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Abstract

The gradient based optimisation algorithms combined with the finite volume or ele-
ment based adjoint approaches have been very successful in aerodynamic shape optimization
(ASO). The meshfree least squares kinetic upwind method (LSKUM), which works on a cloud
of points and its connectivity, has the advantage in terms of flexibility of generating a cloud
of points and having an arbitrary number of points in the connectivity. The LSKUM based
meshfree solvers have been successfully applied to problems involving multi-body configura-
tions and moving boundaries. In the present work, the LSKUM based primal and discrete
adjoint meshfree solvers have been applied to perform aerodynamic shape optimisation. It
is well-known that the raw shape sensitivities of a defined objective function are highly os-
cillatory. In this research, we have used the Sobolev gradient smoothing. An approach is
developed to find a suitable choice for the smoothing parameter in the Sobolev gradient
algorithm. Numerical results are presented for the shape optimisation of the NACA0012
airfoil at transonic and supersonic flows. The advantages of using LSKUM in aerodynamic

shape optimisation have been shown.

Keywords: aecrodynamic shape optimisation; discrete adjoints; gradient smoothing; meshfree methods;
LSKUM.

1 Introduction

The gradient based optimisation algorithms combined with the adjoint approaches, which can handle
large design spaces, have become popular in aerodynamic shape optimisation (ASO) [1; 2; 3; 4]. An op-
timisation algorithm consists of perturbing the shape in the direction of the gradient of the cost function
with respect to the control variables, also known as shape variables. The shape sensitivities are deter-
mined by solving the adjoint problem derived from the governing equations of fluid dynamics, whose CFD
solution for the given boundary conditions is called the primal solution. The adjoint solvers developed
till now use finite volume or finite element formulations. To our knowledge, the meshfree formulation has

not been employed in adjoint based aerodynamic shape optimisation.

A meshfree scheme of particular interest to us is the Least Squares Kinetic Upwind Method (LSKUM)
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[5; 6]. LSKUM operates on the distribution of points, known as a point cloud. Each point in the cloud
requires connectivity or neighbourhood information to obtain the least-squares approximation of the spa-
tial derivatives in the governing equations. LSKUM requires a connectivity preprocessor operating on the
cloud of points. There is a lot of flexibility in choosing the connectivity set, as the number of points in the
neighbourhood need not be fixed. The only restriction is that the number of neighbours must be at least
3 in two-dimensions (2D) and 4 in three-dimensions (3D). One important difference between the finite
volume method (FVM) and meshfree LSKUM is worth emphasising. The FVM requires a disjoint cover
of volumes for the computational domain. The LSKUM operates on an overlapping cover of connectivity
sets. Points in the connectivity can vary over a domain. This flexibility of LSKUM is expected to be
useful in performing shape optimisation. As mentioned before, the number of points in the connectivity
is arbitrary. Hence during optimisation cycles, as the shape changes, points may move out or in the
connectivity of the body points or nearby points without affecting the least-squares approximation of the

spatial derivatives.

Over the past two decades, the LSKUM based meshfree solvers have been successfully used for com-
puting flows around realistic multi-body configurations, problems involving moving bodies, investigat-
ing store separation dynamics, strongly rotating viscous flows, and flutter prediction in turbomachines
[7; 8 9; 10; 11]. In this paper, an attempt has been made to explore aerodynamic shape optimisation
using meshfree LSKUM adjoints. The adjoint meshfree solver that computes the shape sensitivities is
developed by algorithmically differentiating (AD) the primal LSKUM solver. This approach has been
successfully employed in developing robust and accurate adjoint solvers in steady and unsteady flows
[12; 13; 14].

This paper is organised as follows. Section 2 presents the basic theory of the kinetic meshfree solver
based on LSKUM. The mathematical formulation of the optimisation problem and the details related
to developing a discrete adjoint meshfree solver for accurate computation of shape sensitivities are pre-
sented in Section 3. Sobolev gradient smoothing of non-smooth shape sensitivities is shown in Section
4. Furthermore, an approach to finding the smoothing parameter in the Sobolev gradient algorithm that
yields sufficiently smoothed sensitivities is presented. Section 5 presents the optimisation results for the

NACAO0012 airfoil at transonic and supersonic flows. Finally, conclusions are drawn in Section 6.

2 Primal meshfree LSKUM solver

The Least Squares Kinetic Upwind Method (LSKUM) is a kinetic theory based meshfree upwind scheme
for the numerical solution of compressible fluid flows [5; 6]. It uses the Kinetic Flux Vector Split (KFVS)
fluxes [15]. The KFVS scheme is based on the well-known fact that the governing equations of fluid
dynamics can be obtained as the suitable moments of the Boltzmann equation with appropriate velocity
distribution functions [16]. In this section, we present the basic theory of LSKUM for two-dimensional
(2D) Euler equations.

In 2D, the Boltzmann equation is given by

0 0 0
67{+U187£+0287£:J(f7f) (2.1)

where f is the molecular velocity distribution function, J (f, f) is the collision term, v; and v, are the
molecular velocities along the coordinate directions x and y, respectively. When the velocity distribution

function, f is Maxwellian (F'), the collsion term vanishes and W-moments of the eqn. (2.1) lead to the
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Euler equations. In the compact form, the relation between these equations can be expressed as

of  of  of\ _oU 9GX 0GY .
<‘I}’8t+ Yor T Qay>* o T o Ty O IET (22)

where, U is the conserved vector, GX and GY are the flux vectors in = and y directions, respectively.
These vectors are defined by

P pul pu2
2
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where, p is fluid density, p is pressure, F is total energy per unit mass, u; and us are fluid velocities in x
and y directions, respectively. The Maxwellian distribution function F' and the moment function vector
U are defined by,

F :I% (g) exp {mrm)z + (v2 — u2)?} — ]io (2.4)

\I/:|:].,U1,’U27I—|— 5

where, Iy and I represent equilibrium internal energy and internal energy due to non-translational degrees
of freedom and 5 = 1/2RT. The moment relations to obtain the conserved and the flux vectors are given
as

U=(V,F)= / W F'dvydved]

R+ xR2

(2.5)
GX = (\I/,U1F> = / \I/Ulevld’Ung7 GY = <\I/71}2F> = / \I/ngdvldvng

Rt xR2 R+ xR2

To obtain the KFVS fluxes, consider the CIR split [17] Boltzmann equation with the distribution funciton
being the Maxwellian,

of | of of of of _ ok ViE vl
or T g T gy T gy T gy O T = (26)
W-moments of the above equation leads to the KFVS Euler equations
8£+8GX++8GX_+8GY++8GY__O (2.7)
ot Ox Ox Oy oy '

where, GX* and GY'* are KFVS Euler fluxes [15]. The expressions for the split fluxes can be obtained
by using the moment relations in eqn. (2.5) with suitable limits of integration that respect the corre-

sponding velocity space.

In LSKUM, the flux derivatives in the KFVS Euler equations are discretised using the least-squares
principle [6]. To derive the least-squares approximation of the spatial derivatives, consider the Taylor
series expansion of f at a point P; around the point P,

fi = fo+ fao Az + fy Ay + O(Az?, Ay2)7 i=1,...,n (2.8)

where, Ax; = x; — xo, Ay; = y; — yo and n represents the number of neighbours of the point Py. The set
of points in the neighbourhood of P, defines its connectivity set (stencil), C'(Py) = {P; : d(P;, Py) < h}.
Here, d (P;, Py) is the Euclidean distance between the points P; and Py, and h is a characteristic length

to be chosen by the user. For n > 3, the above equation represents an over-determined linear system
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for the unknowns f;, and f,,. To find the first-order accurate least-squares approximation of the spatial
derivatives, we neglect the terms of order greater than O(Ax, Ay) in eqn. (2.8). Consider the sum of the
squares of the error in the approximation of f;,

E=Y"e2 =Y (Afi— folui — [ hp)?, Afi=fi— fo (2.9)

Minimising E with respect to f;, and fy, gives the system

YAz Ay YAy | | fe| X AfAY '

The solution of the above linear system yields the first-order accurate approximations to f,, and f,.
Taking the ¥-moments of eqn. (2.6) with the least-squares formulae for f,, and f, results in the semi-
discrete form of LSKUM. To enforce upwinding, the spatial derivatives of the split fluxes GX + and
GY ™ are approximated using sub-stencils. For example, the sub-stencil for approximating the spatial
derivative of GX T is defined as

This approach is known as upwinding by stencil sub-division [6; 18]. The second-order accurate approx-
imations to the spatial derivatives can be obtained by using the defect correction approach with entropy
variables [19]. Suitable time marching scheme leads to the state update formula for LSKUM.

It is pertinent to note that the mathematical formulation of the method does not place any condi-
tion on the point cloud. Thus, given a cloud of points and connectivity set (stencil) at each point, we
can obtain the spatial derivatives without the need for topological information of the point cloud. How-
ever, the connectivity generation for any point should ensure that the least-squares matrix shown in eqn.
(2.10) must be well-conditioned. This is crucial in ensuring the accuracy and robustness of least-squares

approximation, thereby avoiding code divergence.

3 Adjoint meshfree LSKUM solver

Consider the problem of finding an optimal shape that maximises or minimises an objective function of
particular interest in aerodynamics. This amounts to a PDE-constrained optimisation problem, which,

in its general form, can be defined as

max/min  J (U, «)

(3.12)
subject to C(U,a) =0

where J is a scalar objective function like the aerodynamic lift or drag coefficients and U is the conserved
vector. « is the vector of shape coordinates (z,y) that define the geometry of the configuration in
two-dimensions. In the present work, C (U, a) = 0 represents the compressible Euler equations with

boundary conditions. After discretisation, the constraints can be written as

Un+1 o Un

o +R(U,a)=0 (3.13)

Here, R, (U, ) is the discrete residual vector obtained after the meshfree discretisation of the spatial
derivatives in eqn. (2.7). Since we are interested in the steady-state solution, the superscript n represents

a pseudo-time iteration. The state-update formula can be written in the fixed point form as

Ut =G U™, ) (3.14)
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Here, G represents an iteration of the meshfree solver based on LSKUM for the numerical solution of the

Fuler equations. The above fixed point iteration converges to the steady state solution U, given by
U=G(U,a) (3.15)
In the discrete form, the optimisation problem defined in eqn. (3.12) can be formulated as

max/min  J (U, «)

(3.16)
subject to U =G (U, a)

The Lagrangian functional associated with the above constrained optimisation problem is given by
LU, ¥,a)=JU,a)-¥"{U-G(U,a)} (3.17)

Here W is the adjoint state vector or the Lagrange multiplier. From the first order necessary conditions

(KKT conditions) for optimality of the Lagrangian function, the discrete adjoint equations can be derived

oG\ " AN
n+1l _ n
v (22) s (22) 19

A general notation for the adjoint fixed point iterative scheme can be written as

in the fixed point form as

vt = G (P U, ) (3.19)

where G represents a pseudo-time iteration of the discrete adjoint LSKUM solver for Euler equations.
Finally, the converged primal and adjoint solutions are used to evaluate the sensitivities of the objective
functional L (U, ¥, o) with respect to the vector of shape variables a as
aL _ 8;] \I;Taﬁ
da O« Ja
In the present work, the adjoint LSKUM solver is constructed by Algorithmically Differentiating (AD)
[20] the primal LSKUM solver. From equs. (3.18) and (3.20), it is clear that accurate computation

of the shape sensitivities require the exact differentiation of J and G. An advantage of AD is that it

(3.20)

performs the exact differentiation of these terms and thus yields accurate shape sensitivities Jo. To ease
the differentiation, the AD tool Tapenade [21] has been employed.

For the sake of simplicity, the mathematical formulation of the discrete optimisation problem is shown
with first-order forward difference formula for the time derivative. For higher-order temporal schemes,
the adjoint equations can be derived in a similar fashion. Furthermore, there could be aerodynamic
and geometric constraints on the control vector. For example, the aerodynamic constraints are imposed
on the lift and pitching moment coefficients. The geometric constraints could be on the thickness and
trailing edge angle of the airfoils.

4 Gradient smoothing

In aerodynamic shape optimisation using free node shape representation, the points that define the sur-
face of the geometry of interest are chosen as the control variables. This leads to a large number of
control variables. An advantage of this approach is that the point-wise shape sensitivities give an insight
into the regions that significantly influence the objective function and where incremental shape changes
can occur. In general, the point-wise shape sensitivities thus obtained from the adjoint solver are non-
smooth and may contain high frequency oscillations. The behavior of the sensitivities is almost tending to
the Weierstrass function (continuous everywhere but differentiable nowhere). The direct use of raw sen-

sitivities in the gradient descent algorithm leads to non-smooth and oscillatory shapes that are unphysical.
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In order to ensure that the shapes obtained during optimisation cycles remain smooth, the sensitiv-
ities J, must be smoothed. Mathematically speaking, we must confine J, to a subspace of smooth
differentiable functions such as Sobolev space instead of Lo space. The smoothed sensitivities can be
obtained using the well-known Sobolev gradient smoothing [1; 22] or filtering techniques [23]. In the

present work, we have used the Sobolev smoothing approach.

Using Sobolev smoothing, the smoothed shape sensitivities J4 along the arcual direction s of the bound-

ary of a shape in two-dimensions can be obtained by solving

0 0Jg
s DB, (4.21)

where, € is the smoothing coefficient, which can be non-dimensionalised by introducing a user defined

J

parameter ¢ such that
e =0oAs® (4.22)

Here As is the characteristic length along the arcual direction. The gradient smoothing in eqn. (4.21)
can be mathematically explained in terms of confining the gradient to Sobolev space having an inner

product of any two functions v and v as

(U, 0) g = /(uv +eu'v') ds (4.23)
C

Here C is a bounding curve. When applied to Jg, this induces the Sobolev norm,
= 2 — 2 — /2 — 2 — /2
Nall“sop = | (Ja +eJa )ds= [ Jo ds+ [ eJo ds (4.24)
The terms on the right hand side of the above equation can be defined as,
- 2 — /2
X1 = /Ja ds, X2 = /Ja ds (4.25)

Here y; is a measure of J, and Y2 is a measure of the gradient of J along the arcual direction of the

boundary of the shape. The ratio of these terms is defined as

— /2
Jo d
_xz_ [ Ja ds — (4.26)
X1 fJa ds

The ratio, x is a good indicator of the smoothness of J, and therefore can be used to select o. For a
non-smooth highly oscillatory J, the values of x5 will be very large compared to ;. For smooth Jg,
the values of x will be small. Hence yx is helpful in understanding the effect of o. This expectation is

borne out by our calculations in Section (5).

5 Results and discussion

The meshfree LSKUM primal and adjoint solvers have been applied to perform aerodynamic shape
optimisation of the NACAO0012 airfoil in transonic and supersonic flows. For all the test cases, a point
cloud with 23,566 points and 936 points on the airfoil surface are used. The following test cases are

considered.
e Case 1: Drag minimisation of the airfoil at M., = 0.85 and AoA = 1°.
e Case 2: Drag minimisation of the airfoil at M., = 0.85 and AoA = 1° with constant lift.

e Case 3: Drag minimisation of the airfoil at Mo, = 1.2 and AoA = 0° with constant lift and trailing
edge angle.

215



ACFD2022 (13" Asian Computational Fluid Dynamics Conerence)

October 16-19, 2022 | Jeju Shinhwa World, Jeju, Korea

5.1 Case 1: Drag minimisation of the NACAO0012 airfoil in transonic flow

The flow conditions for this case are given by the Mach number, M, = 0.85 and angle of attack,
AoA = 1°. The flow field on the baseline geometry is characterised by a strong shock on the upper
surface and a weak shock on the lower surface. Hence the drag is due to the presence of shocks. The
objective function is defined as the minimisation of the drag coefficient. The geometric constraints are
that the chord length and the trailing edge point are fixed. This implies that the y-coordinates of the
rest of the points on the airfoil are allowed to perturb, and therefore form the control vector.

Figure 1 shows the plot of shape sensitivities with and without smoothing along the arcual length of
the baseline airfoil. For the numerical experiments, the characteristic length scale, As defined in eqn.
(4.22) is chosen as the average surface point spacing on the airfoil. We observe that the raw shape
sensitivities J, obtained from the adjoint solver are non-smooth and highly oscillatory. The smoothed
sensitivities J becomes smoother with increasing values of o. Figure 2a shows that the Sobolev norm of
the smoothed sensitivities J4 reduces with increase in . Figure 2b shows the plot of the ratio y, defined
in eqn. (4.26). This plot explains the reason for increased smoothness of J, and the reduction in its
Sobolev norm for large values of . For small values of o, x is large as ys, a measure of non-smoothness is
large. Note that the value of x computed from the non-smooth sensitivities J,, is of the order of O (106).
On the other hand, large values of ¢ results in smaller gradients of J,, and thus reduces the contribution
of x2 term. This in turn resulted in smaller values of the Sobolev norm. The ratio, x identifies the large
value of o that results in adequate smoothing of shape sensitivities. Figure 3 shows the Sobolev smoothed
shape sensitivities on the airfoil with ¢ = 3 x 10°. Thus it can be inferred from the above discussion
that the Sobolev smoothing attenuates the rapid variation of the raw shape sensitivities along the arcual
direction.

0.15 I l I —_—
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sigma = 10
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10 e
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2 |
B 0.05
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Figure 1: Variation of J, and J, along the arcual distance of airfoil for various values of o.
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(a) Sobolev norm of Jg. (b) Ratio y based on Je.

Figure 2: Casel: Drag minimisation of the NACA0012 airfoil at M = 0.85 and AoA = 1°.

(a) lower airfoil. (b) upper airfoil.

Figure 3: A comparison of non-smooth and smoothed shape sensitivities for the baseline airfoil.

Figure 4 shows the baseline shape of the airfoil and the optimal shape obtained after 11 cycles of
optimisation. Figure 5 shows a comparison of the Mach contours. We observe that the baseline shape
has a strong shock on the upper surface (shock is bent more) and a weak shock on the lower surface.
For the optimal shape, the strength of the shock on the upper surface is reduced (less bending) while
on the lower surface the shock has almost vanished. Also notice the lower coalescence of Mach waves on
the optimal shape as compared to baseline shape suggesting lower wave drag. The entropy contours in
Figure 6 show that the loss in the entropy is much less for the optimal shape as compared to the baseline
shape thereby causing less drag. Figure 7 shows the surface pressure distribution (C),). We can notice
the reduction in strength of shocks and the location of shock on the upper surface has moved upstream.
The changes in C}, near the leading edge that affect acceleration of the flow can also be seen clearly.
Pressure distribution is approaching the well-known roof top distribution. The overall effect of these flow
changes can be easily seen in Figure 8 that shows the reduction in drag as optimisation proceeds. Table
1 shows a comparison of the lift and drag coefficients for the baseline and optimal shapes. We observe
that the optimisation reduced the drag by around 98%. Since there is no constraint on the lift during
optimisation, the pressure differential between the pressure and suction sides is reduced, thus leading to
the decrease in the lift coefficient.

During the optimisation, as the shape changes, the interior points in the vicinity of the airfoil may
move close to it or fall inside the airfoil. In the meshfree framework, the points falling inside the airfoil
can be blanked, and the connectivity of the wall and nearest interior points can be regenerated. However,
as the interior points move closer to the wall boundary, the least-squares matrix of the wall points may
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become ill-conditioned. This may affect the accuracy of the derivative or even result in code divergence.

Alternatively, each nearby interior point can be moved according to the perturbation of its nearest wall
or the shape point. Note that the set of nearby interior points can be defined by choosing a bounding
box around the airfoil. An advantage of this approach is that there is no need for point blanking, and
the connectivity set obtained for the baseline shape can be used throughout the optimisation cycles.
Furthermore, the least-squares matrices of the wall points remain well-conditioned. In this research, we

pursued this approach to handle the point movement during optimisation.

' Baseline
015} Optimal
0.1
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> 0
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-0.15
-0.2 ; G . . . :
o 0.2 0.4 0.6 0.8 1

X

Figure 4: Case 1: Baseline and optimal airfoil shapes.

(a) Baseline shape (b) Optimal shape

Figure 5: Casel: A comparison of the Mach contours for the baseline and optimal airfoils.
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(a) Baseline shape (b) Optimal shape

Figure 6: Casel: A comparison of the entropy contours for the baseline and optimal airfoils.
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Figure 7: Casel: A comparison of the C), dis-

Fi : 1: D hi .
tribution for the baseline and optimal airfoils. igure 8: Case rag history

Shape  Lift coefficient (C,) Drag coefficient (Cp)

Baseline 0.3824 0.0573
Optimal 0.0312 0.0013

Table 1: Casel: Lift and drag coefficients for the baseline and optimal airfoils.

5.2 Case 2: Drag minimisation of the NACAO0012 airfoil in transonic flow
with lift constraint

The next test case under investigation is the drag minimisation of the NACAO0012 airfoil by maintaining
the lift of the baseline airfoil. The flow conditions, geometric constraints, and the control vector are the
same as in Case 1. The lift constraint is imposed through the quadratic penalty function approach. The
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objective function J with the penalty function is then given by
1
min JZCD+§,U,(CL1,—CL)2 (5.27)

where, 1 is the penalty constant, Cp, is the computed lift and Cp;, is lift obtained from the baseline shape.

Figure 9 compares the baseline and optimal airfoil shapes. Figure 10 shows the Mach contours. It
can be noticed that the reduction in strength of shock on the upper surface is not as high as the Case
1, while on the lower surface, the shock has almost vanished. The coalescence of Mach waves is less,
suggesting less wave drag. The entropy contours in Figure 11 show the reduced shock strength. The
shape changed in such a way that the pressure differential on top and bottom surfaces was maintained
to achieve the desired lift. This can be seen from the C), distribution plot in Figure 12. We can notice a
small change in the strength of shock on the upper side, while shock has moved and reduced in strength
on the lower side. Figure 13 shows the drag history, which indicates the oscillatory nature of convergence
compared to Case 1. This is due to the penalty term corrections to maintain the required lift. Table
2 shows a comparison of the lift and drag coefficients. For the optimal shape, the drag is reduced by
around 67% while maintaining the lift generated by the baseline airfoil.

0.2

" Baseline
0.151- Optimal
0.1
0.05
> of
-0.05 |
-0.1
-0.15
-0.2 . L . . L -
1] 0.2 0.4 0.6 0.8 1

X

Figure 9: Case2: Baseline and optimal airfoil shapes.

(a) Baseline shape (b) Optimal shape

Figure 10: Case2: A comparison of the Mach contours for the baseline and optimal airfoils.
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(a) Baseline shape (b) Optimal shape

Figure 11: Case2: A comparison of the entropy contours for the baseline and optimal airfoils.
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Figure 12: Case2: A comparison of the C), dis-
tribution for the baseline and optimal airfoils. Figure 13: Case2: Drag history.

Shape  Lift coefficient (C,) Drag coefficient (Cp)

Baseline 0.3824 0.0573
Optimal 0.3818 0.0190

Table 2: Case2: Lift and drag coefficients for the baseline and optimal airfoils.

5.3 Case 3: Drag minimisation of the NACAO0012 airfoil in supersonic flow

The flow conditions for this test case are supersonic, with M, = 1.2 and AoA = 0°. The flow features
are characterised by a bow shock that appears ahead of the airfoil and the trailing edge fishtail shock.
The symmetry of the airfoil with zero angle of attack causes the lift to be zero. For this test case, the
objective function is defined as minimising the drag coefficient by maintaining zero lift. Apart from
the geometric constraints defined in Case 1, the maximum thickness of the airfoil section is allowed to
halve. Additionally, the trailing edge angle is constrained to be the same as the baseline airfoil angle.
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The constraints on the lift and trailing edge angle are imposed by the quadratic penalty functions. The
objective function is then given by

1 1
min J=Cp+ §MCL (CLt - CL)2 + E,UTE (TEb - TE)2 (528)

where, pe, and prp are respectively the penalty constants for the lift and trailing edge angle. C, is the
computed lift and Cp; is the target lift, which is zero. T'E is the trailing edge angle of the shape at any
cycle and T'Ej is the trailing edge angle corresponding to the baseline shape.

This test case is interesting as the bow shock, which contributes maximally to the objective function,
is off the body. We notice from Figure 14 that the shock stand-off distance reduces as a consequence
of optimisation. This is due to the change in geometry near the leading edge. Also, the oblique shock
away from the line of symmetry becomes weaker, thus reducing the wave drag. Entropy contours from
Figure 15 show that the tail shock almost disappears. Figure 16 compares the baseline and optimal
airfoil shapes. Figure 17 shows the zoomed view of the airfoils near the trailing edge. We observe that
the trailing edge angle is preserved over the optimisation cycles. Figure 18 shows the objective function
history. Table 3 shows a comparison of the lift and drag coefficients, the maximum thickness of the
section, and the trailing edge angle for the baseline and optimal shapes. Optimisation reduced the drag
by around 43% while maintaining the lift close to zero. The maximum thickness of the airfoil section is
reduced by 25%. Throughout the optimisation, the interior points near the wall boundary are moved so
that no point comes too close to the wall or falls inside the airfoil. Similar to the earlier test cases, the

point connectivity remained the same.

(a) Baseline shape (b) Optimal shape

Figure 14: Case3: A comparison of the Mach contours for the baseline and optimal airfoils.
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(a) Baseline shape (b) Optimal shape

Figure 15: Case3: A comparison of the entropy contours for the baseline and optimal airfoils.
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Shape Cr, Ch Maximum thickness Trailing edge angle
Baseline 1.6154 x 1073 0.0949 0.1190 15.90
Optimal 8.6722 x 10~*  0.0546 0.0893 15.35

Table 3: Case 3: A comparison of the lift and drag coefficients, maximum thickness and the

trailing edge angle for the baseline and optimal airfoils.

6 Conclusions

In this paper, we performed the aerodynamic shape optimisation of the NACA0012 airfoil using the mesh-
free LSKUM based primal and discrete adjoint solvers. The adjoint meshfree solver to compute the shape
sensitivities is constructed by algorithmically differentiating the underlying primal LSKUM solver. The
shape sensitivities using the free node shape parametric representation provide insight into the regions
of the shape that significantly influence the objective function. Equivalently, the sensitivity map shows
where incremental shape changes can occur. The raw non-smooth shape sensitivities are smoothed using
the Sobolev gradient smoothing. The ratio of two terms (x2/x1) in the Sobolev norm is used to obtain

a suitable smoothing parameter value, which yields adequately smooth shape sensitivities.

Three test cases for flow past the NACA0012 airfoil were chosen with aerodynamic and geometric con-
straints. Numerical results have shown that the optimsiation yielded desired results. During optimisation,
the movement of points on the surface of the airfoil led to minimal changes in the point cloud. Further-
more, there was no need to regenerate the connectivity. Hence the point cloud alteration was easier
to implement than mesh deformation, presumably due to the flexibility of the LSKUM solver. Further

studies are underway to exploit shape optimisation using meshfree LSKUM.
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