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into the incompressible Navier-Stokes equations. The optimization procedure is imple-

mented using the continuous adjoint method and the finite element method. The effects

of dynamic inflow, Reynolds number and target flux on specified boundaries for the opti-

mal topology of unsteady Navier-Stokes flows are presented. Numerical examples demon-
o strate the feasibility and necessity of this topology optimization method for unsteady

Topology optimization Navier-Stokes flows

Unsteady flow : . .

Navier-Stokes equations © 2011 Elsevier Inc. All rights reserved.

Continuous adjoint method
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1. Introduction

Layout optimization of fluidic devices is an interesting field with respect to theory and application. The goal of optimiza-
tion is to achieve better performance for a user specified objective that is related to certain characteristics of fluidic prob-
lems. Usually, layout optimization is categorized into shape optimization and topology optimization. Shape optimization
improves the performance of a fluidic device by adjusting the positions of structural boundaries, keeping the topology of
the structure unchanged. Topology optimization can optimize the shape and the topology of structures simultaneously.
Therefore, topology optimization is a more general optimization technique than shape optimization. Currently, the density
type method [1,2] and level set method [3-6] have been developed for implementing of topology optimization. Topology
optimization by the density method was first used to design stiffness and compliance mechanisms [7-10] and has been
extended to multiple physical problems, such as acoustic, electromagnetic, fluidic, optical and thermal problems [11-17].
Topology optimization by the density method for fluidic problems was first researched for Stokes flows [12,18,19] and
Darcy-Stokes flows [20,21]. It was later extended to Navier-Stokes flows [22-26] and non-Newtonian flows [27]. Addition-
ally, the topology optimization method has been applied to design fluidic devices [28-31]. The level set method, pioneered
by Osher and Sethian [32], accomplishes the change of topology by evolving and merging the zero contour of the level set
function. This method provides a general way to track the implicit interface between two phases, and it has been applied to
fluidic shape and topology optimization [25,26]. One of the major advantages of the level set method lies in expressing con-
tinuously moving interfaces and abstracting the material domains that correspond to the structural topology. Recently, it has
been observed that the conventional level set method may be inadequate for the cases in which the initial shape of the
structure has fewer holes than the optimal geometry [4], especially in two-dimensional cases. The above difficulty can be
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overcome using topological sensitivity, which was introduced by Sokolowski and Zochowski [33] for linear elasticity and
that has been extended to several other linear and nonlinear physical problems [34-37]. In particular, the topological sen-
sitivity has been researched for steady Stokes flows [38-41] and Navier-Stokes flows [42]. To the best of the authors’ knowl-
edge, there is no formally published paper discussing the topological sensitivity for unsteady Navier-Stokes flows. Therefore,
the application of the level set method to topology optimization of the unsteady flows is limited.

Until recently, the topology optimization of fluidic flows has focused primarily on steady flows. In contrast, unsteady
flows are widespread in reality, and the optimization of unsteady flows using the shape optimization method has been re-
searched [43-45]. As such, it is desirable to extend topology optimization to the area of unsteady Navier-Stokes flows. In this
paper, the density type topology optimization method is extended to unsteady incompressible Navier-Stokes flows at low
and moderate Reynolds numbers based on work by Borrvall and Petersson [12] and Gersborg-Hansen et al. [22]. The
optimization problem with a general objective is analyzed by the continuous adjoint method. Recently, Kreissl et al.
implemented the topology optimization of unsteady flows [46]. In Kreissl's work, the optimization problem is analyzed using
the stabilized SUPG and PSPG finite element formulation and the corresponding discretized adjoint equations. In this paper,
the topology optimization problem with more general objectives is analyzed using the continuous adjoint method. Based on
the Navier-Stokes equations and the derived continuous adjoint equations, the optimization can be implemented by
choosing any stable spatial discretization method and adaptive temporal discretization method, such as the finite difference
method, the finite element method or the finite volume method. In this paper, the numerical discretization of the Navier—
stokes equations and the adjoint equations is implemented using the standard finite element method with Taylor-Hood
element.

This paper is organized as follows: the variational problem of topology optimization for unsteady incompressible Navier—
Stokes flows is stated in Section 2; the continuous adjoint equations and adjoint sensitivity for the optimization objective are
derived in Section 3; the numerical implementation of the optimization method using the standard finite element method is
discussed in Section 4; and several numerical examples are presented in Section 5.

2. Topology optimization problem of unsteady incompressible Navier-Stokes flows

The dynamic properties of velocity and pressure for incompressible fluidic flows can be expressed using the incompress-
ible Navier-Stokes equations as [47]

pR_yV.-(Vu+Vu") +pu-Viu+Vp=£f inQ )
-V.-u=0, inQ

where u is the fluidic velocity; p is the fluidic pressure; p is the fluidic density; # is the fluidic viscosity; f is the body force
loaded on the fluid; and ¢ is the time. Q= (0,T) x €, where (0,T) is the computational time interval and € is the computa-
tional domain. To solve a transient problem, an initial condition is needed

u(0,X) = ug(x), in Q (2)

where ug(x) satisfies the incompressible condition V-ug = 0. The commonly used boundary conditions for incompressible
Navier-Stokes equations include the Dirichlet and Neumann type boundary conditions

u=up(t,x), onXp 3)
[-pI+n(Vu+ Vu')n = g(t,x), on Xy (4)
where up and g are the specified velocity and stress distribution on the boundaries I'p and I'y; n is the outward unit normal
vector on 8Q2; Xp=(0,T) x I'p; and X'y = (0,T) x I'y. Specifically, the no-slip boundary is a particular Dirichlet type boundary

condition where up = 0, and the open-boundary on the outlet can be expressed by the Neumann type boundary condition as
g =0. In topology optimization of the Navier-Stokes flow, the body force can be expressed as [12,22]

f=—aqu (5)
where « is the impermeability of a porous medium. Its value depends on the optimization design variable y [12,22]
‘1 _n
OC("/) = Olmin + (amax - O‘min) q(q + V/) (6)

where oy and opax are the minimal and maximal values of o respectively, and g is a real and positive parameter used to
adjust the convexity of the interpolation function in Eq. (6). The value of y can vary between zero and one, where 7 = 0 cor-
responds to an artificial solid domain and y = 1 to a fluidic domain, respectively. Usually, omin is chosen as 0, and tmax is cho-
sen as a finite but high number to ensure the numerical stability of the optimization and to approximate a solid with
negligible permeability [22,23]. When solving transient incompressible Navier-Stokes equations, the design variable y is
time independent because the layout of fluidic domain is kept unchanged.

Based on the above description, the topology optimization problem for a unsteady incompressible Navier-Stokes flow can
be formulated as
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min  J(u,p;7y)

st. pR—yV-(Vu+Vu') +pu-Vyu+Vp=—ou, inQ
-V-u=0, inQ
u(0,X) =u(x), inQ (7)
u(t,Xx) =up(t,X), on2Zp
[-pl +#(Vu+ Vu")n = g(t,x), on Zy
Joyd2<0-Vy, 0<y<1

where Vo = [, 1 dQ is the volume of the whole design domain and 6 € (0,1) is the upper bound for the volume constraint. A

general optimization objective, which includes both the domain and boundary integrations about the unknowns of the
Navier-Stokes equations, is chosen to be

T T
Ju,p:y) = / / By AW, Vu, p: y)dedt + / / BBl pi)drds (8)

where ; and 3, are space-independent parameters, respectively.

3. Adjoint analysis of optimization problem

According to the adjoint method for the Navier-Stokes equations in [45,48,49], the adjoint analysis of the topology opti-
mization problem for unsteady Navier-Stokes flows is implemented as follows. Without considering the inequality con-
straint on the volume of fluidic channels at first, the topology optimization problem in Eq. (7) can be rewritten in the
following abstract form:

minj(w,p;y), ste(w,p;y)=0, yek 9)

where K is the set of feasible values of the design variable y, and e(-) is the weak operator of the Navier-Stokes equations.
According to the Karush-Kuhn-Tucker conditions for the partial differential equation constrained optimization problem
[45,50], the optimization problem in Eq. (9) can be solved by solving the following equations:

e(u,p;y)=0 (10)
(eu(u,p; 7)) 0 p\  ( —Ju(u,p;y)

< 0 (ep<u,p;y)>*> (v) - <—Jp<u,p;v>> an

(ey(w,ps 7)) (. v) +J,(y;7) =0 (12)

where u and v are the adjoint variables for the fluid velocity u and pressure p, respectively, and (-)* is the adjoint of the cor-
responding operator. Therefore, according to Eq. (11), the adjoint equations of the Navier-Stokes equations can be written as
follows (see Appendix A for more details):

—p =NV (VR+ V') = pu- V)u+ p(Vu) - p+ Vv == (3 - V- 3) + fp, inQ

*v'ﬂ:*/ﬁ%JF%'ﬂy inQ

u(T,x)=0, inQ (13)

u= —%n, on 2p

VL4V Vi = —p(u-mp— fy ZAn— %, on Sy

The transient adjoint Egs. (13) are terminal value problems, where the value of g at the terminal time T is specified and the
transient solver is implemented from time T to 0. According to Eq. (12), the adjoint derivatives can be expressed as follows
(see Appendix B for more details):

T ‘ : .
% =/ ﬁ1<g—§}fg—§fu-y)dt, in Q
J (14)
2= Jo B, 2Ldt, onoQ
oQ

4. Numerical implementation of optimization problem

The topology optimization for unsteady Navier-Stokes flows is implemented using the gradient based iterative method.
The procedure for an iterative optimization includes the following steps (Fig. 1): (a) the Navier-Stokes equations are solved
with the given value of the design variable; (b) the adjoint equations are solved based on the numerical solution of the
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Fig. 1. The flowchart of the iterative optimization.

Navier-Stokes equations; (c) the adjoint derivatives of the objective function are computed by Eq. (14), and the adjoint deriv-
atives of the design constraint are computed by a similar procedure; (d) the design variable is updated by the method of
moving asymptotes (MMA) [53]. The above steps are implemented iteratively until the stopping criteria are satisfied. In
the above procedure, the transient Navier-Stokes equations and the corresponding adjoint equations are solved by the finite
element method using the commercial finite element software Comsol Multiphysics (Version 3.5) [52], where all the numer-
ical implementation is merely based on the software’s basic module: COMSOL Multiphysics — PDE Modes — PDE, General

Form. The PDE modes of Comsol Multiphysics can solve partial differential equations of the form
d,2+V.-Ir=F, inQ

(15)

—n-T=G+ (X4, R=0, onx

where d, and I' are matrixes; F, G and R are vectors; n is the unit outward normal vector; > = Xp U X. For the 2D case, the
transient Navier-Stokes equations can be solved by setting

.y _ dul duy
p 0 “ap (G4 %) oty — p (1 G+ )
() (}
o) "’I(’ﬁ‘ﬁ‘ii‘f) caniep [0 F= [ o (i)
0 0 (2 4+ 2) (16)
U — Up 0 0 g
R=|u—-up|onp G=|0]onp R=|0|onZy; G=|g, |onZy
0 0 0 0
where u = (uy,U3), up = (U1p,Uzp) and g = (g1,82). Similarly, the adjoint equations can be solved by setting
- 0 20—y (;;? + (% %) — b
d, = 8 70p I = n (riﬁ;}, dg{z) ﬁl 2 ()uz — B JL)‘,: Ty
0 0
& 9, 19 ¢ ¢
—Oﬂul—ﬁ1%+p(u1 G+ U2 (;j/l I G — i;;}) lh‘*"h% 0
F=| —ou, — B au2+p(u1 ()H“ruzdgf;z 1y 5~ HZ%’;) i R=| i, +m@ [on2p G=|0]on2p (17)
9, ) 0 0
b (%)
0 —pity (s + anz) — o (m (;;’jx +1, (;;?y) By 28
R= 8 on 2y G= —ply (Ui +uxny) — fy ( guu + 1, 0“2 ) BB 2y on Zy

0
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Fig. 2. The finite element nodes used to express the velocity, pressure and design variable on a triangular element.
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Fig. 3. The finite element nodes used to express the velocity, pressure and design variable on a rectangular element.

where u = (4, 1t2) and n = (nq,n;). The numerical integrations in the time domain are implemented by solving a scalar gen-
eral form equation (Eq. (18)) in Comsol

d,2+V-I'=F, inQ
T (18)
-n-I'=G+ (®)'2, R=0, onZX
By setting

d;=1, I'=0, G=0, R=0, F:ﬁ]< (19)

and solving Eq. (18) for u, the adjoint derivative [D’—{,

9A o
o ot

in Eq. (14) can be obtained as u|... Changing the value of F in Eq. (19) to
Q
B %, the adjoint derivative g—!/ can be solved as u|,q 1. The spatial integrations in the iterative procedure can be performed
0!

Q

by the inner function postint of Comsol. For the 3D case, the settings for Eqgs. (15) and (18) are similar to the 2D case. During
the optimization procedure, the Navier-Stokes equations and the adjoint equations are solved using Taylor-Hood elements
[54], which interpolate the fluidic velocity quadratically and the pressure linearly. The design variable is interpolated linearly
based on the corner nodes of the elements (Figs. 2 and 3). The transient equations are solved using the backward differen-
tiation formula method, choosing BDF for the time dependent solver femtime of Comsol [55]. In this paper, the stopping cri-
teria are specified as the change of values of the objective between two consecutive iterations and the residual of the volume
constraint satisfying

e —Jial/lol < 1x10°°

' B (20)
|fo7dQR/Vo —0]/0 <1 x 10

The authors note that Comsol is a convenient software program for implementing transient optimization problems when the
continuous adjoint method is adopted.

5. Numerical examples

In this section, several numerical examples are presented to demonstrate the capability and utility of the proposed topol-
ogy optimization method for unsteady Navier-Stokes flows. The density and viscosity of the fluid are set as 1, if there is no
specification. The values of o, and g are chosen based on numerical experiments. More details are available in [23]. The
Reynolds number is calculated as

Re = pUnad/1 (21)

where L is the width of the inlet, and U, is the maximal value of the velocity on the inlet. The initial value condition of the
transient Navier-Stokes equations is uy = 0. The objective function for the topology optimization problem in Eq. (7) is chosen
as the energy dissipation inside the design domain and the pressure on the inlet as

Ju,p:y) = /0 ' /!2 pi[1(Vu+ vuT) : (Vu+ V) + ow?] dode + /0 ' /F op drde (22)

where I'; is the boundary of the inlet. The parameters ; and > depend on specified examples and can be adjusted by the
designer based on design necessity or numerical experiments.
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Fig. 4. Design domain of the double pipe. The values u;,; and u;,, are the velocity distribution on the inlets.

Table 1

Parameter settings in the topology optimization of a double pipe.
ﬁ] ﬁZ 0 Olmin max q
1 0 1/3 0 1x10* 1

Fig. 5. Optimal design of the double pipe for unsteady Navier-Stokes flows corresponding to the inlet velocity in Eq. (23).

5.1. Double pipe

A double pipe is used to investigate the feasibility of the proposed optimization method. The design domain is shown in
Fig. 4 and is discretized by 60 x 60 rectangular elements. The optimization parameter values are shown in Table 1. The Neu-
mann boundary condition in Eq. (4) is loaded on the outlets I",; and I'y; by setting g = 0. When the transient velocity in Eq. (23)

U = —144(y —4/6)(5/6 —y)cos(t)n, t € [0,2m] 23
Wy = —144(y — 1/6)(2/6 — y)sin(t)n, t € [0,27] (23)

is imposed on the inlets, the optimized result is shown in Fig. 5. Snapshots of the optimization procedure are shown in Fig. 6.
The convergent history of the value of the objective and the volume of the fluidic channel is shown in Fig. 7. Snapshots of the
streamline of the unsteady flow at specific points in time are shown in Fig. 8.

By solving the topology optimization of the double pipe example for the steady case, instead of the transient case, one can
obtain the optimized channels in Fig. 9a when the injecting velocity in Eq. (24) is imposed on the inlets

Ui = —144(y — 4/6)(5/6 —y)n (24)
Wiy = —144(y —1/6)(2/6 —y)n

The optimized result in Fig. 9a agrees with the numerical results shown by Borrvall and Petersson in [12] for steady flows. By
changing u;,, to be a velocity of suction and maintaining u;,; a velocity of injection (Eq. (25)),

Ui = —144(y —4/6)(5/6 —y)n (25)
Wi = 144(y — 1/6)(2/6 —y)n
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Fig. 6. Snapshots of optimization procedure for double pipe example in Fig. 5.
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Fig. 7. Convergent history of the objective and volume constraint for the optimal design shown in Fig. 5.

a bend pipe is obtained as shown in Fig. 9(b), where the fluid flows from I';; to I'j; directly. When both u;,; and u;,, are veloc-
ities of suction (Eq. (26)),

Ui = 144(y —4/6)(5/6 —y)n
Wi, = 144(y —1/6)(2/6 —y)n

the optimized channel is shown in Fig. 9(c). Fig. 9(a)-(c) show that the optimal design is a double pipe when u;,; and u;,,; are
both the velocity of injection or suction, and the optimal design is a bend channel when u;,; and u;,, are the velocity of suc-
tion and injection respectively. According to Eq. (23), u;,; and u;,,; are the velocity of injection as t € (0,7/2); the velocity of
suction and injection as t € (n/2,7); the velocity of suction as t € (w,37/2); and the velocity of injection and suction as
t € (3n/2,2n). Therefore, the fluid could be transported between I';; and I';; as t € (n/2,7) U (37/2,27) and could flow in par-
allel between the inlets and outlets as t € (0,7/2) U (7r,37/2). This analysis is consistent with the streamline distribution in
Fig. 8. By imposing the velocity of inlet in Egs. (23)-(26) for the optimized results in Figs. 5 and 9 respectively, the values of
the objective in Eq. (22) shown in Table 2 can be obtained. By cross comparison the data in Table 2 and the optimized chan-
nels in Figs. 5 and 9, one can conclude that the optimal topology of a channel is valid only corresponding to the specific inlet
velocity that is specified during the optimization procedure. Therefore, it is reasonable that the optimal topology for unstea-
dy flow is different from its steady counterparts.

(26)
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(g) t =6r/4 (h) t =7n/4 (i) t = 8n/4

Fig. 8. Streamline snapshots of the unsteady double pipe flow corresponding to the optimal design in Fig. 5.

—

(a) (b) (c)
Fig. 9. Optimal designs of the double pipe for steady Navier-Stokes flows corresponding to the inlet velocity in Eqs. (24)-(26), respectively.

The dynamic effects of inflow can be adjusted by tuning the parameter @ in Eq. (27)
Wi = —144(y — 4/6)(5/6 — y) cos(wt)n
u; = —144(y — 1/6)(2/6 — y) sin(wt)n
A larger value of @ corresponds to an obvious oscillation of inflow. Fig. 10 shows the optimized double pipes for different
values of @. These results illustrate the need to implement optimization of unsteady flow.

(27)

5.2. Three-terminal device

Fluidic channels with periodic dynamic input on the inlet have been widely used in fluidic devices [56]. In this example, a
three-terminal device with periodic transient velocity on the inlet I';, given as the equation

u; = -1 x10*(y — 1)(1.2 —y) sin(t)n (28)
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Table 2
Objective values of the double pipe in the optimal designs of Figs. 5 and 9, where Jy, Jsq, Js» and Js. are the objective values obtained
by imposing the velocity in Eqs. (23)-(26) on the inlets of the optimal designs in Figs. 5 and 9, respectively.

Eq. 23 Eq. 24 Eq. 25 Eq. 26
Ju 1138 56.65 16.14 56.65
Jsa 133.6 48.60 37.08 48.73
Jsb 606.6 379.8 6.04 379.8
Jse 1348 48.78 48.73 48.71

(a) w=1/2 b)) w=2 c)w=8

Fig. 10. Optimal designs of the double pipe corresponding to different values of @ in Eq. (27).

Jl‘]
1.4
1.2
w30 Q!
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Q : £202 g°_2|]
0.4
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g= 0 S&01 1
0.2
% 1w

Fig. 11. Design domain of the three-terminal device. The value u,, is the velocity distribution on the inlet.

is optimized. According to Eq. (21), the Reynolds number is 100 in this example. The design domain € is shown in Fig. 11,
where the inlet duct is Q; and the outlet ducts are €2,; and ;. The design domain is discretized by 100 x 140 rectangular
elements. The Neumann boundary condition in Eq. (4) is loaded on the outlets I',; and I',,; by setting g = 0. The other bound-
aries are set as no-slip boundaries. Three time intervals [0, 7], [7r,27] and [0,27] which correspond to pure injection flow,
pure suction flow and periodic injection-suction flow, are considered separately. The optimization parameter values are
shown in Table 3 and the optimal topologies of the device are shown in Fig. 12(a)-(c). Fig. 13 shows the optimized device
where the steady velocity condition is loaded on the inlet I'; as

u, = —1x 104y —1)(12 —y)n (29)

From Fig. 12, one can see that the suction flow occurring as t € («,27) is a key point in the difference of the shape of the
device compared to the steady flow case. By imposing the velocity boundary in Eqs. (28) and (29) on the inlets of the optimal
designs in Figs. 12 and 13 respectively, the values of objective listed in Table 4 can be obtained. The cross comparison of the
values of energy dissipation confirms further that the dynamic effect of the unsteady flow can influence the detailed shape of
the device. This example illustrates that the optimal design of a unsteady flow is influenced by the dynamic effect induced by
the different choice of time intervals.

5.3. A bend channel

An example of a bend channel with different Reynolds numbers under steady flow has been discussed by Gersborg-
Hansen et al. in [22]. A similar example is discussed here for unsteady flows. The computational domain includes the inlet
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Table 3

Parameter settings in the topology optimization of three-terminal device.
/51 /32 0 Olmin Olmax q
1 0 0.3 0 1x10* 1

(a) (b) (c)

Fig. 12. Optimal designs of the three-terminal device. Here, (a), (b) and (c) are optimal designs for unsteady flows corresponding to the time intervals [0, ],
[r,27] and [0, 27], respectively.

Fig. 13. Optimal design of the three-terminal device for steady flow.

Table 4

Objective values of the optimal designs in Figs. 12 and 13. Jyq4, J1p, J7c and Js are objective values obtained by imposing the velocity in Egs. (28) and (29) on the
inlets of optimal designs in Figs. 12 and 13.

Steady te[0,7] te[n,2n] te[0,2n]
Jta 1.064 x 10° 1.298 x 10° 1.305 x 10° 2.605 x 10°
Jm 1.347 x 10° 1.579 x 10° 1.258 x 10° 2.841 x 10°
Jre 1.138 x 10° 1.302 x 10° 1.271 x 10° 2.574 x 10°
Js 1.062 x 10° 1.299 x 10° 1.300 x 10° 2.602 x 10°

duct €;, the outlet duct €, and the design domain €2 (Fig. 14), which are discretized by 40 x 20, 40 x 20 and 100 x 100 rect-
angular elements respectively. The transient velocity is set as

Wy, = —4Uni(y — 3.5)(4.5 - y)tn, te[0,1] (30)

where Up,q is specified as 1, 50 and 300, which corresponds to the Reynolds numbers of 1, 50 and 300 respectively. The opti-
mization parameter values are shown in Table 5. The optimized channels corresponding to different Reynolds numbers and
the corresponding values of the objective are shown in Fig. 15 and Table 6. The results in Fig. 15 show that the bend channel
has sharp corners for flow with low Reynolds number, and the corners become rounder for a larger Reynolds number. There-
fore, the optimized channel is relatively straight for a flow with a low Reynolds number, and develops bending for a flow
with a larger Reynolds number. The results agree with those obtained by Gersborg-Hansen et al. in [22] for steady flows.
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Fig. 14. Design domain of the bend channel. The value u;, is the velocity distribution on the inlet.

Table 5

Parameter settings in the topology optimization of a bend channel.
/}1 /))2 0 Olmin Olmax q
1 0.1 0.25 0 1x 10* 1

\ N\

(a) Re=1 (b) Re=50 (c) Re=300

Fig. 15. Optimal designs of the bend channel corresponding to different Reynolds numbers.

5.4. Target flux on outlet

The flow rate on the outlet is an important factor for fluidic devices [56,57]. The target flux on the outlet can be produced
by adding a flux constraint on the outlet of the design domain. According to the flow rate constraint for optimization of stea-

dy flows [19,58], the target flux for a unsteady flow is added into the topology optimization problem in Eq. (7) as an inequal-
ity constraint

T, 2
(n Jr,u ndth_1> e 31)
Qtar

where [T, T>] C [0,T]is the time interval; I', is the outlet boundary; Q. is the target flux on the corresponding outlet; and €
is the allowable tolerance. The adjoint analysis for the flux constraint follows the same procedure as that for the objective in
Section 3. Additionally, the objective or certain design constraints may be defined on the subinterval [T,T;] C [0,T], while
the others are still defined on the whole time interval [0, T]. Therefore, the adjoint analysis of the corresponding expression
will be implemented on [0,T,] instead of [0, T], although the unsteady flow problem is defined on the whole time interval
[0,T]. Accordingly, the corresponding adjoint equations and adjoint derivatives are transient equations and integrations
on [0,T;] instead of [0, T], respectively (see Appendix C for more details).
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Table 6
Objective values of the optimal designs in Fig. 15.
Re=1 Re =50 Re =300
J 2.094 x 10! 5.722 x 10* 2.745 x 108
A
L2 g=0
:\ T T
451 Ly
ui?; g rj
3.5
Q
Tee=0,
0“ 3.5 455 "x

Fig. 16. Design domain of the flux distribution device.

. JI— T
. —Inflow rate
----Outflow rate for [T, T,]=[0,3]
L Outflow rate for [T, T,]=[1,2]
L L = '
Time
(a) (b)

Fig. 17. (a) Optimal design of the flux distribution device with flux constraint defined on the whole time interval [0,3]; (b) optimal design of the flux
distribution device with flux constraint defined on the time interval [1,2]; (c) the absolute inflow rate over time on the inlet I'; and the outflow rate over

time on the outlet I'y;.

Flow rate

First, a flux distribution device is optimized. The design domain is shown in Fig. 16a, and is discretized by 100 x 100 rect-
angular elements. The velocity loaded on the inlet is (Fig. 17c)
u;, =—[4(y—35@A5-y)(t<05) +4Qy—35)(45-y)(18t-8)(0.5<t<1)+40(y -3.5(45-y)(1<t<2)
+4(y—35)(45-y)(—-18t+46)(2 <t <25)+4(y—-3545-y)(t>25)n, te]0,3] (32)
The optimization parameter values are shown in Table 7. The flux constraint with the formulation as Eq. (31) is imposed on

the outlet I',; to constrain the flux distribution between the two outlets I',; and I',,. The parameters in Eq. (31) are chosen
to be 1 x 10~ for € and 1 fg fr,- —u;, - n dI'dt for Q.. When [Ty, T>] is set equal to [0, T], the design constraint is

Jo Jy, w-ndrde

. - <1x10™ (33)
3 Jo Jr, —Wn-mdldt

Then the objective and the design constraint are both defined on the whole time interval. The optimized flux distribution
device is shown in Fig. 17(a). The objective value corresponding to the result in Fig. 17(a) is 1.740 x 103. When the time
interval [Ty, T»] is set to be [1,2], the design constraint is modified as

Ik Jp. w-ndrdt

! -1] <1x10™* (34)
i f,.i —u;, -n drdt
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Table 7
Parameter settings in the topology optimization of a device with target flux on the outlet.
/51 ﬁz 0 Omin Olmax q
1 0 0.4 0 1x10° 1
A 1‘

N

2
[E]
N

0
Dg=01

v

[E]
1
h
i
P

Fig. 18. Design domain of the roller-type pump.

Table 8

Parameter settings in the topology optimization of a roller-type pump.
ﬁl 52 0 %min Xmax q
1 0 0.4 0 1x10% 1

&

e —Angular speed 10
4 --=-Outflow rate

Angular speed
Qutflow rate

I8

=3

.,
@

0 05 1 15 2
Time

(a) ()

Fig. 19. (a) Optimal design of the roller-type pump; (b) the angular velocity over time and the outflow rate over time on the outlet I',.

and the objective is still defined on the whole time interval. According to the derivation of adjoint sensitivity in Appendix C,
the adjoint equations and sensitivity corresponding to the flux constraint are defined on the time interval [0,2]. By keeping
the other parameters unchanged, the optimization problem is solved. The optimized result is shown in Fig. 17b. The value of
the objective corresponding to the result in Fig. 17b is 1.257 x 10>. The outflow rate on the outlet I",; corresponding to the
above two optimal designs is shown in Fig. 17c. Because the fluid considered in this paper is incompressible, the left fluid
must flow out from the outlet I',; when the target flux constraint is satisfied on the outlet I',;. Therefore, the optimized
channels in Fig. 17a and b have two branches. The flux constraints in Eqs. (33) and (34) mean that the flux at the outlet
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Fig. 20. Streamlines of the flow in the optimal design of the roller-type pump at t=0.8.

L3|
MIS(E.._:FB
1.25
um’ F
{/?,.1,' i2
0 - Ly X (m)
0 12%\@1‘ L5 4.75 4 10~
uml

(a)

(b)

Fig. 21. (a) Design domain of the star-shaped microchannel chip; (b) optimal design of the star-shaped microchannel chip.
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Table 9

Parameter settings in the topology optimization of a star-shaped microchannel chip.
ﬁ1 /j2 0 Omin Olmax q
1 0.1 0.35 0 1x10°

by r=10

(d)yr=20

Fig. 22. Snapshots of the distribution of fluidic velocity.

I',; of the optimal design in Fig. 17(a) is lower than that in Fig. 17(b). Therefore, the thick branch connected to I',; in
Fig. 17(b) is helpful for decreasing the velocity gradient and dissipation of the flow.

Second, a roller-type pump, which pumps the liquid using a rotating roller, is optimized. Fig. 18 shows the design domain,
where the rotating roller drives the liquid flowing from the inlet I'; to the outlet I',. The fluidic velocity on the surface of the
roller is equal to the rotational velocity of the roller surface,

u, = w(t)Rt, tel0,2] (35)

where w(t) is the transient angular speed of the roller; R is the radius of the roller; and 7 is the unit tangential vector of the
roller surface. The optimization parameter values are shown in Table 8. By setting Q.- and € to 20 and 1 x 10~ respectively,
the flux constraint shown in Eq. (31) is imposed on the boundary I', as

Jy Jr,umdrde \’ p

( 20 —]) <1x10 (36)
The design domain is discretized by 171519 triangular elements. After the transient angular speed is set to
w(t)=400min(t,1)/7 (Fig. 19(b)), the optimized roller-type pump is shown in Fig. 19(a). The objective value corresponding
to the result in Fig. 19(a) is 5.866 x 10°. The outflow rate over time is shown in Fig. 19(b). The streamline distribution of the
flow in the optimized pump is shown in Fig. 20. Fig. 20 shows that the streamlines near the surface of the pump’s roller is
closed, while the others start at the inlet and end at the outlet. Therefore, a net flux between the inlet and outlet of the pump
is produced by the rotating roller.

5.5. Star-shaped microchannel chip

Lab-on-a-chip devices have been become a popular technique in biochemistry and bioengineering [59,60]. This example
involves the design of an infuser, a device that feeds a reactor or a piece of analysis equipment with a specific amount of fluid
[52]. Flushing the fluidic channel is an important step to maintain consistent performance and enhance the efficiency of an
infuser. The fluid flowing through an infuser is water, with density and viscosity equal to 1 x 10> kg/m> and 1 x 10 3 Pa - s,
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respectively. The design domain is shown in Fig. 21(a) and is discretized by 160866 triangular elements. The transient veloc-
ity loaded on the inlets of the Star-shaped microchannel is

U;;; = —U(1 + 2 sin(7tt))n

W, = —-U(1 + 2sin(nt + /4))n

W3 = —-U(1 + 2sin(ntt + 7/2))n (37)
Wing = —U(1 + 2sin(nt + 37/4))n

W5 = —U(1 + 2sin(nt + ))n

where U =4 x 1072y(1 — y) is a parabolic distribution on the inlets of the design domain, and y is the local coordinate on the
corresponding inlet. The energy dissipation and pressure distribution at the inlet (Eq. (22)) are set as the objective. The time
interval is chosen to be [0,2]. The optimization parameter values are shown in Table 9. The optimized infuser has star-shaped
channels (Fig. 21(b)). The objective value corresponding to the result in Fig. 21(b) is 795.6. Snapshots for the distribution of
the fluidic velocity are shown in Fig. 22. Fig. 22 shows that the fluid pulses through the star-shaped chip periodically. This
periodic pulsing is helpful for the effective flushing of leftovers in the chip.

6. Conclusion

The topology optimization method has been successfully used to design the unsteady incompressible Navier-Stokes
flows at low and moderate Reynolds numbers. This makes topology optimization more useful for practical engineering de-
signs, such as a flow with unsteady state or optimization focusing on the dynamic effect of fluid. Based on the continuous
adjoint method, the topology optimization problem of the unsteady Navier-Stokes flow has been analyzed, and the numer-
ical optimization procedure can be implemented by user-available numerical computational methods, such as the finite dif-
ference method, the finite element method or the finite volume method. Several examples have been presented, and the
corresponding results have demonstrated that the optimized design of the unsteady Navier-Stokes flow is influenced by
the dynamic effect, the Reynolds number and the constraints on the flux of fluid.
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Appendix A. Adjoint equations of unsteady incompressible Navier-Stokes equations

To analyze the transient Navier-Stokes equations for the topology optimization problem in Eq. (7), the functional spaces
for variables are chosen to be

ueVy :=L*(0,T);H(Q); peVq:=L*(0,T);L*(Q)) A1)
feV,:=L*((0,T);H (Q); wecHy(Q); yel'(Q) '
where H!(Q) := (H'(£2))% d is the spatial dimension; L'(€2) and L?(€2) are the first-order and second-order integrable Lebes-
gue spaces respectively; H*(Q) is the dual space of the Hilbert space H'(2); and H})(Q) = {u e H'(Q)|V - u = 0}. According to
the Rietz representation theorem and the Holder inequality [61], it is known that the Bochner space Vg, is reflexive, i.e.,
V;, = Vq. Based on the adjoint analysis method, the sensitivity analysis of the optimization problem in Eq. (7) can be derived
as follows: Based on [51]

<U*7'/0Tf(t)dt>XV‘X - ./O'T (" F(6)y xdt (A2)

where X is a Bochner space, and its dual is X*, u* € X*, f: (0,T) — X is Bochner integrable, then the integration on time and on
space can change sequence. Therefore,

T
piy) = //{ (Vu+ V') + p(u-V)u+fof}-dedt7/ /qV-udet
0 Q

T
+/ /u~vdth+/ / [—pl+n(Vu+VuT)]n~vdth+/(u~v) dae (A.3)
o Jrp 0o Jry Q

t=0
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for Vv € Vg and Vq € Vg. Based on Eq. (A.2), the following transformation of Eq. (A.3) is obtained by partial integration on

time:
(u,p;v):p/Q /OT {a(u v

T . T T T
+/ /p(u-V)u~dedt+/ /[V~(pv)fpV~v] det—/ /f-dedt—/ /qV~udet
Jo JQ Jo JQ

// pl 4 n(Vu + Va')ln. vdth+/( v de (A4)

Q t=0

T
“g—ﬂdfdQH?/ /[(Vu+VuT):Vv—V-((Vu+VuT).v)] dodt
0 Q

Based on Gauss theory [45], Eq. (A.4) can be transformed into

py::p/ (w-v)|[_r—(u-v)|,_) dQ - p// det+n//Vu+Vu) Vv dQdt

+/ /p(u-V)u-dedtf/ /pV-Vdet—/ /f-dedt
Jo JQ Jo JQ JOo JQ

T T . T
+/ / [pl—n(Vu+VuT)]n.vdrdt—/ qV~udet+/ / u.v drde
o Joo o Jo o Jrp
o (AS5)

t=0

T
J— T . .
+/0 /FN[ pl 4+ 7(Vu + Vu')n vdth+/Q(u v)

By inserting the boundary conditions into Eq. (A.5), the reduced weak operator of transient Navier-Stokes equations is ob-
tained as

(w,p;y) = p/ (W-V)|_r — g - V|,_o] dQ — p/ /u det+n//Vu+Vu) Vv dQdt

+/ /p(u-V)u-dedtf/ /pV-dedtf/ /f-dedtf/ /qV-udet
0 Q 0 Q 0 Q 0 Q

T T .
+ / [pl—n(Vu+vu')n.v]|,_, drde+ / / up - v drdt (A.6)
Jo Jrp Jo Jrp

According to the definition of the Gateaux derivative [45], the Gateaux derivatives of Eq. (A.6) in the direction
(w,r) e Vg x Vg are

ult )Wy, = lim CEEID D) [y aap [ [ w Y o

h—0"

T
+11/ /(VW+VWT):Vdedt+/ /p(w-V)u.v det+/ /p(u~V)w-dedt
0 Q 0 JQ

/ /—w dedt—/T/QqV-wdet (A7)

. e(w,p+hr)—e(u,p)
(e (W, ps7), 1)y, y, = lim -

T,
/ /rv dedt—/ /—r dedt+/ / m.v drdt (A8)
I'p

Based on the linear property of operators (eq(u,p;7), W)y. y, and (e,(u,p;?y), "Wy Vor they are bounded based on the Cauchy-
Schwarz inequality and the Poincaré’s inequality. Theret%re Eqgs. (A.7) and (A. 8) are the Gateaux derivatives of e(u,p). The
dual operator of a linear operator is defined as [45]

and

(D'u, V) x = (U, DV)y.y, YueY,veX (A.9)
where X and Y are Banach spaces, D € £(X,Y) and D" € £(Y",X"). By rewriting ey(u,p;y) and e,(u,p;7) in the formulation of
linear operators, one can obtain

(eu(u, p; V)7W>v9.v9 = (Av+ quw>v;2,vQ

A.10
< ( 7p7 7r>v Vo = (Cv7 r>VZ2-VQ ( )
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and
(eu(m,v:7), W>v;2_vQ = (Ap+ B, W>V;2‘Vg

’ ) (A11)
<ep(l‘v v; /)’r>v}z~vg = (en, r>VZz-sz

where u e Vg and v € Vo, A, B and C are linear operators. According to Egs. (11) and (A.11), the weak form of the adjoint
equations for the topology optimization problem of unsteady Navier-Stokes flows in Eq. (7) can be obtained as

o[

T T
dQ—p/ /Qw.a—" det+11/ [ (Vw4 W) : Vp dade

T T
/ /pw V. udet+/ /p w~dedt—/ /vV-wdet—/ /a—fw-dedt
o Ja 0o JooOu

= _Uu vu7p7 /)7 >VQ Vo (Alz)
and
T
/ /rV dedt—/ /—r dedt+/ / m-pdrdt = —(J,(u,Vu,p;7),r),. , (A.13)
I'p Ve
Additionally, there are
T T T
/ /(Vw+ YW') : Y dQdt — —/ /V-(Vﬂ+VﬂT)-W det+/ (Vu+Vu'n - w drdt (A14)
0o Jo o Jo o Jry
T T T
/ /vV-wdet:—/ /Vv-wdet+/ / vn-w drde (A.15)
J0 Q JO JQ 0 I'y

and

T
//(u~ w - p dQdt = - // pwdet—s—//uny w drde (A.16)
o Ja I'n

Because u is known on X and p can be expressed by Vu on Xy, according to Eq. (4)

B(p;y), on Xp
B 3Y) = A17
(1.5:7) {B<u., Vu:7). on Iy A17)
By inserting Eqgs. (A.14)-(A.17) into Eqs. A.12 and A.13, one can obtain
T dA dA T dA
Gutwp) Wiy, = [ [ [—'w— (V) W|dde s [ | jgn-ward:
/ / [32— w drdr (A18)
and
{J,(u,p;p),1) —/T ﬁ%rdetJr/T ﬂa—Brdth (A19)
p\*H V)5 ViVo 0 o 16p o Iy 28p .

Therefore, the adjoint equations of the Navier-Stokes equations can be written as

—pH =NV - (Vu+VE) = p(u-V)p+ p(Vu) - p+ Vv = —f; (- V- 54) +%p, inQ

“Veu=-pp+g-u inQ

u(T,x)=0, inQ (A.20)
p=-5n, onZp

[~VI+n(Vp+Vu')n=—pu-mpu—pAn—p,% onZy

Appendix B. Adjoint sensitivity of optimization problem

Based on the similar analysis of the dual operator of e,(u,p;y), the adjoint derivatives of the optimization problem can be
obtained as
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<g{/ > //Q(ﬂl%+g—; )zdedt:// <ﬁ]%+0_f )l//dtdQ
L () e

<3{; ¢> o //ﬁ2 v drd = /U b2 dt}wdr

where Yy € C*(Q). Therefore, according to Eq. (12), the adjoint derivatives can be expressed as

and

( 7.77 >dt in Q

oy

f B, 2 e on 0Q

<’

Appendix C. Adjoint analysis of expression defined on [T, T;] C [0,T]

In some cases, the expression in Eq. (8) is defined on the subset [Tq,T;] instead of [0, T]:

J(u,p;y) = ///ﬁ Vupv)det+/T2/ﬁz u,p;y) drde

where [T1,T;] is a subset of [0,T]. Then Eq. (C.1) can be rewritten as

T, T
Ju,p;y) = / /Odet+/ 0 dth+/ /[31A(u7 Vu,p;7) deH—/ / B,B(u,p;vy) drdt
0 0Q T, Ja T, Jog

/ /0 det+/ 0 drdr
T, Jog

where A and B are set to 0 in (0,T;) and (T4,T3), respectively. Then Egs. (A.18) and (A.19) can be rewritten as

T . T, T4 T
Ja(W,P57), Wy :/ 1 /Odet+/ Odth+/ OdthJr/z
e Jo  Jry Jo  Jry J1,

oA oA n oA n OB
/ﬁl[au - (V'Tv )w] det+/T] /rNﬁl—aVun-wdthJr/T] [ b
T
-wdrdr + / / 0 dQdt + / 0 drde + / 0 drdr
1, Jry T, Jry

and

T, T, A T T,
Uy p: ). :/ /Odet+/ BT det+/ /Odet+/ 0 drd
Ve 0 1% T T, JQ 0 I'p
T,
+/ ﬁz—r dth+/ 0 drd
r, Jr, 0D T, JIp

Therefore, the adjoint equations of the Navier-Stokes equations can be written as
When t € (T5,T)

—p% gV (Vu+ V") —pa-Vip+p(Va) - p+Vv=%p  in(T,,T) x Q
~Vop=5-p in(T,T)xQ

W(T,x) = 0, in Q

p=00n (T,,T) x I'p

[-VI+n(Vu+Vuhn=—p(u-n)u, on (T, T)x Iy

(B.1)

(B.3)

(C.1)

(c2)

(C.5)
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When t € (Ty,T3)

UV (Vo V)~ plu- V) p(VU) -+ VY = (A VA 2 in (T),T2) x Q
~Vou=-p G+ n in(T1.T2)xQ o)
ﬂ:—%n, on (Ty,Ty) x I'p
[-VI+p(Vp+Va)n=—-pu-n)u—p,2An—p,%  on (T,T;) x I'y

When t € (0,T;)

P =NV - (Vu+ V') = pu-V)p+ p(Vu) - p+ Vv =25t in (0,T1) x 2
~V-pu=5-p1in(0,T)) x Q

u=0, on (0,T{)xIp

[-VI+7(Vu+VuH)n=—pu-n)u, on (0,T;)xI'y

(€.7)

By solving Egs. (C.5), (C.6) and (C.7) sequentially, the adjoint variables of u and p can be obtained. Because the solution of Eq.
(C.5)is u=0and v =0, one only needs to solved Egs. (C.6) and (C.7) with the initial condition u(T,,Xx) = 0. The adjoint deriv-
atives corresponding to expression (C.1) can be expressed as

) T. F ‘ T ¢ .

DA _ OB p
D_{v|;xz =, [;Z(g_y dt, on oQ

Therefore, the adjoint analysis of the objective or design constraints defined on the subinterval [T;,T,] C [0,T] is imple-
mented on [0,T»] instead of [0, T], although the unsteady flow problem is defined on the time interval [0, T]. Subsequently,
the corresponding adjoint equations and adjoint derivatives are transient equations and integrations on [0,T,] instead of
[0,T], respectively.
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