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Introduction

“* Topology optimization

- 75% of previous topology optimization research for thermal-fluidic problems is based on finite element method.
- FVM based thermal fluidic topology optimization solver development considering continuous adjoint method.

Heat conduction W Conjugate heat transfer

= Optimal heat sink design = QOptimal duct design = QOptimal distribution design
TR = Heat plate Manifold
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- To maximize the heat transfer for system -> To minimize the pressure drop of system -> Both objective functions are considered
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Introduction

- % buoyantBoussinesqSimpleFoam —

= Governing equations
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% adjointShapeOptimizationFoam™ ——

Governing equations

[ —V-u=0
Primal o
 (u-V)u+Vp—-V-[2vD(u)]+ au =0
[ V.v=0
Adjoint <
Vg—-2D(v)u—V-[2vD(V)]+av=0

Objective
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out

Topology optimization solver considering Boussinesq approximation
for natural convection and heat transfer studies 1s developed

coupling buoyantBoussinsesqSimpleFFoam with adjointShapeOptimizationFoam.
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Numerical methodologies

¢ Continuous adjoint method

=  Objective function

- Minimize the difference between the temp. distribution and the desired temperature in the computational domain.

1
] = 5 j (T — T,)%dQ (T4: Desired temperature )
Q
- Augmented objective function, £ (Lagrangian)

n
L= ]+ZJAiERidQ - ]+Jv€RudQ+fq§deQ+fTa€RTdQ
i~ Jo 0 Q Q
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I Derived adjoint equations

\4
Ry,=—-V.-v=0
Ry = —(Wu— (u-V)v+ Vg —V-(2vD(V))
+a(y)v+T,VT =0
Rr, =u-Vl, -V (Ky)VT,) +pv-g+ (T — Topj) =0

= Governing equations (Residuals)
R,=-V.-u=0
Ry = (W-Vu+ Vp, 5 — V- (2vD(w))
—gpr +a()u=0
Ry =u-VI -V (K{)VT) =0

= Sensitivity Primal  Adjoint
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ay dy ¢ ay | ™" " Derived sensitivity Pressure P
Temperature T T,
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Numerical methodologies

“* Numerical method for topology optimization (1/2)

= Design variable

y = 0:Solid
0<y<1 {
y = 1: Fluid

= Solid Isotropic Material with Penalization (SIMP)
- The inverse permeability and thermal conductivity for the design variable are represented by the SIMP function.

”) 1oy k() = Ksoa + Ceerada — Ksoua)V e
a = n y) = . Fluid — .
)4 max n +]/ Solid luid Solid Vn +}/
Amax; Ksotia
Kriuia
0 0 04 02 03 04 05 06 07 08 09 1 0 . :‘ 02 03 04 05 06 07 08 09 1 )
Solid« y —»Fluid Solid« ‘y »Fluid

= Optimizer: OC-algorithm*
- The optimality criteria (OC) algorithm is implemented to find the optimal design variable distribution controlling
step size for volume constraints.

; C M F D *0.Sigmund, “A 99 line topology optimization code written in Matlab”, Struct Multidisc Optim, 2001  5/14
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Numerical methodologies

» Numerical method for topology optimization (2/2)
= Helmholtz PDE filter*

- The Helmholtz partial differential equation is solved for sensitivity and design variables to get a stable solution.

- Homogeneous Neumann boundary conditions | | |

- Low value of the length parameter 1 ] i sl
. [ =05 ----—--
* Capture the detailed shape 08 o =08
* Unstable 06 - g i
- High value of length parameter 0.4 | N -
* Removed small detail 02 L n i
* Stable oL | O REL L .
- _ 9 -3 2 -1 0 1 2 3
—ReVop + ¢ = ¢y a—¢=o x
Length parameter n
= Variable Heaviside step function 1 IR
- The Heaviside step function makes the geometry sharp via the design variable projection. °:} |
- The value of step coefficient(d) controls the projection sharpness. 0 | S
Y
vi = 0.5[exp{—6(1 — 2y,:)} — (1 — 2y,,) exp(—5)] [v: <0.5] ot
. — 0.5 exp(—5 /|
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Numerical methodologies

% Algorithm structure (OpenFOAM ESI v2212)
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Numerical methodologies

s Strategy for natural convection case

- The developed solver is separated into the pre-solver and optimization solver to obtain a stable solution, .

- The pre-solver gets a steady-state solution with sensitivity fields (w/o a and & update).

- The opt.-solver finds a topology optimization solution using an initial value for the steady solution of pre-solver.

- Pre-solver -

| Initialization, y = 1 (Fluid)

- Opt.-solver -

| nitialization, y = 1 (Fluid) |
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Numerical methodologies

** Benchmark case [*Barakos et al., 1994]

aT
an = Barakos’s results of Ra=105 case
i | ]
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- The analysis domain and boundary conditions of previous study are considered to verify the developed solver.

% Definition of optimization problem )
[ vaa - 1w =o
Q
R
Ry

1 2
- P _ = _ . n i o~
Minimize: | = > jQ(T TOb]) dQ Subject to < w Ry, Rr =0
5 S;Rqa S"RTa =0
\0=<sy=<1
D *@G. Barakos et al., “ Natural convection flow in square cavity revisited: Laminar and 9/14
Turbulent models with wall functions”, Int. J. Numerical Methods in Fluids, 1994.
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Objective;

Results Normalized objective [%] = T E— x 100

* Desired temperature, 0 = 0.1
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5 . .
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- The optimized configuration was obtained by a sequential procedure from thermal-fluidic fields to design variables
distribution via sensitivity satisfying the solid volume constraint.

- (@ Iteration 0 — 1000: Allow the grey zone to find a rough optimal shape.
- (@ Iteration 1000 — 2000: § increased to find the sharp interface.

- (® Iteration 2000 — : Solution convergence for optimal configuration.
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Ry: Length parameter of Helmholtz PDE filter

RGN IR Ax: Grid size

1: Solid volume constraint

¢ ELU function for coefficient of Heaviside step function

- Due to the rapid coefficient increase of a linear function, the distribution of design variables can vanish and doesn’t
match the solid volume constraint. = Require a gradual rise in coefficient

- ELU (Exponential Linear Unit) function instead of linear function for coefficient helps to find stable optimal solution.

Ry/ X Exponential Linear Unit (ELU)

Ay Y Linear ELU 5, =0.1 (i < 1000)
8g = 0.0001[¢®-091051(i=1000) _ 1] 4 0.1 (1000 < i < 1100)
30% 5, = 0.0999(i — 900) + 65| (1100 < i)
i=1100
2 5.0
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120 3.5 4 "
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100 | /
O 25 1 !
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4 6 60 10 A ,I Sfunction
80% | B 25.8% W 80% 25.8% 40 0.5 !
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iteration
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Ry: Length parameter of Helmholtz PDE filter

RGN IR Ax: Grid size

1: Solid volume constraint

“* Harsh conditions to get an optimized solution
= Casesof p = 50%

- It 1s difficult to match the intermediate value of solid volume constraint.

Re/Ax | Linear ELU
2 0% [46.0% 8% [49.5%
50%
4 3% 3% 7% 4%

*Normalized objective

* Transition point of optimized shape, Y = 42~45%

- Finding optimal solution for transition point from an air-insulation trend to a high diffusivity trend is challenging.

Y [%] 38 39 40 41 42 43 44 45

4

*Normalized objective

“=CMFD
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Re S llltS Y Solid volume constraint

s Effect of initial y-distribution

- The stable optimal solution can be obtained when the previous results of solid volume constraints, which obtain the
optimal solution, as the initial value.

Y [%] 42 | 43 | 44 | 45 | 46 | 47 | 48

60 | 70 | 80

Opt. from !
pre-cond. !

Opt. from
1nitial cond.
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Conclusion & Future works

A topology optimization solver was developed based on the finite volume method of coupling
bouyantBoussinesqSimpleFoam with adjointShapeOptimization Foam.

** Helmholtz PDE filter and Heaviside step projection were considered to obtain a distinct optimal
geometry.

»  ELU function for the coefficient of Heaviside step projection leads to stable optimal solution.
*¢ Additional study for start point of ELU function is required.

*» Itis recommended that the optimal solution close to the harsh condition sets as the initial
conditions to obtain an optimal solution for harsh conditions.

» The effect of various conditions, such as solid volume constraints, conductivities, length
parameters, desired temperature, etc., should be considered.

=CMEFD
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