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Abstract

The design of fluid devices, such as flow machines, mixers, separators, and valves, with the aim to improve performance is
of high interest. One way to achieve it is by designing them through the topology optimization method. However, there is
a specific large class of fluid flow problems called 2D swirl flow problems which presents an axisymmetric flow with (or
without) flow rotation around the axisymmetric axis. Some devices which allow such simplification are hydrocyclones, some
pumps and turbines, fluid separators, etc. Once solving a topology optimization problem for this class of problems using a
3D domain results in a quite high computational cost, the development and use of 2D swirl models is of high interest. Thus,
the main objective of this work is to propose a topology optimization formulation for 2D swirl flow fluid problem to design
these kinds of fluid devices. The objective is to minimize the relative energy dissipation considering the viscous and porous
effects. The 2D swirl laminar fluid flow modelling is solved by using the finite element method. A traditional material model
is adopted by considering nodal design variables. An interior point optimization (IPOPT) algorithm is applied to solve the
optimization problem. Numerical examples are presented to illustrate the application of this model for various 2D swirl flow
cases.

Keywords 2D swirl laminar flow - Brinkman model - Fluid device design - Navier-Stokes - Topology optimization -
Finite element method

1 Introduction Topology optimization method has been initially applied

to fluid problems by Borrvall and Petersson (2003), where

Fluid devices are widely used in the industry, such as in
flow machines, mixers, separators, and valves, which means
that optimization to increase their performance is of high
interest.
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the energy (power) dissipation is minimized in order
to design flow channels in bi-dimensional domains. In
this case, a Stokes flow is considered with a material
model based on the Darcy law (Brinkman model) (Vafai
2005), which creates a porous media (intermediate material
between solid and fluid). This intermediate material is able
to relax the optimization problem from binary values to real
number values.

Since then, the topology optimization method in fluids
has been applied to a wide variety of flows: Stokes (Borrvall
and Petersson 2003), Darcy-Stokes (Guest and Prévost
2006) (Wiker et al. 2007), Navier-Stokes (Evgrafov 2004;
Olesen et al. 20006), slightly compressible (Evgrafov 2006),
non-Newtonian (Pingen and Maute 2010), turbulent (Yoon
2016), etc.

It has been extended to the design of various fluid
devices, such as valves (Song et al. 2009), mixers
(Andreasen et al. 2009), rectifiers (Jensen et al. 2012), and
flow machine rotors (Romero and Silva 2014).

In the design of flow machine rotors, Romero and Silva
(2014) model the fluid flow in a rotating reference frame
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in order to ease the visualization of the fluid motion over
the impeller of centrifugal pumps, in which Coriolis and
centrifugal terms appear. The effect of body forces, such as
gravity force, and Coriolis and centrifugal inertial forces,
has been analyzed by Deng et al. (2013a, b).

Besides the pseudo-density approach used by Borrvall
and Petersson (2003), the “level-set method” (Duan et al.
2016; Zhou and Li 2008) and topological derivatives
(Sokolowski and Zochowski 1999; Sa et al. 2016) have also
been applied to topology optimization for fluid problems.

According to Deng et al. (2013b), the pseudo-density
approach has a rapid and robust convergence, weakly
depends on the initial distribution of the design variable, and
allows dealing with multiple constraints. Therefore, it is the
method selected for this work.

There is a specific large class of fluid flow problems
called 2D swirl flow problems which presents an axisym-
metric flow with (or without) flow rotation around the
axisymmetric axis. Once solving a topology optimization
problem for this class of problems using a 3D domain results
in a quite high computational cost, the development of 2D
swirl models is of high interest. Up to now, no work related
to the application of a 2D swirl flow model (“2D axisym-
metric model with swirl”) in topology optimization has been
reported in literature. Some examples of fluid devices that
can be designed by such models are hydrocyclones, some
pumps and turbines, and fluid separators.

Thus, the main objective of this work is to propose a
topology optimization formulation for 2D swirl flow fluid
problems in order to design 2D swirl fluid devices. The
objective is to minimize the relative energy dissipation
considering the viscous and porous effects. The 2D swirl
laminar fluid flow modelling is solved by using the finite
element method. In the topology optimization formulation,
a traditional material model defined by Borrvall and
Petersson (2003) is adopted by considering nodal design
variables.

The algorithm is implemented in the FEniCS platform,
by using the adjoint method for calculating sensitivities
(Farrell et al. 2013), an interior point optimization algorithm
(IPOPT) for solving the optimization problem (Wichter and
Biegler 2006), and the MUMPS for solving the equations of
weak form of the problem (Amestoy et al. 2001).

This paper is organized as follows: in Section 2, the flow
model for a 2D swirl flow is briefly derived. In Section 3,
the weak formulation of the problem is presented together
with the finite element modelling, sensitivities, and discrete
forms. In Section 4, the topology optimization is stated
by considering the Brinkman model. In Section 5, the
numerical implementation is briefly described. In Section 6,
numerical examples are presented. And in Section 7, some
conclusions are inferred.

@ Springer

2 Equilibrium equations

The equilibrium equations considered in this work are the
continuity equation and the Navier-Stokes equations, which
are considered for laminar flow (i.e., for low Reynolds
numbers), incompressible fluid, and negligible variations
in viscosity (i.e., for a liquid without high differences in
temperature, and velocities not as high as the speed of
sound).

2.1 Continuity equation

In the case of an incompressible fluid, the continuity
equation is given by (Munson et al. 2009)

Vevyps =0 (D

where v,y is the absolute velocity of the fluid and e is used
to denote the inner product.

2.2 Navier-Stokes equations

The Navier-Stokes equations correspond to the linear
momentum equations. For laminar flow, incompressible
fluid, negligible variations in viscosity, and stationary flow,
they are given by (Munson et al. 2009)

POV U ps®Vaps = —Vp + 1 Ve(Vgps + VvabsT) +of 2

where p is the density of the fluid, p is the pressure, u is
the dynamic viscosity, and p f is the force per unit volume
acting on the fluid.

2.3 2D swirl flow model

By considering a rotating reference frame with a rotation of
® = wpe;, the velocity and acceleration in the stationary
frame need to be converted as (White 2011)

Vabs = Vref + 0 + @AS 3
Aaps = Qref + @ + 20NV + OA(DAS) + ®AS @

where  is the rotational speed of the reference system, s is
a position in the flow, v, and a,ps are the absolute velocity
and acceleration, A is used to denote cross product, v and
a are the relative velocity and acceleration, and vf and
a.er are the velocity and acceleration of the origin of the
rotating reference frame (in this case, the origin is the center
of rotation, therefore v = 0 and aer = 0).

By assuming stationary flow (@ = 0) and substituting
(3) and (4) in (2), it is possible to derive the Navier-Stokes
equations for a rotating reference frame

pVvev = Vel + pf —2p(@AV) — poA(@AS) 5)



Topology optimization applied to the design of 2D swirl flow devices

2343

where T is the stress tensor given by
1 T
T=2,ue—pl,e=§(Vv~|—Vv ) (6)

As can be noted above, two terms appear in the equations
in relation to the stationary frame equations: the Coriolis
force (—2p(wAv) ) and the centrifugal inertial force
(—pwA(WAS)).

Since the continuity equation should be valid in any
reference frame, the continuity equation for a rotating
reference frame is given by

Vev =0 @)

In topology optimization, the material can be considered
as a porosity in the flow. By considering the Brinkman
model for a porous media (Vafai 2005), a resistance force
directly proportional to the fluid velocity in relation to
the porous media appears. Therefore, the Navier-Stokes
equations for a rotating reference frame according to the
Brinkman model become

oVvev = VeT + pf —2p(0AV) — p@A(WAS) — Kk (&) Umat
®

where «(«) is the absorption coefficient (“inverse perme-
ability”), vma is the velocity in relation to the porous
material (Vmye = (Vr, V9 — @mat?, Vz), Where wmy is the
rotation of the porous media relative to the reference frame),
and « is the pseudo-density (design variable), which attains
values between 0 (solid) and 1 (fluid).

By considering a cylindrical coordinate system, the
position and velocity become

s=( 0, z) =re (8) + ze, ©

v = (vr, Vg, V;) = vre(0) + vgeg + v;e; (10)

The 2D swirl flow model denotes a case in which
the coordinates are assumed as bi-dimensional (2D),
however, with 3D velocity components. Figure 1 shows the
computational domain in this type of model, consisting of a
simplification of the 3D domain IT in a 2D domain €2, while
maintaining all the velocity components. Therefore,

s=(, 0, z) =re, + ze; (11

v = (v, Vg, V7)) = vre + Voeg + vze; (12)

By assuming axisymmetry, the derivatives in relation to
6 become zero (i.e., % =0).

Cylindrical
coordinate
system

& On an angle 0

. fvz
| | )@=V,
|

0
Domain ()

Fig.1 Example of a 2D swirl flow model

Thus, the boundary value problem can be stated as
follows.

oVvev =VeT + pf —2p(wAV)—

POAN(@AS) — k() Vppae 1N Q2
Vev =0 in Q
V=0, on [,
v=0 on [Nyan
v, =0 and%:O on Isym
Ten =0or (v,;; =0and neTn =0) on gyt
(13)

where €2, I'in, I'wanl, T'sym, and oy are shown in Fig. 2.
On the inlet boundary (T'j,), a fixed velocity is imposed. On
the walls (I'wan), the no-slip condition is imposed. On the
symmetry axis (I'sym), the derivatives in relation to the r
coordinate are considered to be zero, as well as the radial
velocity. On the outlet boundary (I'oy), depending on the
numerical example, a different boundary condition is used
and explicitly indicated. The first outlet boundary condition
is stress free, which would mean that the flow is open to
the atmosphere: Ten = 0 (Neumann boundary condition).
The second boundary condition consists of an internal flow,
by imposing a velocity in which its radial (v,) and axial
(v;) components are perpendicular to the outlet (Dirichlet
boundary condition) (i.e., the tangential components of the
velocity in the “2D plane” (v,; ) are equal to zero), and
imposing zero normal stress on the interface (neTn = 0)
(Neumann boundary condition). This last imposition means
that the pressure is weakly imposed with a zero value on the
boundary (see Appendix B for the derivation considering
2D swirl flow, which is quite similar to the one shown

@ Springer
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Fig.2 Boundaries for 2D swirl

z Z
flow devices * rin Fwall * r'm Fwall
i i
. O Isym- @)
| l—'out | Iﬂout
| > | -

Domain that does not
include the symmetry axis

in Barth and Carey (2007) for 2D flow). If, instead, the
outlet pressure was strongly imposed (Dirichlet boundary
condition) for the analyzed numerical examples, it could, as
opposed to the weak imposition of the pressure value, lead
to sharp spikes of negative pressure right before the outlet,
which characterizes an ill-posed boundary condition.

3 Finite element method
3.1 Weak formulation

In order to derive the weak form of equations (7) and (8)
by the weighted-residual and Galerkin methods as a mixed
(velocity-pressure) formulation, they should be multiplied
by test functions for pressure (w,) and velocity (w, =
Wy,r
Wy,
Wy, z
Therefore, by considering a 2D swirl flow,

) and integrated in the whole 2D swirl domain.

RC:/[Vov]wprdQ (14)
Q

R, :/ [oVvev — p f +2p(wAV)
Q
+ ,ow/\(w/\s)]owvrd52+/ pTe(Vwy)rd2  (15)
Q

—%(Towv)onrdr—i—/ K (o) Vpatow,rd 2
r Q

where ¢ stands for “continuity equation” and m stands
for “linear momentum equation” (i.e., Navier-Stokes
equations).

Note that, in the above equations, the multiplicative
constant 27 related to the conversion from the 3D domain to
the 2D domain is omitted, since it does not influence when
solving the weak problem.

Since the two test functions are independent from each
other, the two equations can be summed in order to form a

single equation for the weak form, as
F=R.+R,=0 (16)

The derivation is further detailed in Appendix A.

@ Springer

Domain that includes
the symmetry axis

3.2 Finite element modelling

For the velocity-pressure formulation to be stable, Taylor-
Hood elements are chosen (see Fig. 3): 1% degree
interpolation for pressure (P; element) and 2™ degree
interpolation for velocity (P, element). For the design
variable, 1% degree interpolation (P element) is chosen.

4 Formulation of the topology optimization
problem

4.1 Material model

According to Borrvall and Petersson (2003), as the aim of
the material model is to relax the design variable « to attain
values between O (solid) and 1 (fluid), the idea is to choose
a function « in order to provide intermediate values for the
absorption coefficient « (o) (Borrvall and Petersson 2003).
Therefore, a convex interpolation function is used:

14+g¢
o +q

A7)

k() = Kmax + (Kmin — Kmax)o

where kpin and kmax are, respectively, the minimum and
the maximum values of k(c«). The parameter g is the
penalization parameter, which controls the convexity of
k(o) (@ > 0). It determines the intermediary (“gray”) part
of the optimized structure, which represents an intermediary
behavior between the full flow and the porous flow given
by the material model resistance force. The choice of kmax
is important, given that a low value can cause the fluid to

Pressure p  Velocity v Design variable a

Fig. 3 Finite elements choice for pressure, velocity, and design
variable
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1
Fluid

Fig.4 Illustration of Borrvall and Petersson (2003)’s material model

penetrate in solid regions and a too high value can cause
a stagnation in the topology evolution. A high value of ¢
(penalization parameter) means that the transition between
solid and fluid is less “relaxed,” closer to a straight line, as
shown in Borrvall and Petersson (2003)’s material model
(see Fig. 4). The choice of g depends on the fluid flow
problem, where a higher value of ¢ tends to create a more
discrete solution. A low value of ¢ means that intermediary
values of « present a low resistance to the flow, for example,
with ¢ = 0.01, regions with « = 0.6 (“gray”) would
act as regions of « = 1.0 (solid) and the final solution
could present “gray” regions, given that they have the same
behavior. Thus, to obtain a discrete solution, in most cases,
it is necessary to use high values of q.

4.2 Topology optimization problem

Thus, the topology optimization problem is formulated as
shown below.

min G (p(@), v(@), @)
such that
Equilibrium equations + Boundary conditions

Fluid volume constraint: / aQrrdQy) < fV
Qo

Box constraintof a: 0 < o < 1

(18)

where 2 is the area of the design domain, f is the specified

volume fraction, Vo = 2nrdS2, is the volume of

the design domain, and @ ( ;;(oz), v(), @) is the objective
function.

4.3 Objective function

The objective function is chosen as the energy dissipation
defined in Borrvall and Petersson (2003), which is
composed of a viscosity effect (related to viscous heating),
an external body force effect, and a porosity effect. In a
rotating reference frame, for the case, there are no external
body forces (o f = (0, 0, 0)) and not considering inertial

body forces, relative energy dissipation can be given as the
viscosity and porosity effects,

1
Opep = / [—M(Vv + vl )e(Vv + VvT)i| 27rd Q2
ol2 (19)

+ / K () Vmar@02wrd 2
Q

For reference, the discrete form of the objective function
is presented in Appendix C.2.

4.4 Sensitivity analysis

The sensitivity of a functional @] = D1 ((v, p), @) given
the weak form F((v, p), «) = 0 (16) can be obtained by the
adjoint method as the following equations

Ao\ [0®w\  [(OF\
rel _ rel _ (o )WD (20)
da Ja Jda

*

( oF )k —<&>*(ad'ointe uation) 21
0. p) " o p) I

where * represents conjugate transpose, and A¢ is the
adjoint variable, corresponding to the Lagrange multiplier
of the weak form.

For reference, the discrete form of the sensitivity is
presented in Appendix C.3.

5 Numerical implementation
of the optimization problem

For the implementation of the optimization method, the
FEniCS platform (Logg et al. 2012) is used, in which it
is possible to define high-level expressions, coupled with
the dolfin-adjoint library (Farrell et al. 2013), which allows
derivation of adjoint models, and interior-point optimization
algorithm (IPOPT Wichter and Biegler 2006, through the
Python library PyIPOPT). The solution to the finite element
method is performed by using the Newton-Raphson method
and the solver is MUMPS (multifrontal massively parallel
sparse direct solver) (Amestoy et al. 2001).

The flowchart in Fig. 5 shows the interconnection
between the software packages.

For reference, the discrete forms of the equations are
presented in Appendices C, D and E.

6 Numerical examples

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

Structured meshes are chosen with rectangular partitions
composed of four triangles each (Fig. 6).
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Initial guess
of the topology

L 2
FENniCS /=== }l Finite Element Method |

. ¥
v > Interior-point IPOPT
e H=A o= optimization
dolfin-adjoint S lgorithm
Calculation of objective v

function and constraints

Update of the
topology

Calculation of sensitivities

No
Converged?
7 Specified
Yes tolerance |
\ 4
Optimized
topology

Fig.5 Flowchart of the topology optimization problem

In order to scale the equations to increase the conver-
gence rate of the calculation of the weak form, functionals,
and sensibilities, the MMGS (millimeters-grams-seconds)
unit system is used (i.e., the length and mass units are
multiplied by a 103 factor).

The convergence criterion for simulation with MUMPS
is based on residuals: absolute tolerance of 107 and relative
tolerance of 10~7. For the optimization, the convergence
criterion is based on a desired relative tolerance of 1070
for the optimality error of the IPOPT barrier problem that
essentially corresponds to the maximum norm of each KKT
condition (Wichter and Biegler 2006).

External body forces are not considered for the numerical
examples (o f = (0, 0, 0)).

For the nozzle and hydrocyclone-type device examples,
the outlet boundary condition is chosen as p =0 Pa. For the
two-outlet and two-way channel examples, the outlet boundary
is considered as open to the atmosphere (T en = 0).

In the following examples, the letter n is used to denote
rotation in revolutions per minute, and the greek letter  is
used to denote rotation in radian per second.

Rectangular partition

4 triangular elements

Fig.6 “Crossed triangular elements” - Triangular elements distributed
in a rectangular partition

@ Springer

Also, the porous medium is assumed with the same
rotation as the reference frame; therefore, in these cases,
Vmat = V. AlSo, kmin = 0 kg/(rn3 S).

The post-processing of the optimized topology is done by
thresholding the nodal values of the design variable with a
simple step function:

| 1 (fluid), if & > 0.5
am_{O@dMLﬁa<05 22)
Then, the solid material (¢« = 0) is cut off from the

original mesh (see Fig. 7), enabling the final simulation
to be performed with the original Navier-Stokes equations
(i.e., not including the Brinkman model).

This is done in order to analyze without the effect of the
material model, which influences a zone around the porous
media. In all optimized topologies, the final values of « are
close to the bounds (i.e., to « = 0 and o = 1). The Measure
of non-discreteness (Sigmund 2007) can be used to evaluate
how close the values of « are close to the bounds. It can be
given by

/ da(l — a)2mrdQ2
Q

/ 2nrdQ2
Q

where Myp = 0% for a fully discrete topology (¢ = 0
or @ = 1), and Myp = 100% for a fully gray topology
(¢ =0.5).

The Reynolds number for the numerical examples is
given by Re = ”“‘)L , Where v, is a characteristic velocity
of the fluid flow, L is a characteristic dimension, and v is
the kinematic viscosity. In this work, L is considered as the
diameter of the design domain, for the nozzle in Section 6.1;
the height of the design domain, for the hydrocyclone-type
device and the two-oulet channel in Sections 6.2 and 6.3;
and the width of the design domain, for the two-way channel
example in Section 6.4. The characteristic velocity (v.) is
given by max(|vgps|) in the domain.

Myp = (23)

Optimized Post-processed
topology mesh
! !
i Post-processing :
2 ) -
i !
I |
i !
B T

Fig.7 Post-processing of an optimized topology
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The pressure head is calculated from the following
equation:

G
OLl/r\pg 2

where Q is the flow rate and %, is the height. Since the
gravitational force is not considered in the design, 4, = 0.

In this work, the boundary (I") can be divided into four
parts: I'wair, Tin, Dout, and Tsyp. On the wall (I'ywap), the
velocity can only be in the tangential direction (6) due to
the no-slip condition (vaps = Uvabsges); therefore, since
n = n,e; + n e, it can be said that vy,;en = 0 on the
walls. Also, since the rotation is given in the z direction
(w = wpeyz) and vps = v+ wAS, the inner product (wAs) en
is zero; therefore, v,psen = ven. On the symmetry axis
(I'sym), ven = 0. Then, equation (24) becomes

p v
Hzé / = 4 s g ) ven2wrdl
rm \P8 28

25
p vas ( )
+ — 4+ 2— + h, | ven2nrdl’
Cout \ P8 8

The plots of the optimized topologies consider the values
of the design variable « in the center of each finite element.

In the numerical examples, the specified fluid volume
fraction (f) is chosen as 30%.

The initial guess for the design variable is mainly chosen
as a uniform distribution of « = f — 1, where f is
the specified volume fraction and 1% is a margin set in
order to guarantee that the initial guess does not violate the
volume constraint (because of the numerical accuracy of
the calculations). Some numerical examples use a previous
converged topology as the initial guess to better condition
the topology. The initial guess is explicitly indicated for all
numerical examples, and it has been assessed that it does
not significantly influence the optimized topologies (such as
for “all fluid,” ““all solid,” ““all gray” (volume fraction), and
“random” initial guesses).

In the material model, «,,;, is chosen as 0 kg/(m3/s) for
all examples.

A continuation scheme in the optimization parameters
is performed in order to better condition the solution to
the fluid problem, with a maximum number of allowed
optimization iterations defined for each continuation step
(in the range of 10 to 800). In the beginning of each
continuation step, the IPOPT algorithm is restarted.

+ hz> vabson2nrdr] 24)

6.1 Nozzle

The first example is the design of a nozzle. A nozzle is
a device used to control the characteristics of a fluid flow
entering or leaving another fluid device. In this case, the
flow is considered as entering without rotation in a nozzle

ZA

R

wok N

Z Bv=(V,in, -wyr, 0)

ay
|

> .
(3]

|
= (rotating)
(V)]

neTn=0 | r
Vrz,t=0 R

Fig.8 Design domain for a nozzle

rotating around its own axis with the same rotation as the
reference frame (wp). By using the 2D swirl flow model, the
design domain may be selected as in Fig. 8. The material
distribution is being optimized on the rotating walls of the
nozzle.

The mesh is chosen with 40 radial and 80 axial
rectangular partitions of crossed triangular elements,
totaling 6521 nodes and 12,800 elements (see Fig. 9). The

2

4 6 8 10
r(mm)

Fig.9 Mesh used in the design of a nozzle
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Table 1 Parameters used for the topology optimization of a nozzle

Input parameters

Inlet flow rate (Q) 0.05 L/min
Wall rotation wq # 0 rad/s (rotating)
Inlet velocity profile Parabolic
Dimensions
H 15 mm
R 10 mm

input parameters and dimensions of the design domain that
are used are shown in Table 1.

In order to analyze the influence of the wall rotation
in the optimized topology, a series of optimizations is
performed for a sequence of wall rotations. Figure 10
shows the objective function (relative energy dissipation)
value in relation to the wall rotation and corresponding
optimized topologies. The objective function value shown
corresponds to the post-processed topology (22). The
maximum Reynolds number is evaluated as 1040 (for
50 rpm, the values used for the Reynolds number are
max(|vaps]) = 0.052m/s, L = 20mm, v = 107° m?%/s ).
In the case of a rotating pipe with constant diameter, the
Reynolds number is defined in Nagib et al. (1969) with an
average axial velocity. According to Nagib et al. (1969), the
Reynolds number should be below about 1000 for laminar
flow. In the case of the optimizations of a nozzle, since the
diameter is not constant and the maximum velocity value is
used in the Reynolds number definition, the flow should be
laminar for all of optimized nozzles.

As can be seen in Fig. 10, for O rpm, there is a solid region
around the inlet, which is similar to Borrvall and Petersson
(2003)’s diffuser. The optimization schemes are shown in
Table 2. Table 3 shows the values of the objective function
and pressure head for the optimized topologies of Fig. 10.

Fig. 10 Effect of the wall
rotation in the design of a nozzle

8x1077

CI')rel (W)

@ Springer

7x1077 |
6x1077 |
5x1077 |
4x1077
3x1077 |
2x1077 |
1x10-7§
0]

Table2 Reference parameters for the optimization schemes (steps) for
the nozzle

Rotation (n9) (rpm) Kmax (X103 kg/(m3s)) q

0 20.0 ~ 50.0 1.0 ~ 10.0
10 25.0 1000.0

20 30.0 1000.0
30 80.0 1000.0
40 100.0 1000.0
50 50.0 ~ 150.0 1000.0

As can be noticed in Table 3, the negative pressure head
shows that the device is passive. It can also be noticed that
the pressure head slightly increased from 10 to 20 rpm, due
to the larger inlet zone, and from 30 to 40 rpm, since the
change in diameter became slightly smoother for 40 rpm
(see Fig. 10).

As can be seen in Fig. 10, the rotation has the effect of
enforcing a less smooth change in diameter, and the increase
of rotation seems to prioritize an initial area with larger
diameter.

Figure 11 shows the convergence curve for a Reynolds
number of 420 (20 rpm wall rotation) (i.e., for the 3" point
of Fig. 10). The convergence values of the relative energy
dissipation (objective function) are shown.

In order to assert the effectiveness of the material model
to block the fluid flow, the relative velocity field is plotted in
Fig. 12 for a Reynolds number of 420 (20 rpm wall rotation).
As expected, the velocity is extremely small in the solid
region of the optimized topology, showing that the material
model is effective to block the fluid flow.

Figure 13 shows the topology optimization result for
a Reynolds number of 420 (20 rpm wall rotation), the
pressure/velocity distributions for the post-processed result,
and the 3D representation of the optimized topology. The
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Table 3 Values of the objective ]

function and pressure head for Rotation (n9) (rpm) 0 10 20 30 40 50

the optimized topologies of the

nozzle after post-processing Relative energy dissipation (Ppre)) (X 1077W) 0.64 1.29 1.99 3.17 4.89 7.31
Pressure head (H) (x10~7m) -079 -119 -114 -119 -—-118 —1.29

topology optimization result is highly discrete, with a
measure of non-discreteness (Myp) of 1.98%.

Figure 13d shows the effect of the acceleration of the inlet
fluid due to the rotating walls: first, the fluid enters without
rotation (vg < 0), then the tangential velocity is increased,
getting closer to the velocity on the walls (vg = 0).

Figure 13b shows that the pressure is reduced after the
reduction in the nozzle cross-sectional area, but slightly
increases to 0 Pa near the outlet.

6.2 Hydrocyclone-type device

The second example is the design of a hydrocyclone-type
device. It differs from a real hydrocyclone device from the
sense that it considers a single-phase flow (instead of a two-
phase flow) entering under rotation (wj,) with a single inlet
and a single outlet. By using the 2D swirl flow model, the
design domain may be selected as in Fig. 14. The material
distribution is being optimized on the static walls of the
hydrocyclone-type device (wg = 0 rad/s).

The mesh is chosen with 40 radial and 80 axial
rectangular partitions of crossed triangular elements,
totaling 6521 nodes and 12,800 elements. The input
parameters and dimensions of the design domain that are
used are shown in Table 4.

In order to analyze the influence of the rotation of the
inlet in the optimized topology, a series of optimizations is
performed for a sequence of inlet rotations. In this case, the
first topology (0 rpm) considers the 30% volume fraction
initial guess and the subsequent rotations consider the
optimized topology of the immediately previous rotation.

Fig. 11 Convergence curve for 1.2x10-6

Figure 15 shows the objective function (relative energy
dissipation) value in relation to the inlet rotation and
corresponding optimized topologies. The objective function
value shown corresponds to the post-processed topology
(22). The maximum Reynolds number is evaluated as 795,
which shows that the flow must still be laminar in all results
(for 50 rpm, the values used for the Reynolds number are
max(|vaps)) = 0.053m/s, L = 15mm, v = 107° m%/s).
The initial guesses for the optimizations under rotation
are the optimized topologies for each immediately lower
rotation shown in Fig. 15. The optimization schemes are
shown in Table 5.

As can be seen in Fig. 15, the rotation has the effect
of pulling up the channel to about 45° in relation to the
inlet. Also, near the inlet, a ring shape (considering that it is
an axisymmetric domain) starts to form when there is inlet
rotation.

Table 6 shows the values of the objective function and
pressure head for the optimized topologies of Fig. 15. As
can be noticed in Table 6, the negative pressure head shows
that the device is passive.

Figure 16 shows the convergence curve for a Reynolds
number of 285 (inlet rotation of 10 rpm) (i.e., for the ond
point of Fig. 15). The convergence values of the relative
energy dissipation (objective function) are shown.

Figure 17 shows the topology optimization result for
a Reynolds number of 285 (10 rpm inlet rotation), the
pressure/velocity distributions for the post-processed result,
and the 3D representation of the optimized topology. The
topology optimization result is highly discrete, with a
measure of non-discreteness (My p) of 2.56%.

the nozzle optimized for a
Reynolds number of 420
(20 rpm wall rotation)

1.0x10]
8.0x10-7
6.0x10-7
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@ rel W)
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100 150 200 250
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[ 2.0e-02

—0.01

[ 2.0e-03

Fig. 12 Plot of the relative velocity field (|v| = /v + vZ + v2 (m/s))

in logarithmic scale for a Reynolds number of 420 (20 rpm wall
rotation). The boundary line of the optimized topology is indicated in
bold

Figure 17c and d shows that, due to the inlet rotation, the
outlet flow velocity is concentrated near the wall.

6.3 Two-outlet channel

The two-outlet channel problem consists of a single
entrance of rotating fluid flow with two possible outlets,
aiming to verify which of the two outlets the fluid should
exit for lower relative energy dissipation. By using the 2D
swirl flow model, the design domain may be selected as in

Fig. 13 Topology optimization
result of a nozzle for a Reynolds
number of 420 (20 rpm wall
rotation). The pressure and
velocities are computed in the
post-processed result

15

i 6 10
r(mm)

(a) Topology optimiza-
tion result

(d) Relative tangential velocity dis-
tribution vy (m/s)
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Fig. 14 Design domain for a hydrocyclone-type device
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Table 4 Parameters used for the topology optimization of a
hydrocyclone-type device

Table5 Reference parameters for the optimization schemes (steps) for
the hydrocyclone-type device

Input parameters
Inlet flow rate (Q)

Wall rotation

0.03 L/min
wo = 0 rad/s (static)

Inlet velocity profile Parabolic
Dimensions

H 15 mm

R 10 mm

hy 11 mm

hy 3 mm

Fig. 18. The material distribution is being optimized on the
static walls of the two-outlet channel (wg = 0 rad/s).

The mesh is chosen with 40 radial and 80 axial
rectangular partitions of crossed triangular elements,
totaling 6521 nodes and 12,800 elements. The input
parameters and dimensions of the design domain that are
used are shown in Table 7.

In order to analyze the influence of the flow rate and inlet
rotation in the optimized topology, a series of optimizations
is performed for a sequence of flow rates and inlet rotations.
Figure 19 shows the objective function (relative energy
dissipation) value in relation to flow rate and inlet rotation
and corresponding optimized topologies. The objective
function value shown corresponds to the post-processed
topology (22). The maximum Reynolds number is evaluated
as 148.5, which shows that the flow must still be laminar
in all results (for 20 rpm and flow rate of 0.015 L/min, the
values used for the Reynolds number are max(|vaps|) =
99 x 103m/s , L = 15mm, v = 107°m?/s ). The
optimization schemes are shown in Table 8.

Fig. 15 Effect of the inlet
rotation in the design of a
hydrocyclone-type device

2x10-%

1x10-6 ¢}

cI)rel (W)

5x107 |

Rotation (n9) (rpm) Kmax (x 103kg/(m3s)) q
8.0 ~25.0 0.1~1.0
10 250.0 10.0
20 ~ 40 200.0 10.0
50 300.0 10.0

As can be seen in Fig. 19, the flow is always choosing the
upper outlet for smaller relative energy dissipation. Also, it
can be noticed that the optimized topology is not a straight
line connecting inlet and outlet, showing that the optimized
channel bends at low rotations and higher inlet velocities.
This bend becomes less pronounced at higher rotations and
lower flow rates. The behavior of this bending effect is
most probably due to the nature of the fluid used in the
optimization (water), since it has a high inertial effect due to
its high density (1000.0 kg/m?), and a low viscous friction
effect due to its low viscosity (0.001 Pa s).

Table 9 shows the values of the objective function and
pressure head for the optimized topologies of Fig. 19.

Figure 20 shows the convergence curve for a Reynolds
number of 99 (0.01 L/min and 10 rpm inlet rotation)
(i.e., for the 2" point of the 10 rpm curve of Fig. 14).
The convergence values of the relative energy dissipation
(objective function) are shown.

Figure 21 shows the topology optimization result for
a Reynolds number of 99 (0.01 L/min and 10 rpm
inlet rotation), the pressure/velocity distributions for the
post-processed result, and the 3D representation of the
optimized topology. The topology optimization result is
highly discrete, with a measure of non-discreteness (Myp)
of 3.19%.

1x1076 ¢

30 40 50
Ny, (rppm)

10 20
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Table 6 Values of the objective
function and pressure head for

the optimized topologies of the
hydrocyclone-type device after
post-processing

Fig. 16 Convergence curve for
the hydrocyclone-type device
optimized for a Reynolds
number of 285 (10 rpm inlet
rotation)

Fig. 17 Topology optimization
result of a hydrocyclone-type
device for a Reynolds number of
285 (10 rpm inlet rotation). The
pressure and velocities are
computed in the post-processed
result

@ Springer

Rotation (ng) (rpm) 0 10 20 30 40 50
Relative energy dissipation (Ppre)) (X 107°W) 0.13 0.21 0.47 0.84 1.30 1.80
Pressure head (H) (x10~*m) -026 -040 -085 -152 -236 -3.24
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Fig. 18 Design domain for a two-outlet channel

6.4 Two-way channel

The two-way channel problem consists of two non-rotating
fluid inlets passing through rotating channels: one coming
from an inner radius and the other coming from an outer
radius, with opposing outlets. The flow rates of the two
inlets are chosen as the same; therefore, since each inlet area
is different (due to being located at different radii), the inlet
velocity at the smaller radius is higher than the one located

Table 7 Parameters used for the topology optimization of a two-outlet
channel

Input parameters

Wall rotation wo = 0 rad/s (static)

Inlet velocity profile Parabolic
Dimensions

H 15 mm

R 10 mm

" 4 mm

hy =hy =h3y =hy 3 mm

at the larger radius. This is significantly different from a
normal 2D two-way channel problem, in which both inlet
velocities would be the same for equal flow rates. By using
the 2D swirl flow model, the design domain may be selected
as in Fig. 22. The material distribution is being optimized
on the rotating walls of the two-way channel.

Since the flow rate is equally divided for each inlet,
O1=02= %-

The aspect ratio’s effect is considered as (Rext — Rint) :
H, for different external radii (Rext).

The mesh is chosen with 50 ~ 100 radial and 80
axial rectangular partitions of crossed triangular elements,
totaling 8131 ~ 16,181 nodes and 16,000 ~ 32,000
elements. The input parameters and dimensions of the
design domain that are used are shown in Table 10.

In order to analyze the influence of the aspect ratio
in the optimized topology, a series of optimizations is
performed for three different aspect ratios. Figure 23 shows
the objective function (relative energy dissipation) value
in relation to the wall rotation for each aspect ratio. The
objective function value shown corresponds to the post-
processed topology (22). The maximum Reynolds number
is evaluated as 1500, which shows that the flow must still be
laminar in all results (for 50 rpm and 0.5 L/min, the values
used for the Reynolds number are max(|vgps|) = 0.1 m/s ,
L = 15mm, v = 1079 m?/s). The optimization schemes
are shown in Table 11.

As can be seen in Fig. 23, for a 30% volume fraction,
the inlets and their neighbor outlets form different channels
based on the imposed rotation. It shows that the inner
inlet velocity (higher) dominates the channel formation for
higher aspect ratios (1.5:1 and 1:1) and low rotations (0
rpm). However, increasing the flow rate makes it more
difficult for the flow to cross to higher/lower radii, forcing
it to bend to the closest outlets, forming circular ring shapes
(since the domain is axisymmetric). Lower aspect ratios
(1:2) show the formation of two channels due to proximity.
Nonetheless, increasing the flow rate shows the same effect
observed for higher aspect ratios (1.5:1 and 1:1). As can
be observed for 1.5:1 and 1:1 at O rpm, there are small
fluid zones near the inner radius outlets. These zones do
not have any flow rate and represent only an attempt of the
optimization algorithm to create channels that linked them
to an inlet.

Table 12 shows the values of the objective function and
pressure head for the optimized topologies of Fig. 23. As
can be noticed, some values of pressure head are positive,
which means that the liquid is being pumped in these cases.

Figure 24 shows the convergence curve for an aspect
ratio of 1:1 and a Reynolds number of 707 (30 rpm wall
rotation) (i.e., for the 4" point of the 1:1 curve of Fig. 23).
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Fig. 19 Effect of the inlet 9%x10-9
rotgtlon and flow rate in the 8x10-9 |
design of a two-outlet channel
— Ix107° ¢
3 6)(10—9 L
~ 5x107° |
o) _
s gzig_z @0 rpm
<+ 10 rpm
2x107% | 20 rpm
1x10-9 | P
0 , . . . .
0.0025 0.005 0.0075 0.01 0.0125 0.015 0.0175
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- - |
Orpm - | |
| | |
- - 1 ]
| \
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10 rpm 7 2 4
‘ l |
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2 2 z.
| | |
‘ — 1 r
Table 8 Reference parameters for the optimization schemes (steps) for Table 9 Values of the objective function and pressure head for the
the two-outlet channel optimized topologies of the two-outlet channel after post-processing
Flow rate (Q) (L/min) Kmax (X 1031(g/(m3 s)) q Flow rate (Q) (L/min) 0.005 0.01 0.015
0 rpm 0 rpm
0.005 1.0 10.0 Relative energy dissipation (Pye|) 0.53 2.44 6.46
0.010 2.5 1.0 (x107°W)
0.015 5.0 1.0 Pressure head (H) (x10~%m) -0.69 -1.53 -2.70
10 rpm 10 rpm
0.005 2.5 1.0 Relative energy dissipation (Pye|) 1.08 2.88 6.81
0.010 2.5 1.0 (x107°W)
0.015 5.0 1.0 Pressure head (H) (x10~%m) -0.79 -1.57 -2.69
20 rpm 20 rpm
0.005 2.5 1.0 Relative energy dissipation (®pe) 2.95 4.61 8.13
0.010 2.5 1.0 (x107°W)
0.015 5.0 1.0 Pressure head (H) (x10~%m) -1.36 -1.91 -2.79
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Fig.20 Convergence curve for
the two-outlet channel
optimized for a Reynolds
number of 99 (0.01 L/min and
10 rpm inlet rotation)

6x10-°

5x10-°

g 4x107°
E

S 3x10-9

2x10—°
0

The convergence values of the relative energy dissipation
(objective function) are shown.

Figure 25 shows the topology optimization result for
an aspect ratio of 1:1 and a Reynolds number of 707
(30 rpm wall rotation), the pressure/velocity distributions
for the post-processed result, and the 3D representation of
the optimized topology. The topology optimization result is

Fig.21 Topology optimization
result of two-outlet channel for a
Reynolds number of 99 (0.01
L/min and 10 rpm inlet
rotation). The pressure and €
velocities are computed in the £
post-processed result N

8 10

6
r(mm)
(a) Topology optimiza-
tion result

(d) Tangential velocity distribu-

tion vy (m/s)

1 1 1 1 1 1 1 1

‘ :
! 0.01 _
0.005
| 0.002
0
0.001
-0.005

(b) Pressure distribution p (Pa)

10 20 30 40 50 60 70 80
Number of the iteration

highly discrete, with a measure of non-discreteness (Myp)
of 5.88%.

Figure 25c shows that there is a clear difference in
velocity magnitude for the inner (higher velocity) and outer
(lower velocity) radii inlets. The effect of the rotating
channels can be observed in Fig. 25d, where the tangential
velocity is equal to the channel rotation near the walls.
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(c) Radial-axial velocity distribu-
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(e) 3D representation of the 2D
swirl optimized topology
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V=(v7:inl' -wOr, O)
Z? \ v=0(rotating)
2= P
I hy h?
n h T'n=0 h,
L 3 / 4 >
l h4*| / |*hé r'

Rint Vz(vr,inZ' W', 0) Rext

Fig.22 Design domain for a two-way channel

Table 10 Parameters used for the topology optimization of a two-way

channel

Input parameters
Inlet flow rate (Q)
Wall rotation
Inlet velocity profile

Dimensions
H
Rint
REX[

0.125 L/min
wo # 0 rad/s (rotating)
Parabolic

10 mm

5 mm

20 mm (1.5:1 (15:10))
15 mm (1:1 (10:10))
10 mm (1:2 (5:10))

hy=hy =h3=h} 2.5 mm
hy = R}, 2.5 mm
hy = h)y 1.25 mm
Fig. 23 Effect of the aspect ratio 1.2x10-5
iI;lthe dlesign of a two-way 1.0x10-5 1.5:1 (15:10)
channe ~ 8.0x10-5 4 1:1 (10:10)
% : @ 1:2 (5:10)
®
=1
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Table 11 Reference parameters for the optimization schemes (steps)
for the two-way channel

Rotation (n9) (rpm) Kmax (x103kg/(m3s)) q
Ratio 1.5:1 (15:10)
0 25 0.1 ~10.0
10 25.0 0.1 ~10.0
20 250.0 ~ 500.0 1.0~0.1
30 250.0 ~ 800.0 1.0
40 ~ 50 250.0 ~ 500.0 1.0~0.1
Ratio 1:1 (10:10)
0 5.0 10.0
10 5.0 1.0 ~ 10.0
20 50.0 1.0 ~ 10.0
30 50.0 1.0
40 80.0 1.0
50 250.0 1.0
Ratio 1:2 (5:10)
0~ 50 0.25 ~25.0 0.1 ~10.0

6.0x10-¢
S 4.0x10-°

@

2.0><10‘GT —_—

0

0 10

1:1

i
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Table 12 Values of the ]
objective function and pressure Rotation (ng) (rpm) 0 10 20 30 40 50
head for the optimized
topologies of the two-way Ratio 1.5:1 (15:10)
channel after post-processing Relative energy dissipation (®ref) (x 1076W) 2.04 0.86 1.97 4.21 7.19  11.36
Pressure head (H) (x 10~ m) -248 -0.28 0.35 0.84 2.49 4.23
Ratio 1:1 (10:10)
Relative energy dissipation (Pye) (X 10~°W) 1.99 2.02 1.66 2.62 3.95 5.98
Pressure head (H) (x10™°m) -246 -208 -0.52 -0.03 0.43 1.47
Ratio 1:2 (5:10)
Relative energy dissipation (Pye) (X 107°W) 3.59 2.49 3.53 5.04 2.40 3.40
Pressure head (H) (x10™°m) -463 -412 -371 -496 -155 -1.86

Fig.24 Convergence curve for

the two-way channel optimized
for an aspect ratio of 1:1 and a
Reynolds number of 707

(30 rpm wall rotation)
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Fig. 25 Topology optimization result of a two-way channel for an aspect ratio of 1:1 and a Reynolds number of 707 (30 rpm wall rotation). The

pressure and velocities are computed in the post-processed result
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7 Conclusions

In this work, a topology optimization scheme based on
2D swirl flow model is developed to design flow devices
such as hydrocyclones, some pumps and turbines, and fluid
separators, which present an axisymmetric flow with (or
without) flow rotation around the axisymmetric axis. This
formulation avoids the need of 3D models that have high
computational cost to design these devices.

The numerical examples show some conceptual cases in
order to demonstrate the use of the 2D swirl flow model in
topology optimization. The results illustrate the effect of a
rotating reference frame, the effect of a rotating inlet, the
effect of a flow rate coupled with a rotating inlet, and the
effect of inner and outer radii inlets and outlets. As can be
noticed, a sufficiently high-flow rotation has the effect of
slowing the radial and axial velocity components effect in
the optimized topologies.

In most of the numerical examples, the pressure head is
negative, showing that these devices are passive in relation
to the fluid flow. However, in some of the numerical
examples, the rotation could reach positive pressure heads,
which means that the liquid is being pumped. Therefore, this
formulation allows the development of novel fluidic devices
such as hydrocyclones, separators, and pumps.

As future work, the use of the 2D swirl flow model in
specific applications is suggested such as in pump/turbine
design, the use of non-Newtonian fluid flows, and
turbulence models.
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Appendix A: Weak form of the 2D swirl flow
model
Even though the FEniCS platform needs only the variational

(weak) form of the problem, if a traditional implementation
is considered (as with Matlab®), it is interesting to also

@ Springer

present the discrete forms of the equations rather than just
the variational form. Thus, in this appendix, the equations
of the 2D swirl flow model are detailed. By considering
2D coordinates in the equations (14) and (15), the domain
given in cylindrical coordinates (in which the differential
volume and area are given by, respectively, 2mrd2 and
2rrdl), axisymmetry (% = 0), differential operators
for the cylindrical coordinate system and omission of the
multiplicative constant 27 (since it does not influence the
results), the equations become:

— Continuity equation

v, vy v,
R. = — 4+ — dQ 26
L fg[ar+r+az]wpr (26)

— Navier-Stokes: r term

vy avy v(%
Rm,r = P\ Vr T, — — — | Wy,
Q ar 9z r

Jvy 8wv,r
+(—p+2ul) M
v dv, v, ad v,r
(- ants) e () T
—pfrwy, — provewv,r] rdQ
%(Ton)rwwrdl"
r

—/ pw%rzwv,rdQ—
‘i‘/zK(Ol)vmat,rwv,r”dQ
Q
(27)

— Navier-Stokes: 6 term

ov, av V.V
Rm,9 :/ |:IO (Ur_0+vz_9+ o r)Wv,(?
Q or 0z r
(- ) (S - 22)

P dw,
+ BT — pfyw, g + 2pwov,wy g | rdQ

—%(Ton)ng,grdr-i-/ K (0) Umnat, o Wy, g7 d 2
JT Q
(28)

— Navier-Stokes: z term

v, v,
Ry, = pl\vr—+v; Wy, 7
Q or 0z

) N\ ow, .
+M(%+3' L

6117, ar

+ (-p + 2#%) alg; - pfzwv,z:l rd<

- %(Ton)zwvﬁzrdf' +/ K () Umat, ; Wy, . d 2
' " (29)

From equations (26), (27), (28), and (29), the contribu-
tion of each term in the weak form of the problem can be
assessed, as well as the inertial forces caused by the rotating
reference frame, viscosity, and movement of fluid.



Topology optimization applied to the design of 2D swirl flow devices

2359

The stress tensor 7', that is first shown in equation (5),
becomes

vy 9 vz | dvy
ooy (=t ) w5 )
T = /L(—i—"%—%) —p+2u*r e
dvg vy, v v,
w(Gevhe)  oul ptuE

(30)

Appendix B: Weak imposition of pressure
in a 2D swirl flow

In this Appendix, the weak imposition of pressure that
results from the second outlet boundary condition of
equation (13) is derived for a 2D swirl flow (the derivation
for the case of a 2D (not 2D swirl) flow is shown in Barth
and Carey 2007). The boundary condition being analyzed is
reproduced below

vz =0 on oy
neTn =0 on Iy

€1V

In a 2D swirl flow, the velocity vector is given by
equation (12) and can be written as

V="V, + Vg + Vpy s (32)

Upt
where v,;; = 0 | is the tangential component of the
Uzt

0

velocity in the “2D plane”, vy = | vg

0

velocity, and v, = (ven)n is the normal component of the

ny

velocity in the “2D plane” (n = | 0

ng

is the normal unit vector to the line that defines the outlet
boundary in the “2D plane”).

Since v, ; = 0 (from equation (31)),

is the tangential

with n2 +n? = 1,

v =1, + vy (33)

By substituting equation (33) in the continuity equation
(7), and also considering v, = (venr)n (projection of v
in the normal direction), Vevy = % aa%
axisymmetry), and the product rule for derivatives

= 0 (from

Ve((ven)n) = V(v en)en + (ven)Ven = 0 (34)

The normal stress on the outlet boundary can be written
as

neTn = —p+ pune[(Vv + Vo' )n] (35)

By substituting equation (33) in the second term of
equation (35) without p,

ne[(Vv + Vo )n] = ne[(Vv, + Vv,{)n]

+ne[(Vvg + va)n] (36)

For a 2D swirl flow, from axisymmetry and cylindrical
coordinates, it can be shown that

ne[(Vvg + Vol )n] =0

ne[Vv,n] = ne[Vv!ln] (37

By substituting equations (37) in equation (36) and
considering v, = (vemr)n and the product rule for
derivatives,

ne[(Vv + VoD )n] = 2ne[V(ven)nT + (ven)Vnln
(38)
By reorganizing the above equation,

ne[(Vv + Vvl)n] = 2ne[V(ven)nTn

+2(ven)ne[Vnln (39)

For a 2D swirl flow, from axisymmetry and cylindrical
coordinates, it can also be shown that

ne[V(ven)nTn = V(ven)en

ne[Vnln =0 (40)
By substituting equations (40) in equation (39),
ne[ (Vv + VvT)n] =2V (ven)en 41)
By substituting equation (34) in equation (41),
ne[(Vv+ Vo' )n] = —2(ven)Ven 42)

By substituting the mean curvature of a boundary given
its normal vector n (k,, = —Ven Weatherburn 1955)
equation (42) becomes

ne[(Vv + Vol )n] = 2(ven)k,, (43)

Therefore, by substituting equation (43) in the equation
for the normal stress (35),

neTn = —p+2u(ven)k, (44)

which has the same format of the expression for 2D flow
shown in Barth and Carey (2007).

Since neTn = 0 (from equation (31)) and by considering
the outlet as a straight line (k,, = 0), the pressure (p) attains
the zero value implicitly. Therefore, setting the boundary
condition neTn = 0 on a straight outlet when v,;; = 0, is
equivalent to weakly enforcing a zero pressure value in the
boundary term of the Navier-Stokes equations.
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Appendix C: Discrete forms
C.1 Discrete form of the equations

According to the Galerkin method, the test functions are
equal to the shape functions for pressure (x) and velocity

(@),

w, = x (45)

Wy, = Wypg = Wy = @ (46)

The dependent variables (velocity and pressure) may be
approximated by a combination of the shape functions in
relation to each node inside a finite element (see Fig. 3).
Therefore,

> b =¢"v,

vr(s) ~ 2 (47a)
vy (s) ~ gqb,-(s)ve,i =¢ vy (47b)
v:(s) ~ édn(s)vz,i =¢"v; (47¢)
pls) ~ iXi(S)Pi =x"p (47d)

i=1

where v,, vg, v,, p are the vectors of nodal values, and ¢,
x are the shape functions (“basis functions”).

Since there are three velocity components (n = 6) and
one pressure component (m = 3), the element matrices will
be 21x21 (3x6 + 1x3).

Equation (16) can also be represented in a matrix form for
all nodes, by separating each term due to the Navier-Stokes
equations in the directions r, 6, and z and the continuity
equation,

F =Ks()z + KG,KZmat —F.=0 (48)

where (see Appendix D for the definitions of the matrix

terms of the discrete form)
R r
Rm,9
F = '
R,

residual components;
Kg(z) = Kg.s + K. A(z) + Kg,r is the global matrix
relative to the state variables, in which K¢ s, K. 4(z), and

is the weak formulation separated into 4

@ Springer

K, are, respectively, the symmetric part, the asymmetric
part, and the part due to rotation of the reference frame:

Ksi 0 Kg -0,
0 Kgz O 0

Ke.s= K 0 Kgs —0,
-0f 0 -0] 0
Csi(z) Co2(z) 0 0
_ | C63(2) Coe(z) 0 0
Koal) = Cos(z) 0 Cge(z) 0
0 0 0 0
0 K. 00
K, 0 00
Ker=1"9 0 00
0 0 00
K., 0 00
0 K. 0 0. . .
K, = 0 0 K, 0 is the material model matrix.
0O 0 00
Fc
Fc = ?g is the force matrix, composed of body
0

forces, Coriolis forces, inertial centrifugal forces, and the
boundary term.

Uy
v
z = ve are the nodal values of the state
Zz
p (Bn+m) x 1
variables;
Umat,r vy
v Vg — Wmat?
Zmat = matd | — 0~ @mat” | are the nodal
Umat, z v,
0 0

velocities relative to the material model (from equation (8)).
Equation (48) can be also written as

FZK/GZ—FL:O (49)
0

where K, = KG + C, and F. = F + _KK,((J)Q)matr
0

Note that, if womae =0, F. = F. .
The equations are solved by using the Newton-Raphson
method (see Appendix E for the Jacobian).

C.2 Discrete form of the objective function

Equation (19) can be represented in a matrix form for all
nodes, by using equations (45), (46), and (47),

Preg =2/ Cz+ 2L ,,Crez (50)
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where (see Appendix D for the definition of the matrix terms ~ Appendix D: Matrix terms of the discrete
of the discrete form) forms
2 2
2K+ If)z —3Ks K 0 K K4 _0§K6 g D.1 Matrix terms of the discrete form of the

C= 2 S 5 equations

K4—§K6 0 2K2+K1—§K20

0 0 0 0
d i
K¢ — Kagi,ij = / (2M 8Tk 2M¢ 2

is the viscous dissipation matrix. Q2 (55)

C, = 27K, is the material model matrix (given by
equation (48)) multiplied by 2.
Equation (50) can be also given by

Py =2 C'z+C,z (51)
0

where C’ = C + C, and C, = KK"Q(C;)mmr . Note that,
0

if o =0,C,=0.
C.3 Sensitivity analysis in the discrete domain

The design variable (independent variable) may be approx-
imated as

als) ~ Y G =" (52)

where « is the vector of nodal values of the design variable
and ¢ are the shape functions (“basis functions™).
By using P; elements for the design variable, ny, = 3.
The sensitivity of a functional & = Dre(z, @) given
the weak form F(z, o) = 0 (48) can be obtained by the
adjoint method as the following two linear systems

AP\ (3P [OF\
= —(—] X 53
( da ) ( Juo ) (80{) a.® (53)

aF\" 9P
— ) 0= el (adjomt equation) (54)
0z ’ 0z

where * represents conjugate transpose, and )\Z o 18
the conjugate transpose of the discrete adjoint vector,
corresponding to the Lagrange multipliers of the weak form,
and

0 Do 0C,
8; =z, P z (from (50))
oF  0Kg
— Zmat (from (48))
da
oF .
3 = JF (see Appendix E)
z
P
azrel =2Cz+Cs+ Ce(Z+ Zma)

(from (50))

P
+u 3 2 rag

0¢; 0¢;
Kgy — KGZ,i,j = /Q <Mﬂﬁ) rdQ2 (56)

dz or
d¢i i 09 [
KG3 —> KG.?,', ;= / (M <_d¢' — ﬂ) (_/ _ _J)
L] o ar ar r (57)

+u 32 rag

i 9 0¢; 39;
K Keaij= ) raq
G4 7> RG4L /( o ar M7 )
(58)
00 @
0, — O :/ <—] + —]> XirdS2 (59)
o \ Jr r
_ 99,
0, — 02ij= Xza—ZVdQ (60)
C:i(z) = Cgui,j =/ Jo (Wjd’i%‘l‘
Q (1)
vz, 8z >¢, rdQ2
_ bi9;
C;2(z) = Cao,ij = — Pve,j_r¢j rdS2 (62)
Q
9
Cg3(z) = Cgsi,j = /Q,O (ve,jd)i%-i- 63)
v, ¢"—‘f"'> @) rds2
00;
C64(z) = Coaij = f Pz jBj ‘¢, rdQ (64)
c _ 00;
65() = Cgs,i,j = Pvz /¢1 ¢J rdQ2 (65)
K, —> K, ;; =f 2pw00ig; rdS2 (66)
Q
K- Ke i) = /Q/c(oz)qﬁid)jrdQ (67)
Fcir— Fer, i =/Pfr¢jrd9+/ pgrie;dQ
@ (68)

+ () (Ton),¢;rdT
r
Fcy— Fea i = /QPf9¢jrdQ + %(Ton)efﬁjrdr (69)
r

Fcs — Fes i = /przdlrdﬁ + yé(Ton)z%rdF (70)
r
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D.2 Matrix terms of the discrete form of relative
energy dissipation

A 3
KV,—>KV,,,-,J-=/ 99 99; 5 rag 1)
Q aZ aZ
dgh 3
Ky — Ky, ,-,j=/ 99i 90) 5 1 vac (72)
Q dz or

Ky —> Kyz ; ;= o (%4—%)

(73)
(%-ﬁ-?) 2nrdQ2
Kys— Kva i} =/§2%%2nrdﬂ (74)
A I
K\ — Ky i =f M%%zmm (75)
Q
dgh I
Ky — Ky i =f Mai;aizfzmdsz (76)
Q
_ 0¢i o
K3 — K3, —/ " (W - 7) an
(% - %) 2mra
dgh I
Ki— Ka i =f uai;%andQ (78)
Q
0di ¢\ [0p; ¢
Ks— Ks ;= LN (22 L onran
5 RS0y /gzﬂ<8r+r><8r+r T
(79)
adi b\ 9o
Ko — Ko, 1 =f u<%+@> Yinerae  (s0)
Q r r 0z

Appendix E: Jacobian of the discrete form
of the equations

The Jacobian of the discrete form of the equations Jr =
dF
— is given by
dz
- dRy , ]

dz
dR,,

dz
dz dR, ;

d
AR,
L dz
-3Rm,r aRm,r aRm,r aRm,r_ (81)

av, dvy av, ap
aRm,G aRm,B 8Rm,(9 aRm,G

av, dvg av, ap
| ORy; ORy; OR,; OR, .

av, dvy av, ap
oR. O0R. O0R. OR.

L dv, dvy av, ap

@ Springer

By using equations (45), (46), and (47), in the equations
of Appendix A (26) to (29), and by representing through
indicial (Einstein) notation, the submatrices of equation (81)
become

aRm,r N aR?m,i,r (82)
0z 02k, j
aRm,r Z”’ém,i.r —_ 8¢j 3¢] avr
o e = o (T ST
8 .
+v; ()iz]) o
00 ; . . .
) ()2 (820)
AP ; a
i %) %] rdQ
_yé; d (T.n)rqb-rdl"
r av,,j !
+/§2K(a)¢j¢ird9
aRm.r 8Iémir Vo
70 Bve., Z/Q[P <_2T¢j>¢i
—2pwop;pi| rd2 (82b)
_% d (T.n)r¢~rdF
Todve,
aRm,r 8I,ém,i.r avr 8¢J a¢l
v, O v, /S2 I:pa_z¢j¢i tra e rd
_% d (Ten), $irdT
r avz’j !
(82¢)
. - db; .
Tt — it =/ 2y 8 e
j
p P Q or r (82d)
—}5 (Ten), \ rar
rooop;
8Rm,9 N aRm,i,@ (83)
81 8Zk,j
aRm. 3},ém‘tﬂ 81)9 v9¢]
Bor > v =/Q|:P<¢j5+ . >¢i
+2pwovr¢i ] rd2 (83a)
o(T
_56 (3 en)y Sirdl
r Uy, j
aRm. akm,h a¢] a¢]
31)99 - ave_,-e Z/Q P(”rﬁ"‘%g
+¢j% o
39, b 09 bi
(=) (- %) 3b)
0p; oy
+ i rae
T
T,
81)9’]'
+AK(Q)¢j¢irdQ
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aRm. 8Ii’m,i, _
81)79 - avz.,-e _/Q <¢j 3z )¢lj|rd9
S SICL L
r 8vz,j
ORmo _ ORmio _ 55 aTems \ ar
p op; v oo
ORm.: IR
0z 0k, j
aRm,z 3Rm,i,z aUZ
J, v, /SZ 1Y <¢] ar )d’z
() S| ras
(T
yg .n)z(ﬁz dT
ORm: 0Rmiz _ §£ T om: \or
31)9 BUG,j r 81)9‘]'
. . A A
OR, ; ORmiz _ el el
et = o (3

IR,

4

ap

R,
9z

oR.
v,

oR.
dvy

oR.
av,

IR,
aop

+ ¢j 3z ) di +u (0:;]) 63(1;'

+ (2052) 4| rag
3(Ten),

—y% ———=¢irdl

dvg,j

+ / (@) ;¢ird <2
Q

A . a .
31‘;’”’.”1 = / [_Xjﬂ] rdQ
Pj Q 0z

_%8(]’0'1)2(]5[ I
r 8p]

8Rc,i=f LTRNET S
vy, j ol or r ™

dR..;

=0

OR 0p;
C,l — / [ﬂ} XinQ
v, ol 0z

(83c¢)

(83d)

(84)

(84a)

(84b)

(84c)

(84d)

(85)

(85a)

(85b)

(85¢)

(85d)
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