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Shape design optimization relies on obtaining objective and constraint functional sensitivities
to geometric parameters in order to explore the design space effectively. To facilitate computer-
aided design (CAD) applications in industry, this study presents a workflow for effectively
handling geometric constraints and computing analytic sensitivities. The workflow is capable
of computing parametric sensitivities by combines geometric sensitivities obtained using
Engineering Sketch Pad with adjoint surface sensitivities from the SU2 adjoint solver through a
dot product within the pyCAPS framework. The effectiveness and limitations of this workflow
are evaluated through three test cases, including a preliminary demonstration of a shape
optimization problem in wing design. The results indicate that the conceptual effectiveness of
the proposed workflow, while noting the need for further improvement in the mesh generation

routine.
I. Nomenclature

A = aerodynamic residuals g = vector of aerodynamic state variables
E = total energy per unit mass s = asurface on CAD geometry
fi,j = face parametric coordinates v = flow velocity vector
I = output quantity of interest xs = aerodynamic surface mesh coordinates
n;; = surface normal at face coordinate (i, j) xy = aerodynamic volume mesh coordinates
P = geometric parameters in CAD modeling

I1. Introduction

Extensive research has been conducted on multidisciplinary design and optimization (MDO) applications for
aircraft design in recent years [1H7]. Within the context of aerodynamic shape optimization, a sub-discipline of MDO,
gradient-based optimization algorithms are routinely employed to recursively improve objective functionals and conducts
design space exploration using heuristics [} 9]. Recent efforts within the SU2 open-source community have led to
the development of a multi-physics analysis and design software suite [[10, [11]]. The discrete adjoint solver in SU2 is
implemented using algorithmic differentiation, which enables efficient and accurate computation of sensitivities of
functions of interest with respect to an arbitrary number of design variables [[12H14]]. Since the introduction of the
discrete adjoint solver in SU2, various works have used SU2’s sensitivity outputs for gradient-based design parameter
optimization, such as design benchmark optimization cases from the Aerodynamic Design Optimization Discussion
Group (ADODG) [[15], wind turbines [16]], and noise reduction [17]].

To perform shape optimization, a geometry must be defined with design variables [8]], which can be parameterized
using constructive or deformative methods [[18]]. The constructive methods use geometric parameters to define the
geometry. Traditionally, polynomials and B-Splines are used to construct geometries [[19-421]. More recently, methods
have been developed to use class function transformations (CST) (or shape function transformations) to define the surface
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geometry of an airfoil [2223]]. Geometry surrogate modeling, which relates discrete geometry surface displacement
with computer-aided design (CAD) parameter changes using proper orthogonal decomposition, has also been examined
to produce geometric sensitivities [24]. Alternatively, geometry parameters can be defined directly through CAD, but a
CAD engine is required within the optimization loop to generate the geometry surface.

Deformative methods utilize geometric parameters to deform a discretized geometry. These methods vary from
discrete deformation, where the discrete geometry is perturbed [23]], to the superposition of analytical functions such as
cosine and Hicks-Henne bumps [[15 [26]], and the use of free-form deformation (FFD) boxes. The FFD method involves
embedding the original discrete geometry surface in a parametrically defined, flexible control frame that is defined by
control points [27]. By deforming the control points, the perturbation is smoothly propagated into the control frame,
which in turn deforms the original surface [27]. The construction, size, and number of design parameters of the FFD
box are based on user expertise, usually through a trial-and-error approach. Despite this limitation, optimization using
geometric sensitivities through FFD have been widely used [28H32]. Moreover, methods have also been developed to
automatically refine and optimize the placement of FFD control points [27} 133} 34]. SU2 utilizes deformative methods
including superposition of analytical functions and FFD for geometric handling.

Despite the maturity of deformative methods, several limitations persist in practical industry applications that
extensively use CAD for geometry definition [35}136]. Firstly, the deformation and design parameters are defined on a
discrete surface, which poses major limitations for real-world applications. Optimized geometry resulting from this
approach often need to be manually remodeled in a CAD software, leading to prolonged design-and-test cycle and
potential manual errors [37]. Secondly, in order to obtain the original sensitivity of CAD geometry design parameters,
it is necessary to perform additional chain-rule multiplication using the deformation design variable sensitivities.
Furthermore, realistic design intents and constraints built into the CAD model of the original geometry are lost during
the analysis [38]. Although imposing constraints on FFD control points can alleviate certain issues, such as bounding
the deformation or linking a group of control points, these constraints may not be effective in enforcing the complex
geometry relationships found in CAD models. Moreover, the implementation of such constraints may be cumbersome
due to the high degree of freedom involved in defining multiple design parameters.

These limitations have drawn the attention of researchers to CAD-based parameterization using constructive methods.
In the past decade, numerous approaches for obtaining sensitivities of output functionals to CAD design parameters
have been proposed [37} 39H43]. Among these methods, the Computational Aircraft Prototype Syntheses (CAPS),
shipped with Engineering Sketch Pad (ESP), caught the interest of the authors due to its demonstrated capability to
construct solid geometry from CAD-like parameters, calculate parametric sensitivities, and handle geometric constraints
efficiently [43) 44]. In addition, this framework includes Application Programming Interfaces (APIs) to SU2 and
meshing packages[42], allowing efficient field data communication among the geometry builder, meshing software, and
SU2 solver to calculate parametric sensitivities. In this paper, we present a workflow for interfacing SU2 with CAPS to
handle geometric constraints and obtain functional sensitivities with respect to geometric parameters for MDO.

This paper is organized as follows. Section[ITI| provides an overview of the computational tools and their application
to analysis and sensitivity analysis. Section [[V]introduces the test cases used for framework verification and validation
and describes the successful outcomes of the framework application to aerodynamic applications of interest. Finally,
Section [V]summarizes the key contributions of this research effort and outlines potential future work.

II1. Methods

A. Geometric Sensitivities

A geometric sensitivity dx,/dp represents the derivative of spatial displacement at any point on the geometry with
respect to one or more CAD design parameters [45]. Due to the proprietary nature of mainstream CAD software, many
researchers rely on finite-difference methods, which use surface velocities computed by perturbing design parameters
and examining the spatial shift of discretized surfaces [39-41]]. In this approach, the topology of the deformed and initial
mesh must be consistent such that point associations can be established and vertex velocities can be defined [37, 45]].
These deficiencies have limited the usage of finite-difference methods in the calculation of geometric sensitivities.

Alternatively, if the solid geometry build process can be accessed, including the generation of primitives and
construction operations, surface geometric sensitivities dw/d p can be calculated analytically [45]. The use of ESP
enables such computations. ESP utilizes the Engineering Geometry Aerospace Design System (EGADS) [46], an
Application Programming Interface (API) built on top of the solid modeling geometry kernel OpenCASCADE [47], to
support both a bottom-up construction approach as well as the ability to perform Constructive Solid Geometry (CSG)



operations [44, 48]]. In the ESP environment, a geometry is defined by an OpenCSM script that uses constructive solid
modeling to “grow” geometry from primitives by taking a series of operations while bookkeeping a feature tree [48]].
As the analytical surface geometric sensitivities for primitives are well-defined, and the transformations of sensitivities
can be traced from the feature tree using the chain rule, the surface geometric sensitivity of the solid geometry can be
calculated analytically. This surface geometric sensitivity can then be projected onto an arbitrary discretization of the
solid body to compute geometric sensitivity as

dx;, 0Jds 6xsﬂ

ap ~ap "Tardp

where f is the face parametric coordinate, s is a face on the geometry, and 7 is the face normal. Such capabilities
allow for both analytical and enhanced finite-difference parametric sensitivity calculations, and further details on the
implementation were articulated by Dannenhoffer and Haimes [43]].

This study utilizes ESP to construct solid geometry and compute geometric sensitivities. The OpenCSM scripting
language is used to define the design parameters and the feature tree for building solid geometry, which is then built via
EGADS and passed on to meshing software through the Pointwise® [49] API using pyCAPS, a CAPS Python extension
[50]. This workflow for generating discrete surface and volume meshes will be described in Section

ey

B. Flow Solver

The SU2 software suite is an open-source collection of computational fluid dynamics (CFD) tools written in C++ and
Python for performing multi-physics simulation and design [51H53]]. SU2 is built specifically for the analysis of partial
differential equations (PDEs) and PDE-constrained optimization problems on unstructured meshes with state-of-the-art
numerical methods for spatial integration, time integration, and convergence acceleration with multi-grid [53]].

The finite-volume flow solver in SU2 solves the compressible Navier-Stokes equations, which expressed in differential
form are

9q
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where ¢ is a time variable, g = [p, pV, pE ]T is the vector of conservative variables, p is the fluid density, v is the fluid

velocity vector in a Cartesian coordinate system, and E is the total energy per unit mass, F¢ (g) are the convective
fluxes, FV (g) are the viscous fluxes, and Qg (g) a generic source term.

The inviscid Euler equations can be recovered by omitting the viscous fluxes F¥(g) in (2). In this study, the
flows around aerodynamic bodies are modeled by the compressible Euler and incompressible Navier—Stokes equations.
The governing equations are discretized using the finite-volume method with an edge-based data structure. The
Jameson—Schmidt—Turkel [54] scheme is used for spatial discretization and the implicit Euler scheme for the time
marching. SU2 also features continuous and discrete adjoint solvers for the computation of analytic sensitivities.

C. Adjoint Flow Sensitivities

Aerodynamic design optimization using high-fidelity analysis models requires solvers for the governing equations of
the fluid flow. The discretized equations governing the flow, as implemented in the solver, are typically expressed in the
residual form as a vector of non-linear equations for each control volume in the fluid domain,

A(q, xy) =0, (€)

where ¢ is the vector of conservative flow state variables at each vertex in the computational fluid mesh and x,, are the
mesh coordinates of the fluid domain. For aerodynamic shape optimization, some quantity of interest /, which represents
a measure of performance or feasibility, is also a function of the flow and mesh geometry that can be expressed in
general form as

I=1(q, xy) . “
Using the chain rule, the total derivative of this quantity with respect to the volume mesh coordinates becomes

dl a1 +ﬂdq
dx, dx, dqgdx,’

&)

The total derivative dg/dx, describes the sensitivity of the flow states to the mesh nodes, which requires a computationally
expensive solution of the governing equations. However, observing that for all mesh coordinates, the solution g must



satisfy (3) so we can apply the chain rule once more to obtain
dA _0A dA dg _

= + 6
dx, dx, 0dq dx, ©
Substituting this equality back into the expression for the total derivative (5)), we obtain
dl 9l dIdA'dA
= : (7N
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Two main approaches can be distinguished for the solution of the sensitivity equations: the so-called direct and
adjoint methods. By changing the order of operations used to solve (7)), the overall computational cost of the solution is
affected significantly. The direct method involves solving the linear system (6), which requires a linear solve for each
mesh node. On the other hand, the adjoint method introduces adjoint variables ™ that must satisfy

oA’ a1"

dq T dq
This system must be solved once for each quantity of interest /, after which the total derivatives in equation (/) can be
obtained as
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dr/ ol rO0A
_ = + ) 9
dx, Ox, v ox, ©)
The final step for obtaining total surface sensitivities requires a projection
dl _ dI dx,
dxs ~ dx, dxg
where dx,, /dx; is the sensitivity obtained by differentiating the mesh deformation algorithm. If the number of surface
coordinates x, significantly exceeds the number of outputs /, the adjoint method incurs a reduced computational cost
compared to the direct method.

(10)

D. Parameteric Sensitivity
To calculate parametric sensitivity d//d p, which is defined as the sensitivity of objective functionals to CAD design
parameters, the following chain rule dot product can be applied

dl  dl dx;

dp dxgdp
This dot product is implemented in CAPS, which is an MDO framework that incorporates ESP and facilitates multi-
disciplinary and multi-fidelity analysis by combining geometry, meshing, and analysis model generation into a unified
framework [43| [50]. CAPS provides interfaces, referred to as Analysis Interface Modules (AIMs), for exchanging
data between the CAPS framework and analysis tools. AIMs are provided for low-fidelity analysis, high-fidelity CFD,
structural analysis, and meshing packages [42] [50]. In this work, the EGADS, Pointwise®, and SU2 AIMs of CAPS
are used to construct a workflow for defining parametric solid geometry, constructing surface and volume meshes,
computing primal and adjoint CFD solutions, and exchanging data among the computational tools. For each test case, a
Python script employing pyCAPS is created to define and execute the analysis workflow illustrated in Fig.[I] A detailed
explanation of this workflow is provided in the subsequent sections.
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Fig. 1 Block diagram of geometric parameter sensitivity calculation workflow using pyCAPS and SU2.



1. Defining and Modifying Geometric Parameters

The analysis process begins by initializing a caps.Problem class, which describes and contains all the elements
related to a problem or mission, including geometric models that was built using ESP using approaches described in
Section[[TI.A] analyses, and data connectivity. Once the caps.Problem class is initiated, all CAD geometric parameters
can be modified and accessed. The geometric parameters are indicated by p in Fig.[T]

2. Generating Surface and Volume Meshes

The generation of surface and volume meshes for third-party software is accomplished with AIMs by instantiating a
caps.Analysis class. This class corresponds to a specific analysis tool and is stored within the analysis attribute of
the caps.Problem class as instances within a Python dictionary. Various meshing software, including Tetgen, AFLR,
and Pointwise® [49,[55,[56], are currently supported by CAPS. Pointwise® is used for this study due to the authors’
familiarity with the software. Mesh properties, such as average nodal spacing, maximum domain element edge length,
and growth factors, are controlled by setting analysis inputs. Domain-specific attributes, such as setting the average
nodal spacing on a specific face or an edge, can be designated in OpenCSM script with “ATTRIBUTE” statements.
The preAnalysis function in caps.Analysis is called after mesh properties attribution to generate a Glyph script
that defines mesh building procedures for Pointwise® to read. The generation of the Glyph script and execution of
Pointwise® were all through Pointwise AIM.

After discretizing the surface of a solid body, the geometric sensitivity are computed using OpenCSHM, as described
in Section [[Il.A] This geometric sensitivity is called during the computation of parametric sensitivities. The EGADS
and Pointwise_AIM block in Fig.[T]illustrates this step.

3. Primal and Adjoint Flow Solver

A SU2 caps.Analysis class is initialized using SU2 AIM to compute both primal and adjoint solutions. The input
for SU2 AIM is the volume mesh generated in the previous step, which is achieved by passing Pointwise AIM’s output
to SU2 AIM’s input. SU2 AIM takes additional input from configuration file definitions. These inputs are then used to
write configuration files for direct and adjoint simulations by calling the preAnalysis function in caps.Analysis.

The execution of both direct and discrete adjoint calculations in SU2 is initiated by SU2’s Python interface, namely
pysu2 and pysu2ad [57]. The API for pysu2 and pysu2ad provide users with easier access to adjoint flow states,
objective functional values, and adjoint flow sensitivity of objective functionals to surface coordinates d//dxg. Once this
sensitivity is obtained, it is passed to SU2 AIM by calling the postAnalysis function in caps.Analysis. The overall
process, as well as inputs and outputs, are shown in Fig. m with three central SU2 blocks (SU2_CFD, SU2_CFD_AD, and
SU2_DEF_AD).

4. Obtaining Parametric Sensitivities

Once the adjoint flow sensitivities have been computed, a dot product between the adjoint flow sensitivities d/dx;
and the geometric sensitivities dx,/dp must be computed to obtain the parametric sensitivities, as shown in Eq.
This was achieved by utilizing the dynout .deriv function in caps.Problem through SU2 AIM. This step is illustrated
by the merging of two field data in the SU2_AIM block shown in Fig.[I}

IV. Results
To demonstrate the capability of the developed workflow in obtaining functional sensitivities with respect to
geometric parameters, several test cases are presented in this section. First, the calculation of geometric sensitivity for
a simple geometry is validated with an analytical expression. Then, the parametric sensitivity is computed for more
realistic application problems, one incompressible and one compressible test case, culminating in a representative design
optimization of a finite wing.

A. Block

1. Description
For the purpose of validating geometric sensitivity, a rectangular box that mimics a rectangular fin under uniform
flow is selected. The geometry is shown in Fig. 2] while the coordinate system is represented by dashed arrows with the



x and z axes. The rectangular fin is defined by three geometric parameters: the length /, width w, and height % of the
three edges along the x, y, and z coordinates, respectively. The lengths of /, w, and & for unperturbed geometry are
0.5 m, 1.0 m, and 1.0 m, respectively. The origin of the relative coordinate for CAD is defined at [0, —0.5, 0] and is
shown with a blue circle at the bottom-left vertex, which is fixed while all other vertices are defined with a relative
displacement from [0, —0.5, 0] using the design parameters /, w, and h.

RN

Fig. 2 Schematic of a rectangular fin, with geometric parameters %, w, and / shown in blue and the coordinate
system defined with the x — z plane shown in black dashed arrow.

2. Validation

The geometric sensitivities of the discretized surface vertex locations with respect to CAD parameters dx,/dp are
verified against analytical expressions. For the z-direction, doubling the design parameter % induces a velocity of 1
(0s/dh = 1), where s is the top surface, on the top surface due to the construction process of the CSG. The surface
normal projection of this velocity, according to for the top surface is [0xs /0 h, dxs,y/dh, dxs./0R]T = [0, 0, 1]7.
Since modifying & does not result in any deformation of the top surface, it remains flat even after the displacement,
with the same inner nodal coordinate f; ; as the original surface. Therefore, we have d f/0h = 0 for the top surface.
According to Eq.[T} the geometric sensitivity is the sum of the normal projection of surface velocity and changes of face
coordinates with respect to the design parameter along the face [45]]. Therefore, the analytical geometric sensitivity for
the top surface will be [0, 0, 7.

For all four side surfaces, changing the parameter 4 induces no normal displacement such that the surface normal
projection of surface velocity is zero ds/dp = 0. However, the nodal locations of face parametric coordinates
were stretched along the surfaces. The magnitude of the induced velocity dx,/dp is proportional to the nodal
z-coordinate of the original geometry. Summing both effects, the predicted geometric sensitivity at point [x, y, z] is
then [0xs,x/0h, 8xs.y/0h, dxs./0h])T = [0, 0, z/ho]T, where hy is the initial height of the block. The analytical
geometric sensitivity for the other design parameters w and / can be derived in a similar manner, and the result for point
[x, y, z]T = [i, j, k]T is computed as

dx O0x Ox

a aw oh| [z 0
(dxs) _|9y 9y dy| |y wos (12)
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The analytical geometric sensitivity is compared with the output from OpenCSM and the results are shown in Fig. 3]
The discretized surface geometric sensitivity is represented by the color scale at the corresponding spatial location.
Geometric sensitivities of dx/dw, dx/dh, dy/dl, dy/dh, dz/dl, and dz/dw are all zero and therefore not shown.
The analytical sensitivity values are in good agreement with the OpenCSM geometric sensitivity output.
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Fig. 3 Geometric sensitivities of surface point locations to CAD parameters dx,/dp.

B. Heat Exchanger

1. Description

With the geometric sensitivities validated, the parametric sensitivity are computed using the workflow described in
Section[[TI} The first test case utilized SU2’s incompressible Navier-Stokes solver, where the geometry is inspired by
a typical cross-flow heat exchanger in a gas boiler. Only one cell of the heat exchanger’s gas channel is modeled in
this study. The fluid domain represents the hot air exiting from the burner, entering from the left side of the domain.
The free-stream boundary condition is set to a hot incompressible ideal gas at 1900 K and a velocity of 0.2 m/s in the
x-direction. The hot gas passes through a pencil-shaped cross-flow fin with a wall temperature of 600 K, set with an
isothermal boundary condition. The cooled gas exits the computational domain to the right, which is a pressure outlet
boundary condition with a 0 Pa back pressure.

Four CAD parameters are used to construct the pencil-shaped fin, which are defined in Fig.[d The origin is defined
at the center of the nose arc with a diameter of d.. A ramp connects the nose arc to the aft-section of the fin with
horizontal length /, = 1.5 m. The aft-section is defined by a flat plate that begins at x = [, and extends tox = [, + [
with [y = 2 m. The tail of the fin is constructed with another arc with a diameter of d; = 0.5 m centered atx = [, + /.
The total length of the fin L is defined as L = %(dc +d;) + 1, + 7. The sensitivity of the integrated total heat flux Q on
the fin surface to changes in the nose diameter d,. is studied in this test case.

The fluid domain extends 3 m upstream (2 /,-) and 8 m downstream (4 /,-). The width of the fluid domain is 0.1 m
(1/15 1,.), extending along the y-axis into the x — z plane. The x — z cross-section of the fluid domain is shown in Fig. 4]
The size of this fluid domain is chosen to ensure that no reflective waves interfere with the boundary layer flow and to
mimic a burner gas channel.

Euler (Slip) Wall

V. = 02(mls) —— Isothermal Wall

o Pressure
B T, =600 K

T, =1900 K —— W Outlet @< d,
—_—

Euler (Slip) Wall

Fig.4 The x — 7 cross-section of the computational domain and a schematic of the fin with CAD parameters.



2. Validation

A fully unstructured, boundary layer resolved mesh is generated using Pointwise® [49]] via the Pointwise AIM
in pyCAPS. Meshing parameters such as the boundary layer growth rate and the average edge and face spacing were
defined in the pyCAPS script and tuned based on a grid refinement study of the integrated heat flux Q along the fin
surface and the drag coefficient Cy4. Figure [5|shows the convergence history of the grid refinement study and Fig.[6]
shows an x — z cross-section of the final mesh used in this study. A surface grid size of 7244 elements with an average
element size of 0.16d, is sufficient for convergence of C, to three significant digits. The boundary layer cell near
the isothermal wall has a wall spacing of 0.0001 m with a growth rate of 1.2. The average value of y* = 0.1 and the
maximum value of y* = 0.21 at the nose.
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Fig.5 Mesh refinement study. Fig. 6 Final heat exchanger mesh.

Figure[7)shows the history of the pressure residual during the simulation. The convergence criterion for the simulation
is a root-mean-square (RMS) pressure residual below -8. The chosen convergence criterion is aligns with typical
industrial usage of these numerical tools in the early conceptual design phase, where rapid and efficient exploration of
the design space often takes precedence over accuracy. In Fig.[8] the temperature field sampled at the central x — z plane
at y = 0 is presented. The temperature gradients are found to be concentrated within the boundary layer of the fin, with
the highest gradient occurring around the nose. The right-hand side of Fig. [8]displays the surface heat flux across the fin
as a function of the normalized x coordinate. The surface heat flux is observed to be maximum at the nose of the fin.
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Fig.7 Convergence history of root-mean-square pressure residual.
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Fig. 8 Temperature field (K) in the x — z plane sampled at y = 0 and corresponding surface heat flux (W/m?).

Parametric sensitivity is computed by taking the dot product between the geometric sensitivity and the adjoint flow
sensitivity on the fin surface. To verify the parametric sensitivity computed from this workflow, the sensitivities are
validated against finite-difference values using the pyCAPS framework to change the design parameter value by a finite
amount, regenerate the mesh, and rerun the CFD calculation.

The parametric sensitivity of the nose diameter d,. is calculated for nose diameter at 0.25 m. Ideally, the finite-
difference sensitivity can be computed using central difference. However, since the mesh regeneration step changes the
point discretization and inevitably leads to different truncation error, selecting a proper step size for central difference
is daunting. Alternatively, one can construct a linear fit for multiple design points with finite perturbation of design
parameters to estimate the sensitivity. Using this approach, the integrated surface heat flux with d. = d. + 0.005 m,
dc+0.01 m, and d. +0.015 m are computed. A linear fit of the data series is shown in Fig.[9] which is used to estimate
the sensitivity of the integrated heat flux to the design parameter d.. The observed dQ/dd, is 112.48 W/m, with a
R-squared value of 0.4524. The results are shown in Table T}

de. Integrated Heat Flux [W]  Analytic Adjoint + CAD  Finite-Difference =~ Relative Difference [%]

0.25 937.24 102.90 112.48 8.52

Table 1 Validation of sensitivities of integrated heat flux to design parameters d. (dQ/dd.).
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Fig. 9 Finite-difference results for d. around 0.25 m and linear fit for slope quantification.



A linear fit had to be used instead of directly taking central difference in finite-difference parametric sensitivity
quantification due to insufficient convergence of the primal solution and mesh dependency from the deformation process.
It should be noted that the authors recognize the order of 3 in RMS pressure residual reduction may not be adequate
for adjoint calculation, potentially leading to imprecise surface sensitivity calculation. Further convergence of the
primal solution may yield differences in adjoint surface sensitivity. Nevertheless, in the context of tool development,
our aim is to demonstrate and validate the coupling of geometric and adjoint flow sensitivities using this test case as a
crawl-walk-run approach, laying the foundation for future improvements.

To quantify mesh dependency uncertainty, we compared the integrated heat flux using multiple meshes generated
for a geometry while perturbing the mesh generation parameters by a finite amount. Specifically, we perturbed the
average node spacing, denoted by A, from baseline values to A = 0.01A and A + 0.05A. All generated meshes satisfied
an average y* below 0.2. The resultant standard deviation for integrated heat flux is 12.306 W, and for parametric
sensitivity is 9.972 W/m.

Although a mesh refinement study was carried out for the un-deformed mesh, changing a geometric parameter
required regenerating the mesh under the current workflow. For the smallest design parameter perturbation of
d. = d. £0.005 m, the arc length of the fin nose is extended by 0.03d. or 0.0079 m, which is on the order of the
average mesh size used to discretize the nose and is larger than boundary layer spacing, which is 0.0004d, or 0.0001 m.
Consequently, regenerating the mesh on the deformed shape would change the connectivity of mesh nodes, which is
not ideal because maintaining the same grid connectivity is considered to be of paramount importance for sensitivity
calculation by multiple researchers [38}159]. To remedy this problem, one could either use a mesh deformation solver to
deform the mesh for parametric geometry changes or keep the geometry changes small enough that the mesh connectivity
is minimally affected.

C. Finite Wing

1. Description

As a second test case, a rectangular wing with a NACAQO012 airfoil is tested. This test case is one of the benchmark
test cases in ADODG [[15]], with the purpose of testing optimizer performance in MDO. We selected this test case to
demonstrate obtaining geometric sensitivity using SU2’s Euler solver.

The characteristic length is the chord length ¢ shown in Fig.[I0](a), and the span of the wing is 3c. The origin of the
coordinate system is located at the leading edge at the root of the wing, with the positive x-axis extending toward the
trailing edge and the positive y-axis extending toward the tip. The twist angle 6 is defined as the angle of twist with
respect to the un-deformed airfoil and is positive in the clockwise direction. Two design parameters 6, and 6, are defined,
corresponding with twist angle at root (y = 0) and twist angle at tip (y = 3¢). Fig.[I0](b) shows the computational
domain and coordinate system used in this study. We used a C-type domain with the far-field located 25¢ from the
leading edge, 25¢ in the direction of the wing tip, and 50c in the downstream direction.

(a) (b)

50c

3c

Fig. 10 Schematic drawing for (a) rectangular wing viewing from x — y plane and x — z plane, with twist angle 6
defined, and (b) fluid domain used.
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2. Validation

A Pointwise® [49] Glyph script is utilized to generate a fully unstructured mesh by defining meshing parameters,
such as average edge and face spacing, in pyCAPS. The Pointwise® AIM tool is employed to facilitate this process. To
evaluate the quality of the mesh, a grid refinement study is conducted based on the convergence of C; and Cy;. Mesh
convergence is illustrated in Fig. [T1] Based on the study, it is determined that a wing surface grid consisting of 8175
elements, with an average element size of 0.06c, is sufficient for converging C, to 2 significant digits.

0.5 0.025
A
45+
045 N 40.02
0.4} 4 .
A . . * 10.015
_ * * ©
& 0.35F B N IS
A
N N 40.01
0.3F
0.05 | 40.005
0.2 ‘ ‘ ‘ ‘ ‘ 0
0 2000 4000 6000 8000 10000 12000

#Surface Elements

Fig. 11 Mesh independent study for test case 2, with C; plotted on the left axis and C,; plotted on the right axis.

The far-field Mach number is set to Mo, = 0.3, with a free-stream pressure of 101300 Pa and a free-stream
temperature of 288.15 K. To ensure C; > 0.375, the angle of attack is set to 4.3 degrees. The x — z plane is set to be
a symmetry boundary condition, and the wing surface is set with an Euler wall boundary condition. The remaining
boundaries are set to be far-field boundary conditions. Asymptotic convergence to a steady-state solution is obtained for
all cases. A linear convergence for the primal and adjoint density residuals is illustrated in Fig.[T2] The convergence
criterion for the simulation is an RMS density or adjoint density residual below —8 based on a similar justifications as
the section. The pressure coefficient contour for the baseline un-deformed wing (6, = 8, = 0deg) at
centerline at y = 1.5¢ is shown in Fig.[T3to illustrate the converged pressure distribution.

-4 4

RMS Density Residual
RMS Adjoint Density Residual

[ | gl | IR S B SN BN SRR |
50 75 100 0 100 200 300 400 500 600 700
Iterations Iterations

Fig. 12 Convergence history of root-mean-square primal density and adjoint density residuals.
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Pressure Coefficient

Fig. 13 Pressure coefficient for un-deformed wing.

The sensitivity of the drag coefficient (Cy) to the tip twist angle (,) is computed using an analytic adjoint workflow
and compared against the result obtained using finite-difference. The finite-difference result is generated by perturbing
0, by a finite degree, performing primal CFD computation until the same pressure residual convergence is achieved,
calculating the drag coefficient Cy, and using a central difference scheme to compute the sensitivity dC;/d6,. Fig.
shows the predicted sensitivity at various step sizes Af;, which are defined as finite perturbations applied to the tip twist
angle. From this step sizing study, it is observed that for A6, < 0.1 deg, the step size is too small, as the prediction error
has a log-linear correlation with the step size, indicating that the source of error originates from numerical subtractions.
The predicted sensitivity is of the same order for step sizes between 0.2 deg and 1.2 deg. The sensitivity prediction
using the smallest possible step size, corresponding to A8, = 0.2 deg, is selected as the finite-difference reference value
for validating the parametric sensitivity computed with the current analytic adjoint workflow. The finite-difference
and the computed analytic adjoint with CAD parameter sensitivity dC;/d8; are reported in Table[2| The relative error
between the finite-difference and analytic sensitivities is 3.68%.

A 0, step sizing
T

107! 10° 10
Step size A 0,

Fig. 14 Step sizing on finite-difference step size A6, versus predicted sensitivity dC,/d6;.

12



0, C Cy CAD dC,/dé;, FD dC,/do, Relative difference [%]

0 0.377 0.00944 0.00223 0.00232 3.68

Table 2 Sensitivity of C,; to tip twist angle 0, (dC,;/d6;), computed with current workflow (CAD) and with
finite-difference (FD).

The improvement in relative error between the sensitivity computed by the finite-difference method and the workflow
in the previous test case is noteworthy. The authors believe that the improved mesh quality on the geometry surface and
the relatively smaller geometric deformation, as compared to the minimal mesh size, contributed to this improvement.
Regarding the first claim, the mesh used in this test case had finely refined elements with an average cell size of 0.01c¢
near the tip of the wing, where deformation is the largest. When 6, is perturbed by 0.2 deg, it induced a maximum
displacement of 0.003c¢ at the trailing edge of the wing at the tip. However, this deformation is still smaller than the cell
size used on the edge. Hence, the induced error across the simulations of mesh regeneration is considered to be smaller
than that reported in the previous test case. This improvement supports our hypothesis regarding mesh-regeneration
induced error hypothesis in the previous test case. Further investigation, however, shall be conducted on converging
both the primal and adjoint residual further to reduce uncertainty in adjoint flow sensitivity.

3. Optimization

As discussed in the section, the purpose of developing this workflow is to use the computed parametric
sensitivity to drive shape optimization through a gradient-based optimizer. Despite the limitations demonstrated in
previous heat exchanger and finite wing test cases, it remains unclear whether the computed sensitivities, accounting
for the uncertainty induced in the mesh regeneration step during each update of design variables, can be used to
drive gradient-based design optimization. To test this capability, we perform a shape optimization test case using a
gradient descent optimizer to serve as a preliminary assessment of the stability of the gradient computed during shape
optimization iterations.

The objective of this test case is to minimize C4 under the constraint that C; > 0.375. Both design parameters 6,
and 6, are allowed to vary.

minimize Cy(0;,6,)
t-Yr

subjectto  C;(6;,6,) > 0.375

To optimize the design variables, we employed a fixed-step gradient descent optimizer, which updates the variable
vector at each iteration according to [6,, 6,]"*! = [6,, 6,]' — ag([6,, 6;]"), where g denotes the parametric gradient
and « represents the learning rate. We imposed the constraint C; > 0.375 by defining the objective function as
I = Cyq +max((0.375 — C;)?, 0). We set the learning rate @ to 0.02 to ensure the stability of the optimizer. The choice
of a is to ensure the stability of the optimizer and is not optimized in this study.
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Fig. 15 Twist optimization for finite wing with C; and C,; evolution along with elliptical lift efficiency factor ¢
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The results for the optimization for 6 iterations are shown in Fig.[T5] The non-monotonic behavior in the twist angle
evolution, as indicated by a decrease in 0, at iteration 3, is caused by occasional parametric sensitivity divergence, most
likely induced by mesh regeneration errors. However, as an overall trend, the wing tip is twisted towards reducing the
angle of attack, while the root is twisted to increase the angle of attack to satisfy the lift constraint. The right portion of
Fig. shows the evolution of the elliptical lift efficiency factor, defined as e = Clz/ (mARC;), where AR is the aspect
ratio of the wing, which is 6 for this test case. The results show an increasing elliptical lift efficiency factor after the
wing is optimized, indicating that drag reduction is achieved after 6 iterations. Further improvement should focus on
improving the mesh regeneration routine between iterations or using parametric surface velocity to deform the original
mesh to improve the stability of parametric sensitivity computation.

V. Conclusion

This study presents a workflow for computing the parametric sensitivity of objective functionals to CAD design
parameters using the pyCAPS framework and SU2 multi-physics solver. The goal is to provide an effective tool for
industry to explore design space while taking manufacturing constraints into account through the use of a CAD software.
The workflow begins by obtaining geometric sensitivity using OpenCSM, which is then validated against analytical
results for a simple 3-dimensional block. The geometric sensitivity is then combined with adjoint surface sensitivity
obtained from the SU2 adjoint solver through a dot product, resulting in a parametric sensitivity. Two test cases are
considered, one using SU2’s incompressible Navier-Stokes solver and the other using SU2’s Euler solver, to validate the
computed analytic parametric sensitivities with finite-difference results. The results demonstrate reasonable agreement,
indicating the conceptual effectiveness of the proposed workflow.

To demonstrate the potential for using the computed parametric sensitivities to drive design space exploration,
the parametric sensitivity computed using this workflow is then applied to a finite wing shape optimization problem.
In addition, the study also explored the effects of regenerating the mesh during optimization iterations. The authors
believe that mesh regeneration between updates of design parameters can result in inconsistencies in physical problem
modeling, due to both discretization and the changes in mesh connectivity. Therefore, for future work, mesh deformation
is preferred for design parameter changes when the deformation is small. This can be achieved by exporting the surface
velocity induced by changing design parameters using OpenCSM and using this velocity to drive a mesh deformation
solver.
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