Structural and Multidisciplinary Optimization (2021) 64:4409-4440
https://doi.org/10.1007/500158-021-03061-4

EDUCATIONAL PAPER q

Check for
updates

Flexible framework for fluid topology optimization with OpenFOAM®
and finite element-based high-level discrete adjoint method (FEniCS/
dolfin-adjoint)

Diego Hayashi Alonso' © - Luis Fernando Garcia Rodriguez' ® . Emilio Carlos Nelli Silva’

Received: 11 December 2020 / Revised: 16 July 2021 / Accepted: 19 August 2021 / Published online: 26 September 2021
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract

In order to implement the topology optimization method, it is necessary to simulate the fluid flow dynamics and also obtain
the sensitivities with respect to the design variable (such as through the adjoint method). However, more complex fluid flows,
such as turbulent, non-Newtonian, and compressible flows, may turn the implementation of these two aspects difficult and
non-intuitive. In order to solve this deadlock, this work proposes the combination of two well-known and established open-
source softwares: OpenFOAM® and FEniCS/dolfin-adjoint. OpenFOAM® already provides efficient implementations for
various fluid flow models, while FEniCS, when combined with the dolfin-adjoint library, provides an efficient and automatic
high-level discrete adjoint model. There have been various attempts for obtaining the adjoint model directly in OpenFOAM®
, but they mostly rely on the following: (1) manually deducing the adjoint equations, which may become a hard and cumber-
some task for complex models; (2) C++ automatic differentiation tools, which are generally computationally inefficient;
and (3) finite differences, which have been developed for shape optimization (not topology optimization, where there are
many more design variable values). Nonetheless, these approaches generally do not provide an easy setup, and may be fairly
complex to consider. The FEniCS platform does not provide any fluid flow model out of the box, but makes it fairly simple to
“simplistically” define them. The main problem of the FEniCS implementation and even implementations “by hand” (such as
in C++, Matlab® or Python) is the convergence of the simulation, which would possibly require fairly complex adjustments
in the implementation in order to reach convergence. Therefore, the combination proposed in this work (OpenFOAM® and
FEniCS/dolfin-adjoint) is a simpler but efficient approach to consider more complex fluid flows, countering the difficult
adjoint model implementation in OpenFOAM® and also the convergence issues in FEniCS. The implemented framework,
referred as “FEniCS TopOpt Foam”, can perform the coupling between the two softwares. Numerical examples are presented
considering laminar and turbulent flows (Spalart-Allmaras model) for 2D, 2D axisymmetric, and 3D domains.
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1 Introduction

Topology optimization is the optimization method which
relies on distributing a given design variable (which, in
this work, represents the solid/fluid material) over a design
domain. This method was originally considered for structural
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optimization (Rozvany et al. 1992; Rozvany 2001), but was
later introduced in fluid flow problems (Borrvall and Peters-
son 2003). The first approach that has been considered in
topology optimization is the “pseudo-density approach”,
but there are also other approaches, such as the “level-set
method” (Duan et al. 2016; Zhou and Li 2008), and topo-
logical derivatives (Sokolowski and Zochowski 1999; Sa
et al. 2016). In this work, topology optimization is consid-
ered through the “pseudo-density approach”.

From the initial work of topology optimization for fluids,
various other types of fluid flow types have been consid-
ered, such as Stokes flows (Borrvall and Petersson 2003),
Navier-Stokes flows (Evgrafov 2004; Olesen et al. 2006),
Darcy-Stokes flows (Guest and Prévost 2006; Wiker et al.
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Fig. 1 Diagram illustrating the
continuous adjoint approach
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2007), compressible flows (S4 et al. 2021), non-Newtonian
flows (Pingen and Maute 2010; Hyun et al. 2014; Alonso
et al. 2020), thermal-fluid flows (Sato et al. 2018; Ramalin-
gom et al. 2018; Lv and Liu 2018), turbulent flows (Papout-
sis-Kiachagias et al. 2011, 2015; Yoon 2016; Dilgen et al.
2018), 2D swirl flows (Alonso et al. 2018, 2019), unsteady
flows (Ngrgaard et al. 2016; Hasund 2017) etc. Also, various
fluid flow devices can be designed through topology opti-
mization, such as valves (Song et al. 2009; Sato et al. 2017),
mixers (Andreasen et al. 2009; Deng et al. 2018), rectifiers
(Jensen et al. 2012), and flow machine rotors (Romero and
Silva 2014, 2017; Zhang et al. 2016).

When performing topology optimization, it is necessary
to compute the sensitivities for all of the distributed design
variable values inside the design domain. One way to effi-
ciently compute them is by considering the adjoint model.
For this, there are essentially two approaches: the continu-
ous adjoint approach and the discrete adjoint approach (see
Fig. 1).

The continuous adjoint approach (indicated by the label
“C” in Fig. 1) consists of directly specifying the adjoint
equations and may be implemented by deriving the adjoint
equations manually (“by hand”) [or symbolically, by using,
for example, the SymPy library (Meurer et al. 2017)]. How-
ever, this approach is specific to each problem (Papoutsis-
Kiachagias et al. 2011, 2015), may be laborious (Funke
2013), and even when it is symbolically derived, the adjoint
equations may be presented in a format that is not com-
putationally efficient. In this last case, the equations would
normally require further manipulation in order to get to a
computationally efficient format. The implementation of
the adjoint model may become highly non-intuitive, espe-
cially when considering more complex fluid flow modeling,
such as turbulent, non-Newtonian, and compressible flows.
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When considering the finite volume method, the resulting
continuous adjoint model equations are normally solved in
the same way as the simulation, such as from the iterative
SIMPLE (Semi-Implicit Method for Pressure-Linked Equa-
tions) algorithm (Patankar 1980; OpenFOAM Wiki 2014).
It can also be mentioned that it should also be possible to
derive the continuous adjoint model equations for a coupled
approach (i.e., a single equation) in OpenFOAM® (Mangani
et al. 2014).

The discrete adjoint approach would consist of using, for
example, a low-level approach, from C++ generic automatic
differentiation (AD) tools [such as CoDiPack (Sagebaum
et al. 2018) and Adept (Adept 2021)] (indicated by the label
“D.2” in Fig. 1), which are normally considered to be non-
intuitive and may be computationally inefficient (since the
low-level C++ code would have to be automatically dif-
ferentiated at each iteration of the optimization). More into
the implementation in OpenFOAM®, Towara and Naumann
(2013) use a SIMPLE iterative scheme to solve the adjoint
model and obtain the adjoint variables. An alternative is by
performing finite differences (He et al. 2018, 2020) (indi-
cated by the label “D.3” in Fig. 1), which is automated, but
there may be a significant increase in the computational cost
of the topology optimization.

Another way is by considering the finite element method
for a single equation (coupled pressure-velocity formula-
tion), by automatically deriving the adjoint equations in a
high-level approach (i.e., in a high-level representation of
the equations) (indicated by the label “D.1” in Fig. 1) (Far-
rell et al. 2013; Funke 2013). This way, the resulting linear
system of equations can be solved directly, without the need
of any iterative method such as the SIMPLE algorithm. In
this work, the discrete adjoint approach is considered in this
high-level representation.
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The well-known and established open-source software
FEniCS (based on finite elements) (Logg et al. 2012; Farrell
et al. 2013; Mitusch et al. 2019) can be used for fluid flow
simulations (Mortensen et al. 2011) and, when coupled with
the dolfin-adjoint library, can provide an efficiently com-
puted discrete adjoint solution from a defined forward model
(indicated by the label “D.1” in Fig. 1). However, more com-
plex fluid flow modeling may require various possibly non-
intuitive adjustments to the implementation for convergence
and may result in an implementation that is less efficient
than what OpenFOAM® provides (Mortensen et al. 2011).

The also well-known and established open-source soft-
ware OpenFOAM® (based on finite volumes) (Weller et al.
1998; Chen et al. 2014) is capable of performing efficient
fluid flow simulations, but its main drawback is the com-
putation of the adjoint model (required for computing the
sensitivities), which can be a highly demanding task for the
programmer (indicated by the label “C” in Fig. 1) or may
result in loss of computational efficiency (indicated by the
labels “D.2” and “D.3” in Fig. 1).

Therefore, this work proposes using two well-known and
established open-source softwares, combining the automated
method provided by FEniCS/dolfin-adjoint with the simula-
tion computed by OpenFOAM®. In terms of implementa-
tion, this approach only requires the specification of both
simulation solvers (in FEniCS and OpenFOAM®), which
makes it relatively simpler to implement than the other
approaches, and should be, therefore, interesting for per-
forming fluid flow topology optimization. In relation to the
continuous adjoint approach, the proposed solution using the
high-level discrete adjoint approach shows an inherent com-
putational cost due to the interfacing between OpenFOAM®
and FEniCS/dolfin adjoint. However, in relation to a con-
tinuous adjoint model in OpenFOAM?®, it does not require
an iterative procedure (SIMPLE) to solve the adjoint model.

In the point of view of the OpenFOAM® software, the
automation of the generation of the adjoint model means
that any model (such as any objective function, any turbu-
lent/compressible/non-Newtonian model) may be considered
with only an additional implementation consisting of speci-
fying the forward model both in finite elements and finite
volumes, which is much easier than deriving the adjoint
model by hand for a complex model. In the point of view
of FEniCS/dolfin-adjoint, the fluid simulation may be com-
puted more efficiently by using OpenFOAM® (Mortensen
et al. 2011), while significantly reducing the need of com-
plex implementations and adjustments for convergence in
the FEniCS/dolfin-adjoint implementation (Mortensen et al.
2011).

Therefore, the main objective of this work is to present a
framework for topology optimization by using OpenFOAM®
and finite element-based high-level discrete adjoint method
(FEniCS/dolfin-adjoint). The numerical examples consider

the traditional material model of fluid topology optimiza-
tion (Borrvall and Petersson 2003). Three types of com-
putational domains are illustrated: 2D, 2D axisymmetric,
and 3D domains. Laminar or turbulent (Spalart-Allmaras
model) flows are considered. The design variable is assumed
to be nodal. The objective function is the energy dissipa-
tion. OpenFOAM® (Weller et al. 1998; Chen et al. 2014) is
used for the finite volume simulation, while the sensitivities
are computed by the adjoint model generated by FEniCS/
dolfin-adjoint (Logg et al. 2012; Farrell et al. 2013; Mitusch
et al. 2019), and IPOPT (Interior-Point Optimization algo-
rithm) is used as the optimization algorithm (Wéchter and
Biegler 2006). The “FEniCS TopOpt Foam” library used in
the implementation of this work is to be made available in
a git repository.!

This paper is organized as follows: in Sect. 2, the fluid
flow model is described; in Sect. 3, the weak formulation
(finite element method) of the problem is presented; in
Sect. 4, the finite element/volume modeling is presented;
in Sect. 5, the topology optimization problem is stated; in
Sect. 6, the numerical implementation is described, along
with the interfacing between OpenFOAM® and FEniCS/
dolfin-adjoint; in Sect. 7, numerical examples are presented;
and in Sect. 8, some conclusions are inferred.

2 Equilibrium equations

In this work, in order to exemplify the approach of interfac-
ing OpenFOAM® with FEniCS/dolfin-adjoint, the fluid flow
modeling is performed for incompressible fluid, and steady-
state regime (Munson et al. 2009; White 2011). Therefore,
the continuity and linear momentum (Navier-Stokes) equa-
tions considered are:

V=0 (1)

pVvy = V(T +Ty) + pf — k(@) )

where v is the fluid velocity, p is the fluid pressure, p is the
fluid density, y is the fluid dynamic viscosity, pf is the body
force per unit volume acting on the fluid, f,(a) = —k(@)v
is the resistance force of the porous medium used in topol-
ogy optimization (k(e) is the inverse permeability (“absorp-
tion coefficient”), and v, =V — ¥, ueria 1S the velocity in
relation to the porous material — when v, i = 0 (i.€., the
solid material is stationary), v, = v), a is the pseudo-den-
sity, which assumes values from 0 (solid) to 1 (fluid) (and is
the design variable in topology optimization), and T is the
fluid stress tensor given by

! https://github.com/diego-hayashi/fenics_topopt_foam.
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T =2ue—ple= %(Vv + W) 3)

The term T in Eq. (2) is the Reynolds (turbulent) stress
tensor, which appears in RANS (Reynolds-Averaged Navier-
Stokes) formulations. When considering a RANS formula-
tion, the velocity (v) and pressure (p) fields refer to statistical
time-averaged values.

In this work, the Spalart-Allmaras model is used for con-
sidering turbulence. The Spalart-Allmaras model (Spalart
and Allmaras 1994; Bueno-Orovio et al. 2012; Wilcox 2006)
is a single-equation turbulence RANS model, which is said
to be adequate for mild boundary layer separations (Ansys
2006). According to Bardina et al. (1997), the Spalart-All-
maras model does not require a finer mesh resolution near
walls in wall-bounded flows as two-equation turbulence
models (such as k- and k-w models), and shows good con-
vergence for simpler flows. Also, it is said to show improve-
ments in the prediction of fluid flows under adverse pressure
gradients (when the pressure increases toward the outlet)
when compared to the standard k- and k-w models (Bar-
dina et al. 1997). There are various modifications that have
been proposed in the Spalart-Allmaras model along the years
(NASA 2019). In this work, the modifications that are con-
sidered are based in the OpenFOAM® (OpenFOAM Foun-
dation 2020) implementation. An additional term based on
Yoon (2016), Dilgen et al. (2018), and Papoutsis-Kiachagias
and Giannakoglou (2016) is included in order to take the
effect of the modeled solid material (of topology optimiza-
tion) into account. This way, the Spalart-Allmaras model is
given by (OpenFOAM Foundation 2020):

T = uy(Vv + V'), g = pf, 1y “

w

N
- v
pv-Vir = ¢ pSVr + l_CW'pr(f_T> ]
——

i - 7
Production ~-

Destruction

+ V- + TV

- 7/
D'

Diffusion (conservative) ( 5)

C
+ ViV
o
— ——
Diffusion (non-conservative)
+ [ A, (@), ]
—— ——

Attenuation of turbulence
in the porous medium

where ¥y is the auxiliary turbulent viscosity of the Spalart-
Allmaras model, yy is the turbulent viscosity (i.e., the flow
parameter which accounts for the statistical time-averaged
effect of turbulence in the stress tensor), Uy . = Vr — Vg g
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is the auxiliary turbulent viscosity in relation to its “wall
value” (Vr, y,y» which is assumed as equal to O m?/s), and Ay,
is an adjustable parameter for the intensity of the attenuation
of turbulence inside the solid material (it can be chosen, for
example, as A4; = 1). The other terms of Eq. (5) are speci-
fied as follows:

¢y = 0.1355, ¢,y = 0.6220

w1 = — , G =0.3,¢,3 =2
K
Vr
X=—
v
- Vr
S = max [S + Wﬂz’fggm]
6
§=0Q.,Q. =V200,0= %(Vv ) ©
3
X X
fo= o fa=1-
! r+c : 1+ xfy
1+ 0\
fu=¢ o | e=ritent!-r)
g+,

r; =min | < v ,10 ,S’r = max[S’, 10_6]
S,k22

where k = 0.41 is the von Kdrmén constant, £, is the wall
distance, and v = fis the kinematic viscosity.

In fluid topology optimization, the walls change accord-
ing to the distribution of the pseudo-density (a), which
means that the wall distance (¢,,) also changes accordingly.
Thus, in order to consider such changes in the simulation
and in the adjoint model, a modified Eikonal equation (Yoon
2016) is considered, which is given as:

tv=c—c>G=— @)

VG-VG + 0,G(V*G) =
N e

Elliptic diffusion
for allevaiting
non - linearities

(1+20,) G +7@(G-G)

From the original
Eikonal equation

®)

From the original

. . Porous medium
Eikonal equation

penalization

For satisfying
inverse linear
behaviour

where G is the reciprocal wall distance, 7, is a reference
value for the wall distance [which leads #,, to emphasize
objects that are larger than it, and can be chosen, for exam-
ple, as the maximum size of the elements of the mesh
(largest of the maximum distances between two vertices
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Fig.2 Examples of boundaries for 2D, 2D axisymmetric, and 3D
domains

of an element)], y(a) is the wall penalization, which varies
according to the pseudo-density (a) in order to consider the
presence of a wall changing during the topology optimi-
zation, and o, is a relaxation factor for the wall distance
computation.

2.1 Boundary value problem

The three types of computational domain considered in this
work are shown in Fig. 2. It can be reminded that the defini-
tion of the differential operators and coordinates are different
in the 2D axisymmetric domain (due to axisymmetry and
cylindrical coordinates) (Alonso et al. 2018). Generically, a
2D axisymmetric domain may include the symmetry axis or
not. The boundary value problem is specified for the three
types of computational domain considered in this work as:

pVvy = V(T +Tg)+ pof — k(@)Vu in Q
Vy=0 in Q
pv-Vip = ¢, pSip+
Lo\ 2
Vr 1 ~ -
l—cwlpr<?> ] + =V-(p(v + V) Vip)+
" o
c
L2 PV Vi + [~ g k(@)1 inQ
(e
VG-VG +06,G(V?G) =
(1+26,)G* + y(a)(G — G,) in Q
v=v, and ¥y = ¥, and VG-n =0 onI,
v=0and vy =V and G =G, on Iy
v, =0
0 ov ov
andﬁ=_z=a_17=ﬁ=§=0 onl,
or dr or or  Or Y
(T+Tg)n=0and Vip-n =0
and VGn =0 onI
®
where Q, T, Ty, Iy » and I can be visualized in Fig. 2.

The inlet boundary (I';,,) consists of an inlet velocity profile
(viy), an imposed auxiliary turbulent viscosity value (¥1;,),
and a zero normal flux boundary condition for the reciprocal
wall distance (G). On the walls (T, ,;;), the no-slip condition

wal

is imposed for the velocity, a fixed value is imposed for the
auxiliary turbulent viscosity (¥, = 0 m?/s), and a fixed
value is imposed for the reciprocal distance (G;). The outlet
boundary (I',,) consists of an outlet stress free condition
(i.e., open to the atmosphere) for the pressure-velocity for-
mulation, where n is the normal vector to the boundaries,
which points outside the computational domain. On the out-
let boundary (I',,,), a developed auxiliary turbulent viscosity
is imposed (through zero normal flux) and a zero normal
flux boundary condition is imposed for the reciprocal wall
distance (G). In the 2D axisymmetric domain, if there is a
symmetry axis (I'y,) bordering it, the derivatives toward
the r coordinate are imposed to be zero, as well as the radial
velocity.

In the boundary value problem [Eq. (9)], the wall dis-
tance may be computed separately during topology optimi-
zation, since it only depends on the current distribution of
the pseudo-density (a). However, it has to be later included
in the adjoint model.

3 Finite element method

In order to automatically derive the adjoint model, it
is needed to specify the weak form of the finite element
method in FEniCS. The weak form is defined as follows.

3.1 Weak form

In the finite element method, the equilibrium equations
are modeled by a corresponding weak form. In the follow-
ing equations, the computational domain is represented
as dI1, and the boundary of the computational domain is
represented as dI'f;. For 2D and 3D flows, dIl = dQ and
dl'y = dI, while, for 2D axisymmetric flow, dIl = 2zrdQ
and dl'; = 2zrdl". By considering the weighted-residual and
Galerkin methods for the mixed (velocity-pressure) formula-
tion, (Reddy and Gartling 2010; Alonso et al. 2018)

R, = /[V-v]wpdﬂ (10)
n

Rm=/[va-v—pf]wvdH+/T-(va)dH
11

In

an
—ﬁ (T-w,) -ndl”n—/f,(a)-wvaT[
Iy n
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N
Rei = Vi T Y1 2 e d
sA = pv - Vi =y pSVt + Cy1fyyp 7 = —pVip | w; dIl
I o
+/ l(p(v+vT)WT) - Vg, dll
no
1 - .
_}6 —n-(p(v+vT)Vva‘-,T)dl"l—[
Iy ©

- /n [—A;,T K@)y mat] Wi dTT
(12)

R, =/ [VG-VG - (1+20,,)G*|wsdll
In

—/ [(VG) - V(5,,Gwg)|dTl
" (13)
+ }6 n- [(VG)(0,Gwg)|dy
Iy

—/n [r(@)(G = Gy) | wedll

where the subscripts “c”, “m”, “SA” and “w” refer to the
“continuity” equation, the “linear momentum” (Navier-
Stokes) equations, the “Spalart-Allmaras” equation and
the “wall distance” equation (modified Eikonal equation),
respectively. The test functions of the state variables (p, v, ¥
and G) are given by Wy W, Wi and wy;, respectively. Under
2D axisymmetric flow, since the integration domain (2zrd€Q)
has a constant multiplier (2z), which does not influence
when solving the weak form, Egs. (10), (11), (12) and (13)
may be optionally divided by 2z (Alonso et al. 2018, 2019).

From the mutual independence of the test functions,
the equations of the weak form can be summed to a single
equation:

F=R.+R,+Rsy +R,=0 (14)

where it is also possible to solve R,, = 0 separately, because
the computation of the wall distance is uncoupled from the
other equations, depending only on the pseudo-density (a).
In such case, which is considered in this work, the two weak
forms may be sequentially solved:

F,=R,=0 (15)

F2 =Rc +Rm +RSA =0 (16)

4 Finite element/finite volume modeling

The LBB (LadyZhenskaya-Babuska-Brezzi) condition is a
necessary condition for the numerical stability of the fluid
flow simulation when considering the finite element formu-
lation (Brezzi and Fortin 1991; Reddy and Gartling 2010;
Langtangen and Logg 2016). The main effect of respecting
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Fig.3 Finite elements and volumes choice for the state variables:
pressure, velocity, auxiliary turbulent viscosity of the Spalart-All-
maras model (¥i), wall distance (¢,, and, therefore, G), and pseudo-
density (design variable) (a)

the LBB condition is numerical, in which the pressure dis-
tribution becomes consistent with the velocity field. Some
LBB-stable elements are Taylor-Hood and MINI elements.
In this work, MINI elements (linear elements enriched by a
bubble function) (Arnold et al. 1984; Logg et al. 2012) are
used for the velocity-pressure formulation (see Fig. 3) (in
3D, the order of the bubble enrichment is increased to 4),
due to their lower computational cost in relation to Taylor-
Hood elements. The auxiliary turbulent viscosity of the
Spalart-Allmaras model (V1) and the wall distance (¢,, and,
therefore, G) are selected with 1st degree interpolation (P,
element). The pseudo-density (design variable) is chosen
with Ist degree interpolation (P, element), which also ena-
bles the possible use of a Helmholtz filter in topology opti-
mization if needed (Lazarov and Sigmund 2010), due to the
fact that this filter requires the existence of the first deriva-
tive (nonexistent for element-wise (dP,, “DGO0”) variables).
As can be noticed, there may be some “loss” of precision
when converting between finite element and finite volume
methods, due to the different interpolation schemes. In such
case, it is also possible to consider different discretizations/
resolutions for the OpenFOAM® and FEniCS meshes, but,
in this work, for simplicity, they are assumed to be the same.

Although Fig. 3 shows a 2D representation of the finite
elements/volumes as triangles, they are implemented differ-
ently for each computational domain shown in Fig. 2 while
taking into account Fig. 6: for the 2D case, the FEniCS mesh
is composed of triangles, while the OpenFOAM® mesh is
composed of prisms; for the 2D axisymmetric case, the FEn-
iCS mesh is composed of triangles, while the OpenFOAM®
mesh is composed of prisms/tetrahedrons/pyramids; and, for
the 3D case, the FEniCS mesh is composed of tetrahedrons,
as well as the OpenFOAM® mesh. The conversion between
the variables in FEniCS and OpenFOAM® is detailed in
Sect. 6.2.
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5 Formulation of the topology optimization
problem

5.1 Material model for the inverse permeability

The material model in fluid topology optimization aims
to block fluid flow, while aiming to obtain a sufficiently
discrete distribution for the pseudo-density () inside the
design domain (with values 0 for solid, and 1 for fluid). The
subtle transition between solid (0) and fluid (1) (binary val-
ues) is normally relaxed for better numerical conditioning,
allowing an intermediate porous medium (“gray”, with a
pseudo-density between O and 1) (real values). The amount
of “strength” to block the fluid is referred as “inverse per-
meability”, which, as the name says, provides an opposite
behavior to that of permeability. Borrvall and Petersson
(2003) consider a convex interpolation function for the
inverse permeability, given by:

1+g¢

K(a) =k + (K — K, oO—
( ) max ( min max) a+q

a7
where k. and k,;, are, respectively, the maximum and
minimum values of the inverse permeability of the porous
medium. The parameter g > 0 is a penalization parameter
that controls the convexity (i.e., the relaxation) of the mate-
rial model, where large values of ¢ lead to a less relaxed
material model. There is no clear rule on how g should be
chosen, since the specific fluid flow topology optimization
problem may behave better with either one value or another.
In general, it is better not to leave the material model overly
relaxed (i.e., ¢ < 0.01), at least in the last optimization iter-
ations, due to the consequently worse fluid flow blocking
capacity.

5.2 Material model for the wall penalization

For the modified Eikonal equation, the material model may
be based on Eq. (17), being given as the wall penalization

1+¢

y(a) = Ymax T (ymin - ymax)aa__'_q

18)
where y,,,, and y,,;, are, respectively, the maximum and min-
imum values of the wall penalization of the porous medium,
and q is the same as in Eq. (17).

5.3 Topology optimization problem

The topology optimization problem can be formulated as
follows.

m(iyn J(p(a), v(a), or(a), by (a), a)
such that

Fluid volume constraint: / a(dll,) < fW

er
Box constraint of : 0 < a< 1

19)
where fis the specified volume fraction, V,, = /n” dIl, is the
volume of the design domain (represented as II,),
J(p(a),v(a)Vrp(a), 2, (a), @) is the objective function, and
p(a), v(a), Vr(a) and £, (a) are the state variables obtained
by solving the boundary value problem [Eq. (9)], which fea-
tures an indirect dependency with respect to the design vari-
able a.

5.4 Objective function

The objective function (J) is chosen as the energy dissipation
(®) (Borrvall and Petersson 2003) including the turbulence
effect [as in Yoon (2016)]. The energy dissipation is closely
related to the head loss (Borrvall and Petersson 2003), and
generally behaves well in fluid topology optimization. By
considering zero external body forces,

O = / B(u + pup)(Vy + Vv')(Vy + VVT)] dil

n (20)

+ / K ()P vdll
I

5.5 Sensitivity analysis

The sensitivity is given by the adjoint method from the finite
element matrices and automatic differentiation as

(3 =(5) - (G » ey

(o) = (o)
op.v.vr.2,)) T \ow.v. . t,) (22)

(adjoint equation)

where J = @ is the objective function, which is the energy
dissipation, the weak form equation is given by F = 0, “*”
represents conjugate transpose, and 4, is the adjoint variable
(Lagrange multiplier of the weak form) for this case. If the
uncoupled form given by Egs. (15) and (16) is considered,
the two weak form dependencies need to be sequentially
combined into a new equation for the sensitivity.
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5.6 Helmholtz pseudo-density filter

Some of the topology optimization results in this work
consider the use of a regularization. Regularizations are a
common mechanism in topology optimization in order to
counter possible numerical instabilities due to the lack of
smoothness in the finite element equations (Kawamoto et al.
2013), which would possibly lead to mesh dependency and
local minima (Sigmund and Petersson 1998; Bendsge and
Sigmund 2003; Sigmund 2007). The regularization that is
considered is the use of a Helmholtz filter, which is a PDE-
based topology optimization pseudo-density filter, having
been proposed by Lazarov and Sigmund (2010). It is sche-
matically shown in Fig. 4, where « is the original design
variable and a; is the filtered design variable.

Figure 4 illustrates the fact that the Helmholtz filter con-
sists of weighting all values of the original design variable
(a) with a Green’s function, which is a function that is
always positive and whose integral is equal to 1 (“100%”)
(Lazarov and Sigmund 2010). When choosing smaller values
for the filter length parameter (r;), this function approaches
a Dirac’s delta function | «; —»rH_)O a ). This “Green’s func-
tion” averaging is the same as solving a modified Helmholtz
equation with homogeneous Neumann boundary conditions,
whose boundary value problem is given by (Lazarov and
Sigmund 2010; Zauderer 1989)

—rﬁlvzaf o =a in IT
da; (23)

— =0 r
n on Iy

where a is the original design variable, a; is the filtered
design variable, and r, is the filter length parameter.
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The weak form is obtained by multiplying Eq. (23) by
the test function wy, and integrating in the whole design
domain, which leads to

rz/(Vaf)-VwHFdH+/awaFdH
i n

—/aWHFdH =0
m

When a Helmholtz filter is considered, the value given by a,
is used in the place of @ in all other equations, and the sen-
sitivities need to include the dependency of a; in relation to
a [i.e., from the chain rule for derivatives (% =Y Olﬂ)]

dTaf da
(Lazarov and Sigmund 2010).

(24)

6 Numerical implementation
of the optimization problem

The fluid flow simulation is solved in the finite volumes soft-
ware OpenFOAM® (version from “The OpenFOAM foun-
dation”) (Weller et al. 1998; Chen et al. 2014), by using
the SIMPLE (Semi-Implicit Method for Pressure-Linked
Equations) algorithm (Patankar 1980; OpenFOAM Wiki
2014). The implementation of the SIMPLE algorithm is
practically the same as the “simpleFoam” solver from
OpenFOAM®, but including the additional inverse perme-
ability term shown in Eq. (2). Then, the additional inverse
permeability term is also included in the Spalart-Allmaras
model in OpenFOAM®. The adjoint model is computed
in the finite elements software FEniCS (Logg et al. 2012)
through dolfin-adjoint (Farrell et al. 2013; Mitusch et al.
2019). The topology optimization problem is solved with
IPOPT (Wichter and Biegler 2006), from the interface pro-
vided by the dolfin-adjoint library.

6.1 Interfacing OpenFOAM® with FEniCS/
dolfin-adjoint

The main idea for performing an interfacing between
OpenFOAM® (finite volume method) with FEniCS/dolfin-
adjoint (finite element method) is for efficiently comput-
ing the fluid flow simulation in OpenFOAM®, while the
adjoint model can be automatically derived and computed
in FEniCS/dolfin-adjoint.

FEniCS (Logg et al. 2012) is a finite element software
implemented in C+4 that uses automatic differentiation
and a high-level language (UFL) for representing the weak
form and functionals for the finite element matrices. From
its high-level notation, the adjoint model can be automati-
cally derived from the weak form and objective functions by
the dolfin-adjoint library (Farrell et al. 2013; Mitusch et al.
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Fig.5 Diagram illustrating the computation of the sensitivities when using OpenFOAM® and the “FEniCS TopOpt Foam” library for the fluid

flow simulation

2019). The dolfin-adjoint library is restricted to the Python
interface of FEniCS.

OpenFOAM® (Weller et al. 1998; Chen et al. 2014) is an
open-source CFD (Computational Fluid Dynamics) software
written in C++, in which the syntax for specifying the finite
volume equations is, as in the case of FEniCS UFL, close
to the representation of the equations themselves. Since
OpenFOAM® operates in the lowest degree of finite volumes
(element-wise), the simulation should become less computa-
tionally expensive than when using finite elements with the
traditional Taylor-Hood elements or MINI elements for a
same discretization (although the numerical precision should
be lower due to the lower interpolation degree of the finite
volumes in OpenFOAM®). Also, the finite volume method is
based on the local conservation of fluxes (i.e., between finite
volumes), which is different from the finite element method
[i.e., based on the global conservation of fluxes — except for
Discontinuous Galerkin finite elements (Li 2006)]. The main
drawback regarding the use of OpenFOAM® in topology
optimization is the derivation of the adjoint model, which
was mentioned in Sect. 1.

Since dolfin-adjoint is a Python-only library,
OpenFOAM®’s C++ and shell script functionalities should
be made accessible in Python. The interfacing between FEn-
iCS/dolfin-adjoint and OpenFOAM®, for topology optimiza-
tion, is performed through a library developed in this work
(“FEniCS TopOpt Foam”™).

6.2 Interfacing OpenFOAM® with dolfin-adjoint
for computing the sensitivities

The objective function is computed directly with FEniCS
after the simulation with OpenFOAM?® is performed, while
the computation of the sensitivities uses the simulation result
for later solving the adjoint model equations. A diagram
illustrating the computation of the sensitivities is shown in
Fig. 5.

The diagram of Fig. 5 starts with a call from the opti-
mizer for dolfin-adjoint to compute the sensitivities. The
first step is computing the forward model (i.e., the simu-
lation). It starts by passing the mesh (FEniCS “Mesh”),
together with a boundary marking (FEniCS “MeshFunc-
tion”) (i.e., names of each group of facets [edges (2D/2D
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iCS and OpenFOAM® (Obs. The specific boundary conditions
“wedge” are presented separately, because they are imposed sepa-
rately on each “almost parallel” face with respect to the 2D plane in
OpenFOAM®)

axisymmetry) or faces (3D)] of the boundary), to “FEniCS
TopOpt Foam” to convert to the OpenFOAM® mesh format.
It can be mentioned that OpenFOAM® operates only in 3D
meshes/coordinates, but allows simulating for 2D and 2D
axisymmetric flows if the mesh has a specific construction
[i.e., one-element uniform thickness (for the 2D mesh), and
one-element “wedge” thickness (i.e., thickness linearly vary-
ing from zero radius, for a sufficiently small wedge angle)
(for the 2D axisymmetric mesh)] and specific boundary con-
ditions [“empty” for the parallel faces with respect to the
2D plane (of the 2D mesh), and “wedge” for the parallel
faces with respect to the 2D plane (of the 2D axisymmetric
mesh)] (see Fig. 6). Since, in OpenFOAM®, the boundary
conditions are applied on the external faces of the 3D mesh,
the symmetry axis boundary condition (from 2D axisym-
metry) is implicitly considered when applying the “wedge”
boundary conditions in OpenFOAM®. A similar scheme of
using a 3D mesh for 2D/2D axisymmetric simulation is also
used in Ansys®CFEX. If the mesh is the same during all itera-
tions of the topology optimization, this conversion can be
performed a single time.

Then, the state variables (FEniCS “Function”’s), the
design variable (FEniCS “Function”), the boundary con-
ditions (specified as required by OpenFOAM®) and other
setup variables are converted by “FEniCS TopOpt Foam”
to variable and configuration files. The variable and con-
figuration files in OpenFOAM® are located in three sub-
folders: “0” (initial guess for the simulation), “constant”
(mesh and properties) and “system” (solver parameters).
With the OpenFOAM® files prepared, a specific solver for
OpenFOAM®, which corresponds to the simulation defined
in FEniCS, is selected for using in the simulation. In case
the simulation includes the design variable, the “default”
OpenFOAM® solvers can not be used without an adjustment
that includes the design variable in it (i.e., a “new” solver
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has to be programmed). Then, the OpenFOAM® simulation
is performed. After the simulation, the state variable files
of the result of the OpenFOAM® simulation are converted
to the state variables in FEniCS. With the simulation result,
dolfin-adjoint is now used to compute the adjoint model that
is automatically generated from the forward model specified
in FEniCS. The conversion from the OpenFOAM® files to
the FEniCS variables (see Fig. 7) is performed by first map-
ping the internal values of the OpenFOAM® variables to
element-wise variables in FEniCS (dP,,, “DGO0”). Then, the
element-wise variables are projected (FEniCS “project”)
into the interpolation that is being used in the adjoint model.
The isolated state variables are then joined together in a
single state vector by using a “FunctionAssigner” in
FEniCS. In the case of turbulent variables, it may be needed
to guarantee that their conversion to FEniCS is strictly posi-
tive and non-zero (compensating any numerical error that
may appear in the conversions), because some turbulence
models rely on some specific square-roots/divisions, and
some other specific square-roots/divisions may arise due to
the automatic differentiation performed by FEniCS. After
this imposition, a small-radius Helmholtz filter (Lazarov and
Sigmund 2010) may be applied in the turbulent variables in
order to slightly filter (“alleviate”) some consequent sharp
transitions which may hinder post-processing operations
in FEniCS. An additional step is reimposing the original
Dirichlet boundary conditions (FEniCS “DirichletBC”)
onto the state vector, because the converted values from
OpenFOAM® to FEniCS correspond only to the internal
values of each cell and not to the external facets, which may
generate numerical error on the boundaries. For the sake of
completeness, the weak form that corresponds to a projec-
tion (FEniCS “project” function) is:

/aorigwpdﬂz/apwpdﬂ 25)
m m

where a,;, is the function that is being projected, while a,
is the projected function [obtained from solving Eq. (25)]
and w,, is the corresponding test function for the projection.

The interfacing of the simulation with dolfin-adjoint
requires “overloading” a specific internal function of the
solver object in the dolfin-adjoint library, regarding the
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Fig.8 Correspondence of boundary conditions for velocity and
pressure between finite elements (FEniCS) and finite volumes
(OpenFOAM®) considered in this work

“forward simulation” (which is called “ forward
solve”, and is located inside the “SolveBlock” class).
In terms of a parallel computation of the simulation
and optimization, both OpenFOAM® and FEniCS provide
independent implementations of parallelism out of the box,
which means that both softwares may partition the mesh
differently according to their needs and what is set up by
the user, and also independently call MPI operations. In the
current version of “FEniCS TopOpt Foam”, it is possible
to consider both parallelisms independently, which means
that FEniCS may be set to run in parallel, such as from
“mpiexec -n 2 python my code.py” (for 2 pro-
cesses), while OpenFOAM® may be set up to run in parallel
from “FEniCS TopOpt Foam” functions independently.

6.3 Choice of boundary conditions in OpenFOAM®

The boundary conditions that are possible to impose
in OpenFOAM® may be different from the ones that are
imposed in FEniCS due to the different solution methods and
systems of equations (of finite volumes and finite elements,
respectively). Therefore, the boundary conditions should be
chosen to be with a close resemblance for corresponding
simulation results. Although other variations are possible,
one possibility for velocity and pressure is shown in Fig. 8.
For the auxiliary turbulent viscosity of the Spalart-Allmaras
model (V7), the boundary conditions are the same as the
ones used in Eq. (9) (i.e., the same as in the finite element
method). The wall distance [£,,, from Eq. (8)] is computed
through the finite element method and is later imported into
OpenFOAM® — This procedure avoids having to implement
and solve a similar equation that should aim to attain the
same wall distance value from FEniCS in OpenFOAM®.

Although in finite elements (FEniCS), no boundary con-
ditions need to be explicitly imposed for the pressure, and for
the outlet velocity (because of the stress free boundary con-
dition), OpenFOAM?® (finite volumes) requires all boundary
conditions to be explicitly imposed.

On the walls, the normal gradient of the pressure is set to
Zero (3_5 = 0) in OpenFOAM® (Neumann boundary condi-
tion). This boundary condition is originated from Prandtl’s
boundary layer equations (Schlichting 1979), where, inside
the boundary layer, ig—z = O(6g.) = 0, where 6, is the
thickness of the boundary layer, O(6y; ) represents the order
of magnitude (i.e., in the “big O notation”) of oy , and the
fluid is assumed to be attached to the wall. Particularly when
the fluid is incompressible, Z—Z ~ 0. Therefore, setting the
normal gradient of the pressure to zero is an approximation.
In reality, g—z is non-zero (Rempfer 2006), but the “correct”
boundary condition would lead to a mathematically ill-posed
problem (Rempfer 2006). According to Rempfer (2006), due
to the approximation, the “pressure” value used in finite vol-
umes numerical methods [such as the SIMPLE algorithm
(Patankar 1980; OpenFOAM Wiki 2014)], would, in reality,
correspond to an “articial pressure” value, which should
attain a systematic deviation from the “correct” pressure
value, and may be corrected due the execution of the SIM-
PLE algorithm.

The normal gradient of the pressure is set to zero (z—z =0
on the inlet in OpenFOAM® (Neumann boundary condi-
tion), because the velocity profile is already specified (Dir-
ichlet boundary condition) and no previous knowledge out-
side the computational domain is known.

The outlet boundary condition in OpenFOAM® is given
by imposing zero normal gradient for the velocity (g—; =0)
(Neumann boundary condition) and a fixed pressure value
(p = 0) (Dirichlet boundary condition). In FEniCS, the cor-
responding boundary condition is selected as “stress free”:
(T + Ty)-n = 0, which corresponds to a weak imposition of
a fixed zero pressure value (p = 0).

6.4 Topology optimization loop

The topology optimization loop is schematized in Fig. 9,
showing the interconnection between the software pack-
ages. The topology optimization starts with an initial guess
for the design variable (pseudo-density). Then, the forward
model defined in FEniCS is “annotated” (“stored”) in dolfin-
adjoint for the automatic derivation of the adjoint model.
The optimization loop is started with IPOPT, which inter-
acts with dolfin-adjoint for the computation of the objec-
tive function, constraints and sensitivities from the adjoint
method. The solver that includes all computations of the
forward and adjoint models is referred in Fig. 9, for sim-
plicity, as “Solver”. In order to obtain the sensitivities, it
is necessary to compute the forward model, which is given
from the following steps: (1) The wall distance is computed
in FEniCS; (2) The computed wall distance is transferred to
OpenFOAM® by using the “FEniCS TopOpt Foam” library;
(3) The fluid flow simulation is executed in OpenFOAM®;
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Fig.9 Flowchart representing the topology optimization loop imple-
mented with OpenFOAM® and FEniCS/dolfin-adjoint

(4) The fluid flow variables computed in OpenFOAM® are
converted to FEniCS; (5) The converted variables and the
computed wall distance are sent to dolfin-adjoint, for assem-
bling the adjoint model. Then, the objective function, con-
straints and sensitivities are computed in dolfin-adjoint by
using FEniCS. In each loop of the IPOPT algorithm, the
values of the design variable are updated, defining new
topologies. The optimization loop proceeds until a speci-
fied tolerance is reached (convergence criterion).

The computed sensitivities (of the objective function
and constraint) are adjusted by the volume of each element.
This is similar to considering the use of a Riesz map in the
sensitivity analysis, which leads to mesh independency in
the computed sensitivities. This mesh independency is par-
ticularly interesting in the case of considering non-uniform
meshes, where the non-adjusted sensitivity distribution may
achieve a seemingly less-smooth distribution, which may
hinder the topology optimization process. For a nodal design
variable, the adjusted sensitivity is given by:
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neighbor elements
of the node

neighbor elements

of the node
while in the 2D axisymmetric case, the volume computa-

tions are performed considering axisymmetry (i.e., “ring-
shaped” element volumes).

A comparison of the computed sensitivities from dolfin-
adjoint with respect to finite differences is presented in
“Appendix A”.

)s

substituted by their area counterparts (A

7 Numerical examples

In the following numerical examples (with the exception of
Sect. 7.1), the fluid is considered as water, with a dynamic
viscosity (¢) of 0.001 Pa s, and a density (p) of 1000.0 kg/
m?.

An initial numerical example is performed for 2D laminar
flow for checking the implementation. Then, three numerical
examples (for 2D, 2D axisymmetric and 3D domains) are
presented in order to illustrate the application of topology
optimization with the coupling between OpenFOAM® and
FEniCS/dolfin-adjoint.

The inlet velocity profiles are considered to be parabolic
for the laminar flow examples, but are considered to be tur-
bulent velocity profiles for the turbulent flow examples (see
Fig. 10). The turbulent velocity profiles are implemented
according to De Chant (2005), in which the velocity pro-
file is analytically deduced from a simplified fluid flow
model. The difference of this turbulent velocity profile with
respect to the 1/7" power law (Munson et al. 2009) is that
the derivative is zero in the middle of the velocity profile
(see the highly enlarged view of the difference in derivatives
in Fig. 10). It can be reminded that this zero derivative in
the middle of the turbulent velocity profile is expected for
turbulent fluid flows (Munson et al. 2009). For reference, a
turbulent velocity profile in the y direction, between a mini-
mum (x,,;,,) and a maximum (x,,,,) coordinate becomes (De
Chant 2005):
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Fig. 10 Laminar and turbulent velocity profiles for the same “2D flow
rate” (area below the curves)

X = Xmiddle
X1

Viny = Vin,ymax sin| = 27

where X, ;44 = % is the coordinate of the middle of the
velocity profile, x; = x‘“"‘*;x"“" is an auxiliary coordinate, and
Vinymax 1S the maximum velocity of the turbulent velocity
profile (computed from numerical integration for a given
flow rate).

The optimization loop considers the convergence crite-
rion as a tolerance of 107! for the optimality error of the
IPOPT barrier problem, which consists of the maximum
norm of the KKT conditions (Wichter and Biegler 2006).

The external body force term (pf) is not considered
in the numerical examples (pf = 0). The porous medium
is considered to be stationary (v, =v). The minimum
value of the inverse permeability is considered as zero
(Kpin = 0 kg/(m? s)). The parameter Ay, 1s chosen as 1.0.

The reference value for the wall distance (Z,) is used
as the maximum size of the elements of the mesh (largest
of the maximum distances between two vertices of an ele-
ment), and the relaxation factor for the wall distance com-
putation (o,,) is chosen as 0.1. The minimum value of the
wall penalization of the porous medium is considered as
€10 (Y, = 0 m™).

The mesh is post-processed after topology optimization
has been performed (i.e., for the optimized topology), from
the values of the design variable, from a threshold (step)
function:

1 (fluid), if « > 0.5
= (28)

% =) 0 (solid), if @ < 0.5

where ay, is the thresholded function. The resulting thres-
holded design variable (a,) is cut in order to remove the

Optimized topology
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| i
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Post-processed mesh

I’  Post-processing I’

Fig. 11 Post-processing applied to an optimized topology

solid material (¢ = 0) from the computational domain (see
Fig. 11). Therefore, the final simulations are performed with
the fluid flow equations without the effect of the porous
medium. In all of the optimized topologies, the final values
of the design variable (pseudo-density) are close to the vari-
able bounds (0 and 1).

The post-processed simulations are computed
entirely in OpenFOAM®, which means that a “default”
OpenFOAM® wall distance calculation method can be used
in this case (such as “meshWave”).

The inlet values for the turbulent variable (Vy;,) are given
from the turbulence intensity (/;) and the turbulence length
scale (¢) based on the mean absolute velocity on the inlet

(IVaps.inl)s as:

'n -
‘7T,in = ?v]TI’ﬂTlvabs,inl (29)

= M is the mean absolute velocity
/rl'l‘in dln
on the inlet, and n, is the number of velocity components (for
2D, n, = 2; for 2D axisymmetry and 3D, n, = 3).
The maximum inlet Reynolds number (considering only
the inlet velocity) and the maximum local Reynolds number

(considering the local velocities) are defined as, respectively,

where [V, ;.|

H |vabs,in |maeref
in,max —
pP

Re (30)

_ ﬂlvabs|maeref
ext, /, max
p

Re 3D
where L, is a characteristic length given, in this work, as
the inlet diameter (in the 2D case, it is given as the width
of the inlet).

In order to accelerate the execution of the optimization,
the OpenFOAM® simulation for each optimization step
reuses the simulation result from the immediately previous
optimization step. A maximum number of SIMPLE itera-
tions per optimization step is also considered, which is set,
in this work, as 500~2000.
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Fig. 12 Design domain for the laminar flow 2D double pipe (Borrvall
and Petersson 2003)
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Fig. 13 Mesh used for the laminar flow 2D double pipe (check
Fig. 6 for the correspondence of meshes between FEniCS and
OpenFOAM®)

7.1 Laminar flow 2D double pipe

This initial example is for checking the implemented frame-
work for the classical laminar flow 2D double pipe (Bor-
rvall and Petersson 2003) (see Fig. 12). Differently from
the other numerical examples, the fluid properties, topology
optimization setup, boundary conditions, and dimensions
are set according to Borrvall and Petersson (2003): u =1
Pas;p = lkg/m?;k,, =25 % 10*u; k5, = 2.5 X 1074 u; ¢
is set as 0.01 for 20 iterations, and then changed to 0.1; the
specified fluid volume fraction (f) is selected as %; parabolic
velocity profiles are imposed (also including outlet veloc-
ity profiles) with the maximum value of the parabolas set
as 1 m/s; and & = 1 m. Particularly, in this work, the more
generic Navier-Stokes flow implementation is considered,
which should not deviate much from the original Stokes flow
results, since the Navier-Stokes equations tend to the Stokes
equations when the Reynolds number is much smaller than 1
(in this case, the maximum inlet Reynolds number is equal to
0.17). The initial guess for topology optimization is chosen
as “fluid fraction” (a = f — 1%, where 1% is a margin, in
order to avoid the fluid volume constraint to be violated due
to numerical precision). The mesh is composed of 30,251
nodes and 60,000 elements (see Fig. 13).

The convergence curve for the laminar flow 2D double
pipe is shown in Fig. 14.
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Fig. 14 Convergence curve for the laminar flow 2D double pipe
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Fig. 15 Optimized topology for the laminar flow 2D double pipe

The optimized topology for the laminar flow 2D double
pipe is shown in Fig. 15. As can be seen, the optimized
topology is the same as Borrvall and Petersson (2003), which
shows that the proposed framework is able to achieve the
classical laminar flow 2D double pipe optimized topology.

7.2 2D bend channel

The second example is the design of the classical 2D bend
channel. This numerical example has been extensively
treated in topology optimization, such as for Stokes flow
(Borrvall and Petersson 2003), Navier-Stokes flow (Gers-
borg-Hansen 2003; Dai et al. 2018), and turbulent flows
(Dilgen et al. 2018; Yoon 2016). The 2D bend channel is
illustrated in Fig. 16.

The mesh is composed of 5101 nodes and 10,000 ele-
ments (see Fig. 17). The input parameters and geometric
dimensions of the design domain that are used are shown
in Table 1. The inlet flow rates correspond to maximum
inlet Reynolds numbers of 12.5 (for the laminar flow) and
8460.0 (for the turbulent flow). The initial guesses are cho-
sen as “full fluid” (a = 1) for the laminar flow case, and
“fluid fraction” (@ = f — 1%) for the turbulent flow case. The
specified fluid volume fraction (f) is selected as 30%. For
the wall distance computation, y,,,, = 10’ m™3. The inverse
permeability (x,,,,) and the penalization parameter (g) are

max

selected, respectively, as 2.5 X 1034 [kg/(m?s)] and 0.1, for
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Fig. 16 Design domain for the 2D bend channel

Fig. 17 Mesh used for the 2D
bend channel (check Fig. 6
for the correspondence of
meshes between FEniCS and
OpenFOAM®)

the laminar flow; and as 1.5 x 10?4 [kg/(m?s)] and 0.1, for
the turbulent flow.

The optimized topology for laminar flow is consistent
with Borrvall and Petersson (2003), because the optimized
topology directly connects the inlet to the outlet, in almost
a straight line. In the optimized topology for turbulent flow,
due to this same fact, and also due to the optimized chan-
nel slight bulging toward the origin ((0, 0) coordinates), it
bears some resemblance to some of the results from Yoon
(2016), but is essentially different mainly because of the dif-
ferent volume fraction (Yoon (2016) considered f = 20%),

different problem dimensions, fluid properties, boundary
conditions and Reynolds numbers.

The convergence curves for the 2D bend channel are
shown in Fig. 18.

The simulation results for the post-processed meshes are
shown in Fig. 19. The maximum local Reynolds numbers
are computed as 143 (for the laminar flow) and 2.7 x 10° (for
the turbulent flow). The energy dissipation values in the
post-processed meshes are 6.66 x 1078 W/m (for the laminar
flow) and 1.48 W/m (for the turbulent flow). The difference
in magnitude of the energy dissipation values is expected,
because the fluid velocities are much higher in the turbulent
flow, and also because of the presence of the turbulent vis-
cosity in Eq. (20), for turbulent flow. As can be noticed in
Fig. 19, the topology optimization results show different
formats for both cases: the optimized topology for the lami-
nar flow case shows a direct connection between inlet and
outlet, with a small bulging toward the origin ((0, 0) coordi-
nates) of the left side of the channel, due to the change of
direction near the inlet, probably in order to redirect the fluid
flow toward the outlet; the optimized topology for the turbu-
lent flow case is more bent to the left, which is probably due
to the higher viscosity (due to the turbulent viscosity) that is
formed to the left of the channel. For reference, the maxi-
mum turbulent viscosity ratio, which is a simple measure of
the influence of the turbulence in the simulation, is given as
max(’;—T) = 40, which shows that the effect of the turbulent

viscosity is high in at least a part of the computational
domain.

7.3 2D axisymmetric nozzle
The third example is a design that relies on 2D axisymmetry,

which is considered in the design of a nozzle. A nozzle is a
device that is used to control the fluid flow characteristics

Table 1 Parameters used for the

S Input parameters (laminar flow)
topology optimization of the 2D

bend channel

Inlet flow rate (Q) 0.0022 L/min*
Inlet velocity profile Parabolic
Input parameters (turbulent flow)**

Inlet flow rate (Q) 2.5 L/min*
Inlet velocity profile Turbulent
I 5.0%

Oy 0.186 mm
Dimensions

L,=L, 30 mm

hy, = h, 18.75 mm
=0 7.5 mm

in out

*Flow rates computed assuming that the width of the inlet (£,,) corresponds to an “inlet diameter” (in 3D)

in

**The turbulent case is optimized considering a Helmholtz pseudo-density filter (Sect. 5.6), where ry, is set

as 0.3 mm
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Fig. 18 Convergence curves for the 2D bend channel

entering or leaving another fluid device. This type of design
is here analyzed for 2D axisymmetric flow, but has already
been considered for 2D flow in Borrvall and Petersson
(2003) and 2D swirl flow in Alonso et al. (2018).

In this work, as opposed to Alonso et al. (2018), where
the size of the fluid flow outlet was left to be determined
according to the specified fluid volume fraction (f), the
size of the fluid flow outlet is fixed with a radius R ,, (see
Fig. 20). Also, in order to avoid any issue of the topology
optimization blocking the low velocity part of the inlet
velocity profile [as can be seen in Borrvall and Petersson
(2003)], a small non-optimizable inlet height is included
before the design domain.

The mesh is composed of 19,401 nodes and 38,400 ele-
ments (see Fig. 21). The input parameters and geometric
dimensions of the design domain that are used are shown in
Table 2. The inlet flow rates correspond to maximum inlet
Reynolds numbers of 325 (for the laminar flow) and 3,253
(for the turbulent flow). In order to facilitate the conver-
gence of the topology optimization, a “conical” initial guess
(i.e., connecting the inlet (R) of the design domain (H — h;,)
directly to the outlet (R,,,) with a straight line) is considered
for a. The specified fluid volume fraction (f) is selected as
50%. For the wall distance computation, y,,,, = 10'm=.
The inverse permeability (x,,,,) and the penalization param-
eter (g) are selected, respectively, as 2.5 x 107 u [kg/(m?s)]
and 1.0, for the laminar flow; and as 5 X 1084 [kg/(m’s)] and
1.0, for the turbulent flow.

The convergence curves for the 2D bend channel are
shown in Fig. 22.

The simulation results for the post-processed meshes are
shown in Fig. 23. The maximum local Reynolds numbers
are computed as 505 (for the laminar flow) and 12,023 (for
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Fig. 19 Optimized topologies, pressure, and velocity for the 2D bend
channel

the turbulent flow). The energy dissipation values in the
post-processed meshes are 1.04 x 10~7 W (for the laminar
flow) and 3.10 x 10~* W (for the turbulent flow). The differ-
ence in magnitude of the energy dissipation values is
expected, as in the 2D bend channel example, because of the
higher fluid velocities in relation to the turbulent flow, and
also because of the presence of the turbulent viscosity in Eq.
(20) for turbulent flow. As can be noticed in Fig. 23a, the
laminar case topology features a small bump near the low
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Fig.20 Design domain for the 2D axisymmetric nozzle

Fig.21 Mesh used for the 2D axisymmetric nozzle (check Fig. 6 for
the correspondence of meshes between FEniCS and OpenFOAM®)

velocity part of the parabolic inlet velocity profile. This
small velocity means that this zone of the fluid flow is given
a lower importance with respect to the objective function in
relation to the rest of the computational domain. A similar
effect is also observed in Borrvall and Petersson (2003)’s
nozzle example. In the optimized topology for tubulent flow
(Fig. 23b), the inlet of the optimized topology becomes
smoother than the optimized topology for the laminar flow
case. This is probably due to the different inlet velocity pro-
file (turbulent velocity profile), which features higher veloc-
ity values at larger radii than the parabolic velocity profile,
and the inlet turbulence value, which influences the objective
function near the inlet. For reference, the maximum turbu-
lent viscosity ratio is given as max(’;—T) = 0.73, which shows

that the effect of the turbulent viscosity is comparable to the
fluid (water) viscosity in at least a part of the computational
domain.

7.4 3D channel

The fourth example is based on a 3D model, for the design
of a channel that bifurcates into other two. Fig. 24 shows the
computational domain with the inlet channel and the two
outlet channels. The inlet and outlet channels are left outside
the design domain.

The mesh is composed of 18,308 nodes and 102,254 tet-
rahedral elements (see Fig. 25), whose quantities are slightly
increased for the turbulent case (18,344 nodes and 102,720
tetrahedral elements). The input parameters and geometric
dimensions of the design domain that are used are shown in
Table 3. The inlet flow rates correspond to maximum inlet
Reynolds numbers of 1,062 (for the laminar flow) and 2,603
(for the turbulent flow). The initial guess for the laminar
case is chosen as “fluid fraction” (« = f — 1%), while the
initial guess for the turbulent case is chosen as the optimized
topology of the laminar case. The specified fluid volume
fraction (f) is selected as 20%. For the wall distance compu-
tation, y,,,, = 108m~3. The inverse permeability (k) and
the penalization parameter (q) are selected, respectively, as
5.0 X 107y [kg/(m3s)] and 1, for the laminar flow; and as
8.0 x 107 u [kg/(m3s)] and 1000, for the turbulent flow.

The convergence curves for the 3D channel are shown
in Fig. 26. It can be highlighted that there is a maximum
number of SIMPLE iterations per optimization step (which
is set, in this work, as 500), which means that the “quality”
of the simulation is lower in the first iterations of the topol-
ogy optimization.

The simulation results for the post-processed meshes are
shown in Fig. 27, where only a slice of the scalar fields (p,
Vi, pr) is plotted, for illustrative purposes. The maximum
local Reynolds numbers are computed as 1,254 (for the lami-
nar flow) and 5,645 (for the turbulent flow). The energy dis-
sipation values in the post-processed meshes are 1.08 x 107>
W (for the laminar flow) and 3.65 x 10~* W (for the turbu-
lent flow). The difference in magnitude of the energy dissi-
pation values is expected as mentioned in the other numeri-
cal examples. It can be noticed, when comparing Fig. 27a
and b, that the channels are thicker in the laminar flow case,
which is probably due to the effect of the lower velocities
and the higher effect of the viscosity of the fluid. In the tur-
bulent flow case, the channels are thinner, which is probably
due to the higher velocities and turbulent viscosity effect in
the turbulent flow case. Also, the channels are split near the
outlet in the laminar flow case, while they are split near the
inlet in the turbulent flow case. This may be due to the fact
that, if the channel is split near the outlet in the turbulent
flow case, the fluid will be at a higher velocity, meaning that
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Table 2 Parameters used for the

L Input parameters (laminar flow)*
topology optimization of the 2D

axisymmetric nozzle Inlet flow rate (Q) 0.05 L/min
Inlet velocity profile Parabolic
Input parameters (turbulent flow)*
Inlet flow rate (Q) 2.5 L/min
Inlet velocity profile Turbulent
Iy 5.0%
Cr 0.25 mm
Dimensions
R 10 mm
R, 5 mm
H 15 mm
hy, 1 mm

*The optimized cases consider a Helmholtz pseudo-density filter (Sect. 5.6), where ry, is set as 0.0625 mm
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Fig.22 Convergence curves for the 2D axisymmetric nozzle

the energy dissipated in the “collision” with the “splitting
edge” would become higher. One more observation is that
the fluid volume is different in both optimized topologies,
which is acceptable, since the constraint that is being
imposed is a maximum fluid volume constraint [Eq. (9)]. For
reference, the maximum turbulent viscosity ratio is given as
max(’;l) = 6.24, which shows that the effect of the turbulent

viscosity is higher than the fluid (water) viscosity in at least
a part of the computational domain.
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8 Conclusions

This work presents the approach of using the
OpenFOAM® infrastructure for the computation of an effi-
cient fluid flow simulation, while the adjoint model is auto-
matically derived in an efficient manner by FEniCS/dolfin-
adjoint. Although an even higher computational efficiency
would be possible to be achieved through manually deriving
the continuous adjoint model and adjusting its implementa-
tion (such as through reordering the terms/operations, block
matrices, local preconditionings etc.), this procedure may
become a hard and cumbersome task, especially for complex
models. Therefore, this work presents a more convenient
and comprehensive approach of obtaining the automatically
derived adjoint model in an efficient manner when consider-
ing OpenFOAM®. In the point of view of OpenFOAM®, this
means that the adjoint equations do not need to be derived by
hand, while, in the point of view of FEniCS, the fluid flow
simulation may be computed more efficiently, without need-
ing to implement various adjustments for convergence of the
algorithm. In terms of work required in the implementation,
the additional work is to write the material model terms
in the equations inside the OpenFOAM® solver and write
the weak forms and boundary conditions in FEniCS. The
required additional work for this implementation is far from
having to derive the adjoint equations by hand, and even
saves time when testing, since the derivation of the adjoint
model is automated. In terms of computational cost, the
implemented algorithm is able to deploy OpenFOAM® and
FEniCS to run in parallel (independently), which may help
in reducing the required computational time. Since the
adjoint equations are linear, the resulting matrix system
needs to be solved a single time at each iteration, and the
computational cost is mostly due to the interpolation degrees
of the state variables in finite elements (see Fig. 3), which
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Fig.23 Optimized topologies, 3D representation, pressure, and
velocity for the 2D axisymmetric nozzle

the authors tried reducing by considering the use of MINI
elements instead of Taylor-Hood elements. It is also possible
to use linear finite elements by including a stabilization term
in the fluid flow equations (Reddy and Gartling 2010; Logg
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Fig. 24 Design domain for the 3D channel
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Fig. 25 Mesh used for the 3D channel (laminar case)

et al. 2012; Elhanafy et al. 2017; Langtangen et al. 2002;
Franca 1992).

It is also possible to extend the implemented approach
to any type of optimization method implemented in the
FEniCS platform, by including the adequate conversions
to OpenFOAM®simulations by using the “FEniCS TopOpt
Foam” library. Although this work is focused in topology
optimization for fluid flow, this approach is extensible to any
kind of physics that is modellable in OpenFOAM®.

As future work, it is suggested to consider this scheme for
investigating topology optimization for turbulent, compress-
ible, and non-Newtonian flows.

9 Replication of results

The part of the implementation that is performed in the FEn-
iCS platform is direct from the description that is provided
of the equations and numerical implementation in this arti-
cle. This is because FEniCS is based on a high-level descrip-
tion for the variational formulation (UFL), which automates
the generation of the necessary matrix equations. It may be
reminded that, in the 2D axisymmetric case, the coordi-
nates are considered to be cylindrical (i.e., the differential
operators (“grad”, “curl”, “div”) must be programmed
by hand by using the “Dx (var, component num)” or
“var.dx (component num)” functions, because the
default operators available in FEniCS consider Cartesian
coordinates).
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Table 3 Parameters used for the

SRS Input parameters (laminar flow)
topology optimization of the 3D

channel

Inlet flow rate (Q) 0.5 L/min
Inlet velocity profile Parabolic
Input parameters (turbulent flow)*

Inlet flow rate (Q) 2 L/min
Inlet velocity profile Turbulent
Iy 5.0%

Cr 0.25 mm
Dimensions

L. =L, 30 mm
L, 20 mm
dy=d, =d, 10 mm
Oy =0,=10; 2.5 mm
hy, = hl,y 10 mm
hyy = hs, 20 mm
hy, =hs, 10 mm
H 15 mm

*The turbulent case is optimized considering a Helmholtz pseudo-density filter (Sect. 5.6), where ry; is set

as 0.457 mm
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Fig.26 Convergence curves for the 3D channel (Obs. For ease of
visualization of the optimized topology, only the values of a with
a > 0.5 are shown in nontransparent color). It can be highlighted that
the optimized topologies (in the final iterations) are highly discrete

The part of the implementation that is performed in
OpenFOAM® is, as mentioned in Sect. 6, including the
additional inverse permeability term in the “simple-
Foam” solver from OpenFOAM® (referred as “Custom-
SimpleFoam” in this work) [see Eq. (2)], and also in the

@ Springer

“SpalartAllmaras” turbulence model (referred as
“CustomSpalartAllmaras” in this work) [see Eq.
(5)]. Another necessary implementation is to create an addi-
tional type of wall distance computation, which loads the
wall distance from a file (referred as “Custom_exter-
nalImport” in this work).

The “FEniCS TopOpt Foam” library used in the imple-
mentation of this work is to be made available in a git reposi-
tory?. It also includes sample implementations of “Cus-
tomSimpleFoam”, “CustomSpalartAllmaras”,
and “Custom_externalImport”. Animplementation
of a code by using “FEniCS TopOpt Foam” for a sample 2D
bend channel topology optimization (slightly different from
Sect. 7.2 in order to be simpler and easier to understand) is
shown step by step in the following subsections. In the fol-
lowing code excerpts, when a line of code is split due to lack
of space, its continuation is shown in the next line, preceded
by an arrow (“—).

9.1 Sample 2D bend channel problem

In this section, the 2D bend channel problem is considered
through a sample implementation, where p is set as 1.0, p is
set as 0.1, and the inlet velocity is defined as such that the
maximum velocity of the inlet parabola is 1.0, while the
computational domain is a 1x1 square. The implementation
is performed by leaving a variable to set which flow regime

2 https://github.com/diego-hayashi/fenics_topopt_foam.
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Fig. 27 Optimized topologies, pressure, and velocity for the 3D chan-

nel

Table 4 Variable naming in the equations of this article and the
implementations in FEniCS and OpenFOAM®.

Equations of this FEniCS OpenFOAM®
article
v U
p p p
Vr nu T aux nuTilda
” 1 wall yWall to load
alpha alpha design

(laminar or turbulent) is being considered (“flow _regime”
variable) and another variable is left to set whether to
consider OpenFOAM® in parallel or not (“ru n_open-
foam in parallel”). The optimization parameters
are prepared for the laminar and turbulent cases, but their
specific values are set for a laminar flow topology optimiza-
tion, and may be adjusted by the user for a turbulent flow
case. Table 4 presents the main variable naming differences
between this article and the implementations in FEniCS and
OpenFOAM®.

9.2 Necessary imports

The necessary imports should be included in the beginning
of the code.

# Necessary imports

import os

import numpy as np

import matplotlib
matplotlib.use('Agg"')

from fenics import *

import ufl

from dolfin_adjoint import *
import pyadjoint

10 | from pyadjoint.tape import no_annotations
11 | import mpi4py

OO0 U W~

12
13 | # Some flags for FEniCS$S
14 | parameters["form_compiler"]["optimize"] = True
15 | parameters["form_compiler"]["cpp_optimize"] = True
16 | parameters["form_compiler"]["cpp_optimize_flags"] =
< "-03 -ffast-math -march=native"
17 | parameters['allow_extrapolation'] = True # Allow
< small numerical differences in the boundary
— definition.
18

19 | # Quadrature degree in FEniCS (sometimes, the "

< automatic" determination of the quadrature

<> degree becomes excessively high, meaning that it
<> should be manually reduced)

20 | parameters['form_compiler']['quadrature_degree'] = 5
21
22 | # FEniCS TopOpt Foam imports

23 | import fenics_topopt_foam

24 | from fenics_topopt_foam.dolfin_adjoint_extensions
< import UncoupledNonlinearVariationalSolver,

< getWallDistanceAndNormalVectorFromDolfinAdjoint

9.3 General configurations

The general configurations can be set as follows: First, an
additional variable (“run_openfoam in parallel”)
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is set in order to control whether OpenFOAM® should run
in parallel or not.

25 | # Run OpenFOAM in parallel?
26 | run_openfoam_in_parallel = False

Then, the fluid properties are set alongside the corre-
sponding inlet values and the flow regime.

27 | # Fluid flow setup

28 [rho_ = 1.0; mu_ = 0.1 # Density and dynamic
— viscosity

29 | width_inlet_outlet = 1.0/5.0 # Inlet/outlet width

30 | x_min = 0.0; x_max = 1.0 # x dimensions

31 |y_min = 0.0; y_max = 1.0 # y dimensions

32 | v_max_inlet = 1.0 # Inlet velocity

33 |nu_T_aux_inlet = 0.0001 # Inlet turbulent variable
— value

34 | flow_regime = 'laminar' # Flow regime: 'laminar' or
< 'turbulent (Spalart-Allmaras)'

9.4 Set topology optimization-related parameters

The topology optimization-related parameters are defined.

35 | # Topology optimization setup

36 | k_max = 1.E4*mu_; k_min = 0.0; q = 0.1

37 | k = lambda alpha : k_max + (k_min - k_max) * alpha *
— (1. + q) / (alpha + q)

38 | gamma_max = 1.E3; gamma_min = 0.0

39 | gamma = lambda alpha : gamma_max + (gamma_min -
<> gamma_max) * alpha * (1. + q) / (alpha + q)

40 | lambda_kappa_v = 1.0

41 | £f_V = 0.3 # Volume fraction

9.5 Create the output folder

A folder for including the results is created.

42 | # Output folders

43 | output_folder = 'output'
44 | problem_folder = "Ys/foam_problem" %(output_folder)
45 | if (MPI.comm_world.Get_size() == 1) or (MPI.
< comm_world.Get_rank() == 0):
46 if not os.path.exists(output_folder):
47 os.makedirs (output_folder) # Create the output

‘ < folder if it still does not exist
9.6 Create the 2D mesh in FEniCS

The mesh is created in FEniCS and saved to file for visuali-
zation. It can be mentioned that any mesh or mesh generation
scheme in FEniCS may be considered, such as from FEniCS
itself, from an external mesh imported to FEniCS, and from
“mshr” (additional meshing module from FEniCS).
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48
49

52

# Create the 2D mesh and plot it
N_mesh = 50

delta_x = x_max - x_min; delta_y = y_max - y_min
mesh = RectangleMesh(Point (x_min, y_min), Point(
< x_max, y_max), int(N_mesh*delta_x/delta_y),
< N_mesh, diagonal = "crossed")

File('%s/mesh.pvd' %(output_folder)) << mesh

9.7 Define the function spaces for FEniCS

The FEniCS implementation requires the definition of the
function spaces for the state and design variables.

53
54

55

56

60
61
62
63

64

66

# Function spaces -> MINI element (2D)

Vi_element = FiniteElement('Lagrange', mesh.

— ufl_cell(), 1)

B_element = FiniteElement ('Bubble', mesh.ufl_cell(),
— 3)

V_element = VectorElement (NodalEnrichedElement (

< Vi_element, B_element)) # Velocity

P_element = FiniteElement ('Lagrange', mesh.ufl_cell
— (), 1) # Pressure
if flow_regime == 'turbulent (Spalart-Allmaras)':

NU_T_AUX_element = FiniteElement ('Lagrange', mesh.
< ufl_cell(), 1) # Turbulent variable

if flow_regime == 'laminar':
U_element = MixedElement ([V_element, P_element])
elif flow_regime == 'turbulent (Spalart-Allmaras)':
U_element = MixedElement ([V_element, P_element,
<5 NU_T_AUX_element])
U = FunctionSpace(mesh, U_element) # Mixed function
< space
A_element = FiniteElement ('Lagrange', mesh.ufl_cell
— O, 1
A = FunctionSpace(mesh, A_element) # Design variable

< function space (nodal)

9.8 Prepare the boundary definition in FEniCS

The boundaries of the computational domain are given
names in FEniCS, which will also be used in OpenFOAM®,
and saved to file, for visualization.
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67
68
69
70

71

73

74
75
76
7
78

79
80

81
82

83

2.9

# Prepare the boundary definition

class Inlet(SubDomain):

def inside(self, x, on_boundary):
return on_boundary and x[0] == x_min and ((y_min +
< 4.0/5%delta_y - width_inlet_outlet/2) < x[1]
— < (y_min + 4.0/5*delta_y + width_inlet_outlet
— /2))

class Outlet (SubDomain):

def inside(self, x, on_boundary):
return on_boundary and x[1] == y_min and ((x_min +
<3 4.0/5%delta_x - width_inlet_outlet/2) < x[0]
< < (x_min + 4.0/5*delta_x + width_inlet_outlet
— /2))

class Walls(SubDomain):

def inside(self, x, on_boundary):
return on_boundary # * It will be set before the
< other boundaries

marker_numbers = {'unset' 0, 'wall' : 1, 'inlet'
< 2, 'outlet' : 3}
boundary_markers = MeshFunction('size_t', mesh, mesh

~ .topology().dim() - 1)

boundary_markers.set_all (marker_numbers['unset'])
Walls () .mark(boundary_markers, marker_numbers['wall'
— 1)

Inlet () .mark (boundary_markers,
= 'D
Outlet().mark(boundary_markers, marker_numbers [’
< outlet'])

File("%s/markers.pvd" %(output_folder)) <<

<~ boundary_markers

marker_numbers['inlet

Prepare boundary values (for Dirichlet
Boundary conditions) in FEniCS

Some of the boundary values that will be used for Dirichlet
Boundary conditions are defined.

84

85
86
87
88

89

90

91
92
93

94
95
96

# Boundary values (for Dirichlet Boundary conditions
— )
class InletVelocity(UserExpression):
def eval(self, values, x):
for i in range(len(values)):
values[i] = 0.0 # Initialize all values with
— Zzeros
if x[0] == x_min and (4.0/5*delta_y -
<> width_inlet_outlet/2) < x[1] < (4.0/5%delta_y
< + width_inlet_outlet/2):
y_-local = x[1] - 4.0/56*delta_y;
— v_max_inlet*(1 - (2%y_local/
< width_inlet_outlet) **2)
def value_shape(self):
return (2,)
inlet_velocity_expression =
< V_element)
wall_velocity_value = Constant ((0,0))
if flow_regime == 'turbulent (Spalart-Allmaras)':
inlet_nu_T_aux_value = Constant(nu_T_aux_inlet)

values [0] =

InletVelocity(element =

9.10 Function to set“FEniCS TopOpt Foam”

The function “prepareFEniCSFoamSolverWithUp-
date” is created in order to prepare the whole setup for
the OpenFOAM® simulation from “FEniCS TopOpt Foam”.

First, the boundary data are gathered in a format that is more
closely related to OpenFOAM® definitions.

97
98
99

100
101
102
103
104

105
106

107
108
109
110

# Function to set FEniCS TopOpt Foam
@no_annotations

def prepareFEniCSFoamSolverWithUpdate(u, alpha, mesh
< , boundary_markers, marker_numbers, bcs):
# Gather the boundary data
boundary_data = {
'mesh_function' boundary_markers,
'mesh_function_tag_to_boundary_name' {value

< key for key, value in marker_numbers.items()},
— # Invert dictionary

'boundaries' : {
'wall' {'type"' 'wall', 'inGroups' ['wall"
— 1},
'inlet' {'type' : 'patch',},
'outlet' {'type' 'patch',},
1,
}

Then, the basic parameters necessary for defining a solver
in “FEniCS TopOpt Foam” are defined.

111
112
113

114
115
116
117
118
119
120

121

122
123
124
125

Following, it

# Parameters for fenics_topopt_foam.
foam_parameters = {
'domain type' '2D', # Domain type according to
— what the model implemented in FEniCS
'error_on_nonconvergence' False,
'problem_folder' : problem_folder,

FoamSolver

'solver' : {
'type' 'custom',
'openfoam' {'name" 'simpleFoam'},
"custom' : {
'name ' 'CustomSimpleFoam', # simpleFoam with

— material model
'location' '%s/cpp_openfoam_modules/
< foam_cpp_solvers' %(os.path.dirname(
< fenics_topopt_foam.__file__)),

},

},

'compile_modules_if_needed'

}

True,

is necessary to prepare the

OpenFOAM® dictionary entries for “controlDict”,
“fvSchemes”, and “fvSolution”. These three dic-
tionaries are required by OpenFOAM® for any simulation
and are essential for controlling how these simulations will
be executed, which means that they should be completely
defined by the user. It should be reminded, though, that
“writeFormat” (from “controlDict”) needs to be
setto “ascii” for “FEniCS TopOpt Foam”.

@ Springer
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126
127
128
129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152

153
154

156

159

164
165

168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231

# Configurations for OpenFOAM
foam_configurations_dictionary = {

already mentioned in the beginning of Sect. 9), but the user

‘controlDict' : {
‘application'

foam_parameters['solver’

< 1[foam_parameters['solver']['type']]['name'],

'startFrom'
'startTime '
'stopAt'
'endTime
‘deltaT'
‘writeControl'
‘writeInterval'
'purgeWrite’
'writeFormat'
‘writePrecision’
‘writeCompression'
'timeFormat'

'timePrecision'

‘graphFormat '

‘runTimeModifiable

To
‘fvSchemes' : {

'ddtSchemes' : {
‘default' 'stea

},

‘gradSchemes' : {
"default' ('Gau
'grad (nuTilda)'
< linear', '1.0

},

'divSchemes' : {
‘default' 'none
'div(phi,U)' : ('

<+ linearUpwind'
'div(phi,nuTilda)
< limitedLinear
'div ((nuEffx*dev2(
< linear'),
'div(nonlinearStr
3,
"laplacianSchemes
‘default' ('Gau
},
‘interpolationSche
'"default' 'line
},
'snGradSchemes '
'default'
},
'wallDist' : {
‘method ' 'Custo
Do
"fvSolution' : {
'solvers' : {
p' : {
"solver'
"tolerance’
‘relTol':
‘maxIter'
'preconditioner’
'smoother '

‘corr

},
BRI §

type!
"solver'
"tolerance’
'‘relTol'
'maxIter’
'preconditioner
'smoother

'nSweeps '

'nuTilda' : {
"solver'
"tolerance’
"relTol'
'maxIter’
'preconditioner
'smoother '

'startTime',

8 ¢

0,
'endTime ',
2000,
1,
"timeStep',
100,
A
‘ascii',
12,
Toff',
'general',
6,
‘raw',
0 g 'true',
dyState',
ss', 'linear'),
('celllimited', 'Gauss', '
D,
bounded', 'Gauss', '
, 'grad(u) '),
' : ('bounded', 'Gauss', '
'),
T(grad(U))))) " ('Gauss', '
ess) ' ('Gauss', 'linear'),
8
ss', 'linear', 'corrected'),
mes' : {
ar',
ected',
m_externallmport',

"GAMG ',

1.E-06,

0.1,

1000,
‘none’,
'GaussSeidel',

'segregated’,
'smoothSolver',
1e-05,
0.1,
1000,
'none’',
'symGaussSeidel’,
2,

'smoothSolver',
1e-05,
0.1,
1000,
'none',
'symGaussSeidel’,

'nSweeps ' 2]

},

},

'SIMPLE' : {
'nNonOrthogonalCorrectors' : 3,
'consistent' 'yes',
'residualControl' : {

p' ot le-2,
GO g le-3,
'nuTilda' : le-3,

},

'relaxationFactors' : {
'fields' : {

p! 0.9,
0y 0.9,
'nuTilda' : 0.9,
L] 0.9,
X,
'equations' : {
'p' 0.9,
v 0.9,
'nuTilda' : 0.9,
T 0.9,
},
},
},
&

The “1ibs” entry from “controlDict” is set to con-
sider some C++ OpenFOAM® libraries provided by “FEn-
iCS TopOpt Foam” (i.e., the OpenFOAM® libraries that are

@ Springer

may include any user-made library in this entry.

232 # Set to use the libs provided in FEniCS TopOpt
< Foam in OpenFOAM
233 libs_folder = 'Js/cpp_openfoam_modules/
— foam_cpp_libs' %(os.path.dirname(
<> fenics_topopt_foam.__file__))
234 lib_names = fenics_topopt_foam.
< compileLibraryFoldersIfNeeded (libs_folder)
235 lib_names_string = ' ('
236 for i in range(len(lib_names)):
237 if i != 0: lib_names_string += ' '
238 lib_names_string += "\"/s\"" %(lib_names[i])
239 lib_names_string += ')'
240 | foam_configurations_dictionary['controlDict']['libs
< '] = lib_names_string

9.11 Solver that interacts with FEniCS

and OpenFOAM®

Now, the solver can be created (called

“FEniCSFoamSolverWithUpdate”) with the previ-
ously defined parameters, variables, mesh, boundary condi-
tions, and the fluid properties.

241 # Solver that interacts with FEniCS/dolfin-adjoint
<~ and OpenFOAM
242 class FEniCSFoamSolverWithUpdate () :
243 def __init__(self, u, alpha):
244
245 # Setups and initializations
246 self.u = u; self.u.vector().apply('insert'); self
< .u_array_copy = self.u.vector().get_local()
247 self.alpha = alpha
248 self.fenics_foam_solver = fenics_topopt_foam.
< FEniCSFoamSolver (
249 mesh, boundary_data,
250 foam_parameters, self.getPropertiesDictionary(),
251 foam_configurations_dictionary,
252 use_mesh_from_foam_solver = False,
253 python_write_precision =
< foam_configurations_dictionary['controlDict'
< J['writePrecision'],
254 configuration_of_openfoam_measurement_units = {'
<~ pressure' 'rho-normalized pressure'},
255 )
256 if flow_regime == 'turbulent (Spalart-Allmaras)':
257 self.fenics_foam_solver.initFoamVector ('nut', '
— volScalarField', skip_if_exists = True)
258 self.fenics_foam_solver.initFoamVector ('nuTilda'
— , 'volScalarField', skip_if_exists = True)
259 self.fenics_foam_solver.initFoamVector ('
— yWall_to_load', 'volScalarField',
— skip_if_exists = True)
260 self.fenics_foam_solver.initFoamVector ('
— nWall_to_load', 'volVectorField',
< skip_if_exists = True)
261 self.flag_set_boundary_values = True
262 self.setBoundaryConditionsForOpenFOAM ()

The parallelism in OpenFOAM® is set here (if “run_
openfoam in parallel = True”), where the “par-
allel data” dictionary needs to be set according to
OpenFOAM® conventions, and the value set for the “num-
berOfSubdomains” entry also corresponds to the num-
ber of processes for OpenFOAM® parallelism.
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263
264
265
266
267
268
269
270
271
272
273

# Set to run OpenFOAM in parallel
if run_openfoam_in_parallel == True:
parallel_data = {
'number0fSubdomains' : 2,
'method’ 'simple’,
'simpleCoeffs' : {
'n' : '(2 1 1)',
'delta’ 0.001,
3,
¥
self.fenics_foam_solver.foam_solver.
< setToRunInParallel (parallel_data)

The boundary conditions are set as follows:

274
275

276

277

278

279

280

281

282

283

284

285

286

287

288

def setBoundaryConditionsForOpenFOAM(self):
self.fenics_foam_solver.setAdditionalProperty ('
< rho', rho_) # rho is necessary to convert '
< rho-normalized pressure' (used in OpenFOAM)
<~ to 'pressure' (used here)
self.fenics_foam_solver.setFoamBoundaryCondition(
<~ 'U', 'outlet', 'zeroGradient', None)
self.fenics_foam_solver‘setFoamBoundaryCondition(
— 'U', 'inlet', 'fixedValue',
— inlet_velocity_expression)
self.fenics_foam_solver.setFoamBoundaryCondition(
— 'U', 'wall', 'noSlip', Nomne)
self.fenics_foam_solverAsetFoamBoundaryCondition(
< 'p', 'outlet', 'fixedValue', np.array([0.0],
—s dtype = 'float'))
self.fenics_foam_solver.setFoamBoundaryCondition (

<~ 'p', 'inlet', 'zeroGradient', None)
self.fenics_foam_solver.setFoamBoundaryCondition(
— 'p', 'wall', 'zeroGradient', None)
if flow_regime == 'turbulent (Spalart-Allmaras)':
self.fenics_foam_solver.setFoamBoundaryCondition

< ('nuTilda', 'inlet', 'fixedValue',
<5 inlet_nu_T_aux_value)
self.fenics_foam_solver.setFoamBoundaryCondition

<~ ('nuTilda', 'wall', 'fixedValue', np.array
— ([01))
self.fenics_foam_solver.setFoamBoundaryCondition
< ('nuTilda', 'outlet', 'zeroGradient', None)

self.fenics_foam_solver.setFoamBoundaryCondition
<~ ('nut', 'inlet', 'calculated', np.array([0])
— )
self.fenics_foam_solver.setFoamBoundaryCondition
— ('nut', 'outlet', 'calculated', np.array

— ([01))
self.fenics_foam_solver.setFoamBoundaryCondition
< ('nut', 'wall', 'calculated', np.array([0]))

The fluid flow properties are set as follows:

289
290
291
292
293

294
295
296
297
298

299

300

301

302
303
304
305
306
307
308
309
310
311
312
313
314
315
316

317
318
319

def getPropertiesDictionary(self):
if flow_regime == 'laminar':
simulationType = 'laminar'
turbulence_switch = 'off'
elif flow_regime == 'turbulent (Spalart-Allmaras
= Ug
simulationType = 'RAS'
turbulence_switch = 'on
foam_properties_dictionary = {
'materialmodelProperties' : {
'q_penalization' (fenics_topopt_foam.
< convertToFoamUnitSpecification ("'
< dimensionless'), q),
'k_max' (fenics_topopt_foam.
— convertToFoamUnitSpecification('inverse
<> permeability'), k_max),
'k_min' (fenics_topopt_foam.
— convertToFoamUnitSpecification('inverse
< permeability'), k_min),
'rho_density' (fenics_topopt_foam.
< convertToFoamUnitSpecification('density'),
< rho_), # * This is because we will need to
< divide k(alpha) by the density inside
<~ CustomSimpleFoam!

'

1,

'turbulenceProperties' : {
'simulationType’ simulationType,
'RAS' : {

'turbulence' turbulence_switch,
'RASModel"’ 'CustomSpalartAllmaras’',
'CustomSpalartAllmaras' : {
'lambda_v_design' lambda_kappa_v,

},

'printCoeffs' : 'on',

1,

1,

'transportProperties' : {
'transportModel'’ 'Newtonian',

'nu’ (fenics_topopt_foam.

<~ convertToFoamUnitSpecification('kinematic
< viscosity'), mu_/rho_),

T,

}

return foam_properties_dictionary

The “plotResults” function from
“FEniCSFoamSolver” can be left more readily

accessible.

320 @no_annotations

321 def plotResults(self, *args, **xkwargs):

322 self.fenics_foam_solver.plotResults (kargs, *x*

— kwargs)

The main function for solving the simulation can then
be defined as follows. First, the variables are retrieved from
dolfin-adjoint (“replace map”), and an initial guess for
the state vector (called “u”) is set.
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323 @no_annotations 355 # Set all variables to fenics_foam_solver
324 def solve(self, replace_map = {}): 356 u_split_deepcopy = u.split(deepcopy = True)
325 357 self.fenics_foam_solver.
326 # Get variables from replace_map and load the < setFEniCSFunctionToFoamVector (

<> initial guess for the simulation < u_split_deepcopy[0], foam_variable_name = 'U'
327 if type(replace_map).__name__ == 'NoneType' or — )

< len(replace_map) == O0: 358 self.fenics_foam_solver.
328 u = self.u; alpha = self.alpha < setFEniCSFunctionToFoamVector (
329 else: < u_split_deepcopy[1], foam_variable_name = 'p'
330 u = replace_map([self.u]; alpha = replace_mapl[ — )

<~ self.alphal 359 if flow_regime == 'turbulent (Spalart-Allmaras)':
331 u.vector () .set_local(self.u_array_copy); u.vector 360 self.fenics_foam_solver.

— () .apply('insert') < setFEniCSFunctionToFoamVector (

< u_split_deepcopy[2], foam_variable_name = '
. . . . <~ nuTilda')
Then, the wall distance is computed in FEniCS and set 361 self.fenics_foam_solver.

to OpenFOAM®.

332 # Wall distance in FEniCS

333 if flow_regime == 'turbulent (Spalart-Allmaras)':

334

335 global 1_wall

336 L_WALL = FunctionSpace(mesh, 'Lagrange', 1)

337 N_WALL = VectorFunctionSpace(mesh, 'Lagrange’,
— 1)

338 (1_wall_projected, normal_a_paredes) =
<~ getWallDistanceAndNormalVectorFromDolfinAdjoint
<~ (1_wall, L_WALL, N_WALL, domain_type = '2D',
< replace_map = replace_map)

339 self.fenics_foam_solver.
— setFEniCSFunctionToFoamVector (
< 1l_wall_projected, foam_variable_name = '
< yWall_to_load')

340 self.fenics_foam_solver.
<+ setFEniCSFunctionToFoamVector (
<~ normal_a_paredes, foam_variable_name = '
< nWall_to_load')

341

342 if self.flag_set_boundary_values == True:

343 self.fenics_foam_solver.
< setFoamBoundaryCondition('yWall_to_load', '
— wall', 'fixedValue', l_wall_projected)

344 self.fenics_foam_solver.
— setFoamBoundaryCondition('nWall_to_load', '
— wall', 'fixedValue', normal_a_paredes)

345 self.fenics_foam_solver.
< setFoamBoundaryCondition('yWall_to_load', '
< inlet', 'zeroGradient', None)

346 self.fenics_foam_solver.
< setFoamBoundaryCondition('nWall_to_load', '
<3 inlet', 'zeroGradient', None)

347 self.fenics_foam_solver.
— setFoamBoundaryCondition('yWall,to,load', '
< outlet', 'zeroGradient', None)

348 self.fenics_foam_solver.
— setFoamBoundaryCondition(‘nWall_to_load', '
< outlet', 'zeroGradient', None)

349 self.flag_set_boundary_values = False

Following, the properties are optionally updated (if a con-
tinuation scheme in the property values is desired during
topology optimization).

350
351

352

353
354

# Update properties

foam_properties_dictionary = self.

<~ getPropertiesDictionary ()

if type(foam_properties_dictionary).__name__ != '

<~ NoneType':

for key in foam_properties_dictionary:
self.fenics_foam_solver.setFoamProperty (key,
<+ foam_properties_dictionary[key])

The variables are set to OpenFOAM®.
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setFEniCSFunctionToFoamVector (alpha,
foam_variable_name = 'alpha_design',
set_calculated_foam_boundaries = True,
ensure_maximum_minimum_values_after_projection
= True)

TIELs

The OpenFOAM® simulation can now be performed.
In this case, in order to help monitoring the residuals from
the simulation, the parameter “continuously plot
residuals from log”is setto “True”. This means
that, inside the OpenFOAM® simulation folder (called
“foam problem” in Sect. 9.3), there will be a “logs”
folder which will contain the plots made with Matplot-
lib (image files, “.png”) for each residual. These plots are
renewed at each optimization iteration. In order for Matplot-
lib to be able to plot, it is essential that “matplotlib.
use (‘Agg’ ) ” is used in the beginning of the code, as
shown in Sect. 9.3, because Matplotlib is set to create the
plots simultaneously to the simulation in OpenFOAM® by
spawning a child process, because it requires Matplotlib to
be using a non-interactive backend (such as “Agg”), which
is able to directly generate image files, but disables the
capacity of Matplotlib opening GUI windows.

362
363
364
365
366
367
368
369

370

# Solve the problem with OpenFOAM and plot
— residuals
self.fenics_foam_solver.solve(

silent_run_mode = False,
num_logfile_lines_to_print_in_silent_mode = O,
continuously_plot_residuals_from_log = True,

continuously_plot_residuals_from_log_time_interval
— =5,
continuously_plot_residuals_from_log_x_axis_label
«— = 'Iteration',
continuously_plot_residuals_from_log_y_axis_scale
<~ = 'log/symlog',

)

After the simulation, the computed variables are set back
to FEniCS/dolfin-adjoint.
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371 # Set the state variables from the 383 | # Function to solve the forward problem
< fenics_foam_solver 384 | global fenics_foam_solver_with_update, 1_wall, mu_T
372 self.fenics_foam_solver. 385 | fenics_foam_solver_with_update = None; 1l_wall = None
<~ setFoamVectorToFEniCSFunction ( <~ 3 mu_T = O
<~ u_split_deepcopy[0], foam_variable_name = 'U' 386 | def solve_forward_problem(alpha):
— ) 387 global fenics_foam_solver_with_update, 1l_wall, mu_T
373 self.fenics_foam_solver. 388
<~ setFoamVectorToFEniCSFunction ( 389 # Set the state vector and test functions
< u_split_deepcopy[1], foam_variable_name = 'p' 390 | u = Function(U); u.rename("StateVariable", "
— ) <> StateVariable")
374 if flow_regime == 'turbulent (Spalart-Allmaras)': 391 u_split = split(u); v = u_split[0]; p = u_split[1]
375 self.fenics_foam_solver. 392 if flow_regime == 'turbulent (Spalart-Allmaras)':
< setFoamVectorToFEniCSFunction ( — nu_T_aux = u_split[2]
< u_split_deepcopy[2], foam_variable_name = ' 393 | w = TestFunction(U)
<% nuTilda') 394 w_split = split(w); w_v = w_split[0]; w_p = w_split
376 fenics_topopt_foam.assignSubFunctionsToFunction ( — [1]
< to_u_mixed = u, from_u_separated_array = list 395 if flow_regime == 'turbulent (Spalart-Allmaras)':
< (u_split_deepcopy)) — w_nu_T_aux = w_split[2]
377 [bc.apply(u.vector()) for bc in bcs] 396
378 self.u_array_copy = u.vector().get_local() 397 # Additional definitions
379 return u 398 n = FacetNormal (mesh)
399 nu_ = mu_/rho_

With “FEniCSFoamSolverWithUpdate” defined,

it is now created. .
In the case of using a turbulence model (Spalart-Allmaras

model), the computation of the wall distance is performed.

380 # Create fenics_foam_solver_with_update
381 fenics_foam_solver_with_update = 400 | # Wall distance computation (modified Eikonal
<~ FEniCSFoamSolverWithUpdate (u, alpha) <~ equation)

382 return fenics_foam_solver_with_update 401 if flow_regime == 'turbulent (Spalart-Allmaras)':

402 G_space = FunctionSpace(mesh, 'Lagrange', 1)
. . 403 G = Function(G_space); w_G = TestFunction(G_space)
9.12 Forward model 1] FEnICS 404 mesh_hmax = MPI.comm_world.allreduce (mesh.hmax(),
<> op = mpi4py.MPI.MAX)

405 G_initial = interpolate(Constant (1./mesh_hmax),

A function that prepares the forward model in FEniCS 106 = G-opace)s 6.aepign(EAndtial)

from a design variable distribution (“alpha”) has to be 407 | sigma_wall = 0.1
408 G_ref = 1./mesh_hmax

defined, because it will be used by dolfin-adjoint for the 409 | F_G = inner(grad(G), grad(G))+*w_G*dx - inner (grad(
automatic derivation of the adjoint model. First, the state = 6, grad(sigra-wallrGru-G))xdz - (1. + 2%

<> sigma_wall)*G**4 * w_Gxdx - gamma(alpha)*(G -
vector and test functions are defined, alongside some aux- > G_ref) * w_Gxdx
. . 410 bcs_G = [DirichletBC(G_space, G_ref,
111ary definitions. <> boundary_markers, marker_numbers['wall'l)]
411
412 dF_G = derivative(F_G, G); problem_G =
<> NomnlinearVariationalProblem(F_G, G, bcs_G,
< dF_G)
413 solver_G = NonlinearVariationalSolver (problem_G)
414 solver_G.solve(annotate = True)

415 l_wall = 1./G - 1./G_ref

Then, the remaining weak forms and boundary conditions
for FEniCS are defined and combined.
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416 # Weak form of the turbulent equations (Spalart- 445 # Prepare the FEniCSFoamSolver a single time
<s Allmaras model) 446 if type(fenics_foam_solver_with_update).__name__ ==
417 if flow_regime == 'turbulent (Spalart-Allmaras)': < 'NoneType':
418 k_von_Karman = 0.41; c_vl = 7.1; c_bl = 0.1355; 447 fenics_foam_solver_with_update =
“5 c_b2 = 0.6220; c_w2 = 0.3; c_w3 = 2.0; sigma = < prepareFEniCSFoamSolverWithUpdate (u, alpha,
s 2./3 < mesh, boundary_markers, marker_numbers, bcs)
419 adjustment = DOLFIN_EPS_LARGE # Adjustment for 448 | else:
< numerical precision (1.E-14) 449 fenics_foam_solver_with_update.u = u;
420 | Chi = nu_T_aux/nmu_; f_vi = (Chi**3)/(Chi**3 + c_vi < fenics_foam_solver_with_update.alpha = alpha
s *%3) 450
421 nu_T = f_vi*nu_T_aux; mu_T = rho_*nu_T 451 # Solve the simulation
422 Omega = 1/2. * (grad(v) - grad(v).T); Omega_m = 452 | dF = derivative(F, u); problem =
< sqrt(2.*inner (Omega, Omega)); S = Omega_m < NonlinearVariationalProblem(F, u, bcs, dF)
423 f v2 = 1. - Chi/(1 + Chi*f_v1); S_tilde = ufl.Max( 453 | nonlinear_solver =
<> S8 + nu_T_aux/(k_von_Karman**2*(1l_wall**2 + < UncoupledNonlinearVariationalSolver (problem,
<~ adjustment))*f_v2, 0.3*0Omega_m) —» simulation_solver =
424 S_tilde_para_r = ufl.Max(S_tilde, 1.E-6) <> fenics_foam_solver_with_update)
425 r_i = ufl.Min(nu_T_aux/(S_tilde_para_r* 454 u = nonlinear_solver.solve ()
< k_von_Karman#**2%(1l_wall**2 + adjustment)), 455 return u
<~ 10.0)
426 g_i = r_i + c_w2*(r_i**6 - r_i) . « e .
427 | fw = g_i*x((1. + c_w3%%6)/(g_i*%6 + c_u3*%6)) 9.13 Preparations for topology optimization
— *x(1./6)
428 c_wl = c_bl/k_von_Karman**2 + (1 + c_b2)/sigma
429 F_SA = inner(v, rho_*grad(nu_T_aux))*w_nu_T_auxxdx F it L : :
L e The initial setup for topology optimization is performed.
< + inner( rho_*(nu_ + nu_T_aux)*grad(nu_T_aux),
< grad(w_nu_T_aux)/sigma)*dx - c_b2/sigma*rho_x*
< inner (grad(nu_T_aux), grad(nu_T_aux))#*
<> w_nu_T_auxxdx - ( - c_wil*f_wxrho_x(nu_T_aux 456 | # Initial setup for topology optimization
— *%2)/(1l_wall**2 + adjustment) )*w_nu_T_aux*dx 457 | alpha = interpolate(Constant(f_V), A) # Initial
<> + lambda_kappa_v*k(alpha)*(nu_T_aux - 0.0)* <> guess for the design variable
<> w_nu_T_aux*dx 458 | set_working_tape (Tape ()) # Clear all
430 else: ‘ < annotations and restart the adjoint model
431 mu_T = O
432 . .. . . . . .
433 | # Weak form of the pressure-velocity formulation An initial simulation is performed for dolfin-adjoint to
434 I_ = as_tensor(np.eye(2)); T = -p*I_ + (mu_ + mu_T) . . . ..
<5 *(grad(v) + grad(v).T); v_mat = v prepare the automatic derivation of the adjoint model.
435 | F_PV = div(v) * w_p*dx + inner( grad(w_v), T )x*dx +
— rho_ * inner( dot(grad(v), v), w_v )*dx +
< inner (k(alpha) * v_mat, w_v)*dx
436 ) 459 | # Solve the simulation
437 # Full weak form 460 - 1 £ a blem(alpha)
438 if flow_regime == 'laminar': v solve-torward_problemialipha
— F = F_PV
el e i e e Some visualization files are prepared for visualizing
440 .. . .. .
14 | # Boundary comditions Fhe optlmlzed topology during the topology optimization
442 | bes = [DirichletBC(U.sub(0), wall_velocity_value, 1terations.
< boundary_markers, marker_numbers['wall'l),
<> DirichletBC(U.sub(0), inlet_velocity_expression
<~ , boundary_markers, marker_numbers['inlet'])]
443 if flow_regime == 'turbulent (Spalart-Allmaras)':
444 bcs += [DirichletBC(U.sub(2), Comnstant(0.0),

<> boundary_markers, marker_numbers['wall'l),
< DirichletBC(U.sub(2), inlet_nu_T_aux_value,
<> boundary_markers, marker_numbers['inlet'])]

Then, the “prepareFEniCSFoamSolverWithUp-
date” is created and used as an input parameter for
“UncoupledNonlinearVariationalSolver”,
which will perform the coupling between the optimization
and the simulation.
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Fig. 28 Topology considered
for the finite differences com-
parison
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461 | # Visualization files

462 | alpha_pvd_file = File("s/alpha_iterations.pvd" %(
<> output_folder)); alpha_viz = Function(A, name =
<> "AlphaVisualisation")

463 | dj_pvd_file = File("%s/dj_iterations.pvd" %(
<> output_folder)); dj_viz = Function(A, name = "
<> dJVisualisation")

In order to continuously save the visualization files, it
is necessary to create a callback for dolfin-adjoint, such
as immediately after the computation of the sensitivities
(“derivative cb post”).

464 | # Callback during topology optimization

465 | global current_iteration

466 | current_iteration = 0

467 | def derivative_cb_post(j, dj, current_alpha):

468 global current_iteration

469 print ("\n [Iteration: %d]l J = %1.7e\n" %(

<> current_iteration, j)); current_iteration += 1
470 # Save for visualization

471 alpha_viz.assign(current_alpha); alpha_pvd_file <<
< alpha_viz

472 dj_viz.assign(dj); dj_pvd_file << dj_viz

9.14 Topology optimization

The topology optimization problem can now be defined,
as well as the IPOPT solver can be instantiated from
dolfin-adjoint.

473 | # Objective function

474 | u_split = split(u); v = u_split[0]

475 | J = assemble ((1/2.*(mu_ + mu_T)*inner(grad(v) + grad
< (v).T, grad(v) + grad(v).T) + inner(k(alpha) * v
<~ , v))*dx)

476 | print (" Current objective function value: %1.7e" %(J
=)

477
478 | # Set the topology optimization problem and solver
479 | alpha_C = Control (alpha)

480 | Jhat = ReducedFunctional(J, alpha_C,

<> derivative_cb_post = derivative_cb_post)
481 | problem_min = MinimizationProblem(Jhat, bounds =
<~ (0.0, 1.0), constraints = [

< UFLInequalityConstraint ((£_V - alpha)=*dx,

<~ alpha_C)1)

482 | solver_opt = IPOPTSolver(problem_min, parameters = {
<% 'maximum_iterations': 100})

To finalize, the topology optimization is performed.

483 | # Perform topology optimization

484 | alpha_opt = solver_opt.solve()

485 | alpha.assign(alpha_opt); alpha_viz.assign(alpha)
486 | alpha_pvd_file << alpha_viz

9.15 Plot the simulation

The simulation from OpenFOAM® may be plotted as
follows.

487 | # Plot a simulation

488 |u = solve_forward_problem(alpha)

489 | fenics_foam_solver_with_update.plotResults(file_type
— = 'VTK', tag_folder_name = ' _final')

490 | u_split_deepcopy = u.split(deepcopy = True)

491 | v_plot u_split_deepcopy [0]

492 | p_plot = u_split_deepcopy[1]

493 | File("%s/simulation_final_v.pvd" %(output_folder))
—» << v_plot

494 | File("%s/simulation_final_p.pvd" %(output_folder))
> << p_plot

495 | if flow_regime == 'turbulent (Spalart-Allmaras)':
496 nu_T_aux_plot = u_split_deepcopy[2]

497 File("%s/simulation_final_nu_T_aux.pvd" %(

< output_folder)) << nu_T_aux_plot

9.16 Running the code

The resulting code may be run as: (1) totally in serial mode,
(2) with only OpenFOAM® in parallel, (3) with only FEn-
iCS in parallel, or (4) with FEniCS and OpenFOAM® in
parallel. Parallelism in OpenFOAM® is enabled by setting
“run_openfoam in parallel = True” (Sect. 9.3)
and adequately setting (depending on your computational
resources) the “parallel data” dictionary (Sect. 9.11).
Parallelism in FEniCS is set directly in the Python call, such
as “‘mpiexec -n 2 python my code.py” (for 2
processes). The number of processes for each type of paral-
lelism is set as desired by the user and in a value allowed by
the user’s computational resources (such as 2,3,4 etc.). For
no parallelism in OpenFOAM® and FEniCS (“‘serial mode”),
set “run_openfoam in parallel =False” andrun
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the code as “python my code.py”. The plots, which
contain the extensions .pvd and .vtk, may be visualized with
the ParaView software.

Appendix A: Comparison of sensitivities
with finite differences

In this appendix, a comparison of the computed sensitivi-
ties from dolfin-adjoint with finite differences is presented.
The comparison is performed for the initial guess of the 2D
axisymmetric nozzle (Sect. 7.3). A set of points is selected in
the computational domain for comparison with finite differ-
ences (see Fig. 28): one near the inlet, one near the symme-
try axis, one near the middle of the computational domain,
one near the outlet, and a last one inside the solid material.
The comparison is performed for the same configurations
considered for laminar and turbulent flows in Sect. 7.3, by
restricting the simulation to 6000 SIMPLE iterations. The
finite differences are considered through the backward dif-
ference approximation (for a = 1): % = W, where
J = ®. The finite difference approximation is changed to for-
ward difference approximation for point number 5 (@ = 0):
% = W, where J = ®. A better approximation
would be the use of a central finite difference approxima-
tion (% = Mj”_m)), which is, however, inadequate for
a = 0 and a = 1 (bounds of @). The computed sensitivities
are shown in Fig. 29, for a step size of 1073, As can be seen,
the computed sensitivities for the “FEniCS TopOpt Foam”
approach (from dolfin-adjoint) and finite differences are
close to each other. In order to get a better insight about the
differences between the two sensitivities, Fig. 30 shows the
relative differences as defined below, which resulted small.

a| _w
| _ da|lpp  da|FTF
Td|1aminar = IT; (32)
da [FTF, all points |jaminar
| _w
, | _ da|FD  da|FTF
d|turbulent — aJ (33)
m —_—
da |FTF, all points |grbulent

where the subscript “FTF” indicates the “FEniCS TopOpt
Foam” approach (from dolfin-adjoint) and “FD” indicates
“Finite Differences”.
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