Reynolds averaged Navier-Stokes equations that for an
incompressible and isothermal flow of a Newtonian fluid have the form of

M(u) = =Vp+ fip Mu)=V-  (u®u)—V- |:Veff (Vu—l—VuT)]

3)
V.u=0 fiv = a(A) - (M(up) + Vp)
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where p and u are averaged kinematic pressure and velocity, respectively. Note that, the momentum
conservation equation is extended by an additional force term, fi,, which enforces the prescribed
velocity boundary condition at the IB. The scope of effect of the fi}, is determined by a scalar field
« where a = 1 for in-solid and boundary cells and a = 0 for free-stream cells. The values of fi,
are computed from immersed velocity values, w;,, which are enforced in the in-solid and boundary
cells by an iterative solution process.

In RAS combined with the Boussinesq hypothesis, the effect of turbulence in (3) is accounted for
by effective viscosity, veg, which is computed as veg = v 4 14 where v is the fluid viscosity and v is
turbulent viscosity. In general, the turbulent viscosity is computed via turbulence closure models.
In the HFDIB-RAS solver, we chose to implement the & — w turbulence model by Wilcox [10] in
which v; = k/w, where k is the turbulent kinetic energy and w is the specific rate of dissipation of
k. The behavior of the two closure variables, & and w, is described by conservation equations

N(k) = Qib, N(k) =V- (Uk) - V- (Vcﬁ',ka) — Sk, Qib = Oé()\) N(klb)

4

Pw)=0, Pw)=V-(uw) — V-:(VegwVw) — S @
where Veg x, Sk Vet and S are computed according to Wilcox [10]. Similarly to the momentum
conservation equation, the k conservation equation is extended by an additional source term, Qj,.
Its scope of effect is a-dependent and the same as for fi,. The values of Q;, are computed from
immersed values, k;,, which are enforced in the in-solid and boundary cells. For the solution of the
w conservation equation, the immersed values, wj, are required as well. However, they are enforced
by a direct modification of the system matrix for the purposes of simulation stability [10].

Thus, to enforce the prescribed boundary conditions at the IB, the immersed values are required
to be set prior to the solution of equations (3) and (4). The immersed values in the in-solid cells
are based on the continuum assumption that the u and k goes to zero and w goes to infinity as we
are getting closer to the wall. Hence, the values in the in-solid cells are set as

up, =0, kip =0, wp= o max (w'h) (5)
sf wall

old are values

where (.11 comprises free-stream cells neighboring geometry-conforming walls and w
of w from the previous iteration or the initial guess.

In the boundary cells, the situation is more complicated. In addition to the satisfaction of
the boundary conditions, the boundary cells are responsible for simulation of the fluid boundary
layer, which in more turbulent flows becomes very thin. In standard CFD codes, there are two
approaches to the boundary layer simulation, (i) fully-resolved approach with local mesh refinement
and (ii) modeled approach utilizing wall functions for u, k and w. In the HFDIB-RAS approach,
we chose to focus on the latter, since we aim to use our solver mainly in optimizations and local
mesh refinement makes the simulations more computationally expensive.

We leverage the standard assumptions utilized in boundary layer modeling. Namely, the de-
scription of the boundary layer via normalized variables [11] u™, k and w as functions of normalized
perpendicular distance to the wall, y* [12], which is defined as

YLu
y+ = 77—7 Ur = /Tw (6)
where u, and 7, are the friction velocity and the wall shear stress for incompressible flows, re-
spectively, and the normalized variables are defined as
L ug Lk LW
uw=— k==, w'=— (7)
Uy u?

where u; is the velocity component parallel to the wall.
The used wall functions implementation is chosen to be the piece-wise switch-based wall func-
tions in a form similar to the one implemented in OpenFOAM [9]. In particular, the wall functions
are defined separately for viscous sublayer and logarithmic region of the fluid boundary layer.
Switching between the two definitions is based on a constant yﬁ;m, which is defined as the value of

y+ when the two sub-functions intersect. The specific definitions are listed in Tab. 1.
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variable  viscous sublayer (y* <y ) logarithmic region (y* >y )

ut y* LIn(Ey™)
+
K [pon % % n(y") + i
wt _6__ 1
Br(yT)? ry/Cryt

Table 1: Wall functions for vt, k™ and w* in the form they were implemented. The s, E, C.a,
C, Ck, By, B1 and C,, are constant parameters of the k — w turbulence model, for details see [10].

Commonly, the normalized variables given by the wall functions are used either to prescribe a
Dirichlet boundary condition at the wall or to enforce the values directly in the wall-nearest cells.
In OpenFOAM, the first approach is used for k and the second for w [9]. Likewise, in HFDIB-RAS,
we use the values of w™ for direct computation of the immersed values, wip, via (7). On the other
hand, the values of kT and u™ are taken as prescribed at the immersed body surface and the
immersed values in the boundary cells, u;, and k;p, are computed via interpolation between the
value at the surface and values in the free stream.

To perform the interpolation, a local coordinate system for every boundary cell is created firs.
In particular, we need to define normal and tangential directions with respect to the immersed
body surface, see Fig. 2. The normal direction is used to identify interpolation points from the free
stream. The tangential is required for velocity reconstruction since the wall functions can acquire
only tangential velocity component, see (7). Let Qp be a boundary cell, then, the unit normal
vector (np) and the unit tangential vector (¢p) are computed as

(V)\) P U, py

Nnp = —vw—=o— tpz Uy, pp =uUp, —Np - uUp, )Np 8
2 R 7 M )

where P is the center of Q2p and P; is the first free-stream interpolation point.

(a)

Figure 2: Local coordinate system for a boundary cell Qp. (a) Normal vector, np, center point,
P, surface point, S, and identified free-stream interpolation points. (b) Tangential vector, tp,
and velocity in the first interpolation point, up,, used for its construction.

Utilizing the values from free-stream interpolation points and the surface value given by the
wall functions, we compute the values in the boundary cells either via polynomial or logarithmic
interpolation. The polynomial interpolation is valid if the boundary layer is fully resolved. As
such, it is used for the tangential component of u;, and for k£ when the center of the boundary cell
lies in the viscous sublayer. Furthermore, it is always used to compute the normal component of
ui,. For a scalar quantity ¢, the polynomial reconstruction of ¢, is defined as

g (Pr— 9P )01 — (pp — ps) 02
6162 (01 + d2)
(¢p. = ¢p,) 01 +2(op — ¢s5) 0102 + (¢, — Ps) 6
5102(61 + d2)
where d7 is the distance from the surface to the first interpolation point and s the distance between
the first and the second interpolation point.

e = Ayt + ByL + ¢s,
9)

B =



108 Prague, February 22-24, 2023

The logarithmic interpolation is used for the w;, tangential component and k when the center
is located in the logarithmic region. It is defined as

Euy ifo=u
_ = Uy
pv=Aln(By, +1)+ps, A= 0"F5 p_{ v (10)
B(51+1 Ur .
— ife=k
v

where the values for B were taken from the definitions of wall functions for the logarithmic region.
In order to enforce the immersed values in in-solid and boundary cells, HFDIB-RAS uses a
modified solver iteration loop. The modifications on the SIMPLE solver connected with the k — w
turbulence model are depicted in Fig. 3. The iteration loop starts with computation of w;,, using
values from the previous iteration. Then, there is the momentum predictor step (3); after which
the algorithm enters a sub-loop over the pressure correction (3)s, which is run until the difference
between u and wuy, is sufficiently small, i.e. smaller then an arbitrary small number = > 0.

START

is
max (alky, — k)

end

YES YES

STOP

simulation

(4 —Ty)o+y =y

compute u;, o solve k equation (4); <€——
¢ ge f
Sie
£a) g k
momentum predictor (3); E 5 compute ki,
| =iE 4
& solve w equation (4)2

— pressure correction from (3),

?

compute wi, &
matrix modification

?

discretize w equation (4)y

is
max (a|ui, — ul)

u=1u+ a(up —u)

Figure 3: SIMPLE loop connected to a k — w turbulence model with modifications done for the
HFDIB-RAS solver. The Z > 0 is an arbitrary small number.

Next, the algorithm enters the turbulence model loop, where the first step is the discretization
of the w equation (4);. Then the values of wip, are computed and the system matrix from the
previous step is modified via tools available in OpenFOAM [9]. Subsequently, the algorithm solves
for w, computes the kj;, values and enters another sub-loop over the solution of the k equation (4);.
Similarly to the pressure correction loop, the second sub-loop continues until the difference between
ki, and k is small enough. Finally, the algorithm checks the termination conditions and either ends
the simulation or continues with the SIMPLE loop once again.
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3 Results

Since the HFDIB-RAS development is an ongoing research, the capabilities of the HFDIB-RAS
method are showed on several simple verification tests designed to show the research progress and
not to represent a robust verification. In all the tests, we compared results from our HFDIB-RAS
solver and from the standard OpenFOAM simpleFoam solver [9]. Every test was designed in such
a way that it was possible to create two almost identical meshes, one geometry-conforming for
simpleFoam and one for the HFDIB-RAS method where the geometry was represented by the
scalar field A\. The meshes used in four of these tests are depicted in the Fig. 4.

Figure 4: Computational meshes used in verification tests. On the left, there are
geometry-conforming meshes and on the right, meshes used for HFDIB-RAS with the geometry
indicated by the X field.

With every mesh pair, we ran a number of simulations among which we changed the flow
Reynolds number in a way that it varied from 10! to 10%. First, we ran the verification tests with
the meshes showed in Fig. 4-a) to see how the HFDIB-RAS solver behavior scales with the flow
Reynolds number. The resulting u and v; profiles for the Re = {10%, 10%, 10°} are compared in
Fig. 5. Then, to test the generality of the local coordinate system creation, we ran simulations with
the bent geometries, see Fig. 4-b)-c)-d). Comparison of w and v; profiles for Re = 10° is depicted
in Fig. 6.

From the results depicted in Fig. 5, it can be seen that qualitatively, the HFDIB-RAS solver
scales well with growing Reynolds number. However, there is problem with the solution accuracy
that is visible the most on the subplot with 1, profiles for Re = 105. The profiles from simulations
with the bent geometries, depicted in Fig. 6, show a similar behavior to the profiles in Fig. 5.
Hence, the creation of the local coordinate system is general enough, but the problems apparent
from the results in Fig. 5 have non-negligible influence, i.e., the profiles are qualitatively accurate
yet shifted in the absolute values. In the simulations with the non-symmetric mesh, see Fig. 4-d),
the propagation of the absolute error even leads to a shift of the profiles along the domain itself.
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Figure 5: Comparison of w and v profiles acquired from simulations for Re = {102, 10%, 10} and
using the meshes depicted in Fig. 4-a). The Z is a normalized distance along the z-line depicted in

Fig. 4 where Z = [z — min(zsr)]/[max(zsp) — min(zsp)].
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Figure 6: Comparison of u and v; profiles acquired from simulations for Re = 10° and using the

meshes depicted in Fig. 4-b)-c)-d).
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4 Conclusion

In this contribution, we presented a research progress in development of a HFDIB-RAS solver
created as a connection of our custom HFDIB method and RAS turbulence modeling approach. In
particular, we implemented a modified version of the Reynolds averaged Navier-Stokes equations,
the k — w turbulence closure model and switch-based wall functions. The HFDIB-RAS method
behavior is presented on results from verification tests that showed a good qualitative agreement
with a standard CFD solver. Nevertheless, there are non-negligible problems with the solution
accuracy that shall be solved in future method development. Still, the shown method robustness
with respect to bent geometries hints at its future applicability for topology optimizations of
components under real-life conditions.
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