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Abstract

The design of hypersonic airbreathing vehicles involves tightly coupled aerodynamics and propulsion,
creating complex design spaces that are most effectively navigated using numerical optimisation tech-
niques. However, achieving high-fidelity, many-parameter optimisation in three dimensions remains
difficult while also maintaining efficiency and robustness. To address this challenge, this paper presents
an adjoint-based aerodynamic shape optimisation (ASO) framework for three-dimensional hypersonic
configurations. The framework integrates high-fidelity CFD analysis, adjoint-based sensitivity evaluation,
and a two-level free-form deformation (FFD) parameterisation strategy. The method is demonstrated
through the optimisation of a hypersonic lifting-body configuration subject to an internal payload con-
straint. The configuration was simulated using Reynolds-Averaged Navier-Stokes (RANS) equations
and parameterised with 121 design variables. The optimisation required just over four days of runtime
on a workstation and achieved a 21.8% improvement in lift-to-drag ratio. Geometric and flow field
analyses revealed a reduced frontal area, a slenderised forebody, and waverider-like shock attachment
that improved aerodynamic efficiency and weakened side vortices. These results highlight the capability
of adjoint-based methods to deliver efficient, high-fidelity optimisation of complex three-dimensional
hypersonic vehicles, representing a step toward practical many-variable design studies in this regime.
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Nomenclature

Acronyms L — Aerodynamic lift

ASO — Aerodynamic Shape Optimisation R — Flow residuals

CFD — Computational Fluid Dynamics S — Design surface

FFD — Free-Form Deformation U - Conserved flow variables
MDO - Multidisciplinary Design Optimisation X — Computational grid coordinates
RANS — Reynolds-Averaged Navier-Stokes Greek

Egﬂ(_)nPT — Sparse Nonlinear OPTimizer A — Adjoint variables

D — Aerodynamic drag Subscripts

D - Design variables 0 — Initial value

g — Constraint functions new — Updated value

J — Objective function opt — Optimal value

1. Introduction

Smallsats currently dominate the satellite market, with demand expected to grow substantially over
the next decade [1]. At present, most are launched as secondary payloads via ride-share services
on large orbital-class rockets. Although cost-effective, this model often involves long lead times and
limited access to preferred launch windows and orbital slots, reducing flexibility and delaying time-to-
market. To address these challenges, increasing attention is being directed toward dedicated launch
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systems tailored for small payloads [2]. Among these emerging concepts, scramjet-powered vehicles are
particularly promising, offering the potential for higher propulsive efficiency, reusability, and improved
operational flexibility [3-6].

Scramjets are high-speed airbreathing propulsion systems, widely regarded as the most viable option
for sustained atmospheric flight at hypersonic speeds. Unlike rockets, they draw oxygen directly from
the atmosphere rather than carrying onboard oxidisers, which significantly improves fuel efficiency [7]
and allows a higher payload mass fraction [8]. Moreover, scramjet-powered vehicles operate more like
conventional aircraft, offering improved reusability and manoeuvrability [9]. Collectively, these advan-
tages make scramjet-powered vehicles an attractive solution for reducing launch costs and increasing
operational flexibility in smallsat missions.

Despite this promise, achieving routine and reliable hypersonic flight presents significant engineering
challenges. A central difficulty lies in integrating the propulsion system with the airframe, driven by
the large engine size required to sustain hypersonic speeds [10]. This necessity leads to tightly cou-
pled vehicle configurations in which components must often perform multiple roles under competing
requirements. The resulting subsystem interactions can strongly influence overall performance, cre-
ating a complex design space with non-intuitive trade-offs. Such design spaces are most effectively
navigated using numerical optimisation techniques guided by models that capture the dominant perfor-
mance drivers across disciplines. This integrated approach—known as Multidisciplinary Design Optimi-
sation (MDO)—represents the state of the art in hypersonic vehicle design [11].

Although effective, the use of MDO is often constrained by significant computational overhead. Accu-
rate performance evaluation typically requires coupling multiple high-fidelity physics solvers, and ade-
quate vehicle characterisation can lead to large, high-dimensional design spaces. To achieve practical
turnaround times, designers are forced to compromise on modelling fidelity and geometric complexity.
Common approaches include using panel methods for aerodynamic analysis, approximating propulsion
with one-dimensional models, and restricting the number of design variables to around ten [12-14].
While such simplifications improve computational efficiency, they also limit potential performance gains.
Lower-fidelity models may overlook critical physical phenomena, and overly constrained design spaces
reduce the opportunity to discover high-performing configurations.

In contrast, high-fidelity, many-parameter MDO has been computationally feasible in lower-speed air-
craft design for decades [15—-17]. This progress is largely attributed to the use of the adjoint method,
a powerful technique for efficiently computing design sensitivities [18]. Traditional gradient estimation
methods—such as finite differences—treat the system as a black box, requiring one function evaluation
per design variable. This becomes prohibitively expensive in aerodynamic design, where each function
evaluation may involve solving a full computational fluid dynamics (CFD) problem. The adjoint method,
by contrast, enables the computation of the entire gradient vector at a cost comparable to a single
function evaluation, regardless of the number of design variables. Owing to this scalability, the adjoint
method has become a popular choice for many-parameter design optimisation.

Despite its efficiency benefits, the use of the adjoint method in hypersonic MDO has so far been rela-
tively limited. Recent work has instead focused on hypersonic aerodynamic shape optimisation (ASO)
as an intermediate step, employing adjoint-based approaches to compute design sensitivities [19-23].
These studies have considered up to 34 design variables, yet research in lower-speed regimes indi-
cates that hundreds may be necessary to fully exploit the potential of ASO, even for relatively simple
three-dimensional geometries such as wings [24]. Furthermore, most hypersonic ASO efforts to date
have been restricted to two-dimensional cases. While some extensions to three dimensions exist, they
have revealed robustness challenges—particularly in handling surface and mesh deformation during the
optimisation process [21, 23].

In this work, an adjoint-based ASO framework is developed for three-dimensional hypersonic configu-
rations. The framework enables efficient, high-fidelity optimisation of practical geometries with many
design variables, representing an important advance toward overcoming current limitations in hypersonic
MDO. Its capability is demonstrated through the optimisation of a hypersonic lifting-body configuration
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subject to an internal volume constraint, highlighting both the potential performance gains and the
robustness of the approach.

2. Aerodynamic Shape Optimisation Methodology

An overview of the aerodynamic shape optimisation routine implemented in this work is shown in Fig-
ure 1. The process begins with a baseline grid X, and an initial set of design variables D,, which
are used to generate parametric design surfaces S,. A steady-state flow solution is then computed,
from which the objective function J (e.g. drag or aerodynamic efficiency) and constraint functions g
(e.g. heat flux or internal volume) are evaluated. When required by the optimiser, the adjoint-based
sensitivity solver computes the derivatives of the objective and constraint functions with respect to the
design variables: dJ/dD and dg/dD. If these sensitivities satisfy the convergence criteria, the optimal
design Dyt is returned and the routine terminates. Otherwise, the optimiser generates an updated set
of design variables D\, which are used to deform the design surfaces and surrounding volume mesh,
yielding Snew and Xy ew. This updated grid is passed back to the flow solver, and the loop continues until
the convergence criteria are satisfied. The following sections provide further detail on the components
of this optimisation methodology.

Optimisation Loop

Shape Deformation

[ Baseline Geometry ]

Snew
. D
Xy, Dy Mesh Deformation new
Xnew
So
J, g

Sensitivity Calculator

Parameterisation ; Flow Solver Optimiser ;

Fig 1. Schematic of the aerodynamic shape optimisation routine.

2.1. Geometric Parameterisation and Deformation

The optimisation process begins with the generation of a parametric geometry, which the optimiser
adjusts to search for better-performing designs. In CFD-based optimisation, the computational mesh
must also deform consistently with the evolving surface geometry to preserve continuity. In this work,
an integrated strategy is employed using the two-level free-form deformation (FFD) method of Gagnon
and Zingg [25].

Using this method, the structured volume mesh is represented as a network of B-spline volumes, one
for each block in the domain, with the design surfaces forming their boundaries as B-spline surfaces.
Direct manipulation of the surface control points can introduce issues such as creases or overlap, and it
is also difficult to assign intuitive design variables prior to parameterisation [26]. Instead, the surface
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control points are embedded within a higher-level B-spline volume, or FFD hull. By repositioning the
hull control points, these multi-patch surfaces can be deformed consistently while retaining smoothness,
and reducing the number of required design variables.

Since the design surfaces and volume mesh are both represented by B-spline volumes, displacing the
surface control points naturally deforms the mesh in their vicinity. However, this local deformation
alone is insufficient, as large surface changes can severely degrade mesh quality or even cause self-
intersections. To maintain robustness, the surrounding volume mesh control points are also adjusted in
response to surface displacements. In this work, the Inverse Distance Weighting (IDW) method [27] is
used to propagate the surface deformation smoothly throughout the computational domain.

An example of the implemented geometry framework is shown in Figures 2 and 3, where a cylindrical
geometry is morphed into a re-entry capsule. Figure 2a presents the original cylinder, with a quarter
section embedded in an FFD hull whose control points are highlighted in red. By repositioning these
points and reflecting the deformation, the capsule surface shown in Figure 2b is obtained. The corre-
sponding deformation of the volume mesh is illustrated in Figure 3. Figures 3a and 3b demonstrate
how the IDW method propagates the surface control point displacements into the volume control net,
while Figures 3c and 3d show that the resulting computational mesh remains smooth with minimal loss
of quality.

(a) Original geometry. (b) Deformed geometry.

Fig 2. Two-level free-form deformation of a cylindrical geometry into a re-entry capsule. The geometry
is parameterised as a quarter-section, and the red points denote the FFD control net.

2.2. Flow Solver

The aerodynamic objective and constraint functions are evaluated within the design loop using flow
solutions obtained from Eilmer [28]. Eilmer is an open-source, multi-physics hypersonic flow solver
capable of modelling both transient and steady problems, including turbulence and high-temperature
gas effects. The governing equations are discretised using the finite-volume method and solved on
multi-block, structured or unstructured, body-fitted grids.

In the present work, the Reynolds-Averaged Navier—Stokes (RANS) equations are solved under the
assumption of an ideal-air gas model. Convergence to steady state is accelerated using a Jacobian-Free
Newton—Krylov (JFNK) method [29]. To ensure robustness and efficiency within the optimisation loop,
an adaptive CFL strategy is employed, physicality checks are performed on the flow state, and each
solution is warm-started from the previous one.
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(c) Original computational mesh. (d) Deformed computational mesh.

Fig 3. Deformation of the computational mesh when a cylindrical geometry is morphed into a re-entry
capsule.

2.3. Shape Sensitivity Calculation

Shape sensitivities, defined as the derivatives of the objective and constraint functions with respect to
the design variables, are required by the gradient-based optimisation algorithm to navigate the design
space. In CFD-based optimisation, these derivatives must capture the dependence of the function of
interest f on the flow solution variables U and the grid coordinates X, both of which vary with the
design variables D. This relationship can be expressed as:

f=[(X(D),U(D)) (1)
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Using the adjoint method, the total derivative of f with respect to D is expressed as:

& _of| |, ,sOR

dD 0D U oD 2)

U

where the flow is assumed to be at steady state, or equivalently, the flow residuals are zero, R =
oU /ot = 0. The partial derivatives 0f/0D|y and OR/0D|y represent the sensitivity of shape per-
turbations on the function and residuals while holding flow state U fixed. The adjoint variables X\ are
determined by solving the adjoint equations:

T T
oR)"y _ Tof a)
oU ou
In practice, evaluating the shape sensitivities using the adjoint method involves three main steps:
1. Compute the partial derivative terms in Equations 2 and 3.

2. Solve the adjoint equations for .

3. Assemble the total derivative in Equation 2 from the computed partial derivatives and adjoint
solution.

In this work, all partial derivatives are computed using complex-step differentiation [30], which provides
near machine-precision accuracy for sufficiently small step sizes. Constructing the adjoint operator—
defined as the transpose of the flow Jacobian, [0.R/dU]" —is computationally intensive, as the Jacobian
contains (NM) x (NM) elements, where N is the number of conserved variables and M the number
of cells. To reduce cost, residual derivatives are computed only over each cell’s stencil of influence,
and operator assembly is parallelised using the same domain decomposition as the flow solver [22].
The resulting sparse linear system is then solved using a preconditioned, restarted Generalised Minimal
RESidual (GMRES) algorithm [31]. The preconditioner is formed as a first-order approximation of the
transposed flow Jacobian, using an Incomplete Lower-Upper factorisation with zero fill (ILU(0)). In this
work, we found that solver robustness and efficiency were improved by assembling the preconditioner
with a different flux calculator than that used for the full adjoint operator. Further gains are achieved
by warm-starting each adjoint solve from the previous iteration within the design loop, analogous to the
flow solver.

2.4. Optimisation Algorithm

Several optimisation frameworks exist to couple flow and sensitivity solvers with optimisation algorithms.
In this work, the open-source package pyOptSparse [32] is used, which provides access to a variety
of third-party algorithms. The chosen algorithm is the Sparse Nonlinear OPTimizer (SNOPT) [33], a
gradient-based method built on Sequential Quadratic Programming (SQP). SQP solves the nonlinear op-
timisation problem through a sequence of quadratic programming (QP) subproblems, with the objective
approximated quadratically and the constraints linearised. Each QP solution defines a search direction,
along which a line search is performed. The Hessian is approximated using a quasi-Newton scheme,
requiring only first-order gradient information. SNOPT terminates when the optimality and feasibility tol-
erances are satisfied, corresponding to sufficiently small Lagrangian gradients and constraint violations
within prescribed limits.

3. Aerodynamic Optimisation of a Hypersonic Lifting Body

To demonstrate the capabilities of the developed optimisation framework, a case study is carried out
on a representative hypersonic lifting-body configuration. The baseline geometry, shown in Figure 6,
shares the major dimensions of the configuration studied by Zhang et al. [34]. An internal payload,
shown in yellow, is included to ensure the design remains physically realistic and to impose a practical
constraint on the optimisation, preventing degenerate geometries that may be aerodynamically efficient
but infeasible in practice.
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The study considers a single design point corresponding to Mach 8 atmospheric flight at an altitude of
40km, consistent with the conditions of Zhang et al. [34] and summarised in Table 1. Flow solutions
are obtained by solving the Reynolds-Averaged Navier—Stokes (RANS) equations with the one-equation
Spalart—Allmaras (S—A) turbulence model [35]. The computational mesh, shown in Figure 5, consists of
46 blocks and approximately 613,000 cells, generated using GridPro v8.0 [36].

4000mm

600mm

D450mm

2500mm

D175mm

1500mm

Fig 4. Baseline lifting body and internal payload geometry.

Table 1. Free-stream flow conditions for lifting body optimisation.

Property Symbol Value Units
Velocity Vo 2.54 km/s
Pressure Poo 278 Pa
Temperature Too 251 K

Angle of attack a 8.0  degrees

3.1. Objective and Constraint Formulation

As mentioned, the objective of this optimisation study is to maximise the lift-to-drag ratio while con-
straining the internal volume to accommodate a payload. The aerodynamic forces are obtained by
integrating the pressure and viscous contributions over the design surface:

Fot — / /S _phdA + / /S TudA )

where S is the design surface, p is the pressure, n is the outward surface normal, dA is the differ-
ential surface element, and 7, is the viscous shear stress vector. The lift and drag forces are then
obtained by projecting Fyet onto the directions normal and parallel to the free-stream velocity vector,
respectively.
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Computational grid for baseline lifting body configuration.

Fig 5.

a geometric constraint is imposed between the frustum and the

4

To accommodate the internal payload

Tfrust > Tsurf

this constraint is evaluated as
otherwise

sampled points on the vehicle surface. For each surface point, an effective radius is defined relative to
Tfrust — T'surf,

the frustum axis and compared against the corresponding frustum radius at the same axial location. If
the frustum radius is larger, the frustum would protrude through the surface at that point, constituting

a constraint violation. For a given surface point i,

()

Page | 8
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Moreover, summing these constraints can lead to poor

scaling characteristics and hinder optimisation convergence. To address this, the distance constraints

are aggregated using the discrete Kreisselmeier—Steinhauser (KS) function [37-39], which blends all
individual constraints into a single, smooth, and well-bounded function. This aggregated constraint is

then enforced to remain less than or equal to zero throughout the optimisation.
FFD hull, shown in Figure 6, is a tri-cubic B-spline volume with 10 x 6 x 2 control points. Directly

Directly enforcing a constraint at every surface point is inefficient, as it would require computing gradi-
The geometry was parameterised using the two-level FFD method described in Section 2.1. The chosen

where rq,f is the effective radius of the sampled surface point and 7 is the radius of the frustum at
ents for a large number of individual functions

the same axial location.
3.2. Shape Parameterisation

R. Otto, K. Damm and R. Gollan
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parameterising each coordinate of every control point would yield 360 design variables, but this approach
risks control-point crossover and the creation of impractically thin features. To improve robustness and
maintain manageability, the parameterisation was structured by grouping control points, which still
provided sufficient flexibility to capture meaningful shape changes.

Control of the overall length was constrained, while additional degrees of freedom were assigned to
modify the width and axial profile through translation and scaling of z-control planes. The thickness
profile was adjusted through vertical scaling and translation of paired control points in the y-direction.
Further design variables allowed axial and vertical translation of the internal payload, as well as its
pitching angle. In total, this parameterisation resulted in 121 design variables.

Fig 6. Parameterisation of the lifting-body geometry using a two-level FFD scheme. Control points
directly manipulated by the optimiser are shown in red.

3.3. Optimisation Results

The results of the optimisation study are presented in this section. The optimisation was performed using
SNOPT with optimality and feasibility tolerances of 1 x 107° and 1 x 10—, respectively. The objective
and constraint histories are shown in Figure 7. Convergence was achieved in 42 design iterations,
requiring just over four days of runtime on a workstation!. The histories show a clear plateau in the
objective function, while the constraint violation approaches zero by the final iterations, indicating a
well-converged solution.

From Table 8, the optimisation study produced a 21.8% improvement in L/D. This gain was driven
primarily by a reduction in drag, which outweighed a nearly 20% decrease in lift. In some design
scenarios, such a reduction in lift may be undesirable; however, this can be addressed by reformulating
the optimisation problem to constrain lift while minimising drag.

The comparison of surface geometry and pressure distribution is shown in Figure 8. The optimised
configuration exhibits a reduced frontal area and a tighter fit of the outer mold line (OML) around
the frustum. In addition, the frustum angle is rotated to align more closely with the oncoming flow,
lowering the projected frontal area and concentrating most of the enclosed volume in the upper portion

!Workstation specifications: Dual Intel Xeon Silver 4216 CPUs @ 2.10 GHz (32 cores total), 196 GB RAM.
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of the vehicle, where surface pressures are lower. A more slender nose and forebody profile reduce
leading-edge pressures, while the thinner forebody produces a more rapid expansion over the upper
surface—both contributing to additional drag reduction.

Further aerodynamic insight is provided in Figure 9, which compares the Mach number fields of the
baseline and optimised configurations. The optimised design features a more concave lower surface
and a leading-edge profile that lies closer to the shock. Similar to a hypersonic waverider [40], this
configuration more effectively separates high-pressure air beneath the vehicle from the low-pressure
region above, thereby improving overall aerodynamic efficiency. It also weakens the vortex observed in
the baseline near the leading-edge base, as less high-pressure air spills over the upper surface.

4.2 6.0
4.0 - 4.8 <
Q X
~l -
% 3.8 T I 3.6 %
2 Z
S 361 L24 S
= (]
3 =
3
3.4 F1.2 9

3.2 1 L 0.0

0 5 10 15 20 25 30 35 40

Design Iteration

Fig 7. Objective and constraint function history for lifting body optimisation study.

Table 2. Comparison of aerodynamic performance between baseline and optimised lifting bodies.

Configuration Drag D (N) Lift L (N) Lift-on-drag /D

Baseline 939 3190 3.40
Optimised 626 2589 4.14
Difference (%) -33.3 -18.8 +21.8
HiSST-2025-0259 Page | 10
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Pressure (Pa)
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(a) Front view.

Baseline y [N Optimised Baseline Optimised

(b) Top view. (c) Side view.

Fig 8. Comparison of baseline and optimised surface geometry and pressure distribution.
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(@) Baseline configuration.

Pressure (Pa) Mach Number
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(b) Optimised configuration.

Fig 9. Flow fields of baseline and optimised lifting bodies.
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4. Conclusions

In this work, an adjoint-based aerodynamic shape optimisation framework was developed for three-
dimensional hypersonic configurations. The framework integrates high-fidelity CFD analysis, adjoint-
based sensitivity evaluation, and a two-level free-form deformation parameterisation strategy, enabling
efficient optimisation of complex geometries with many design variables.

The framework was applied to optimise the aerodynamic performance of a hypersonic lifting body under
an internal volume constraint. The configuration was simulated using high-fidelity RANS and parame-
terised with 121 design variables. The optimiser converged in 42 design iterations, requiring just over
four days of runtime on a workstation, with this efficiency made possible by the adjoint method.

The optimisation achieved a 21.8% improvement in the lift-on-drag ratio, driven primarily by drag
reduction. The optimised geometry exhibited a reduced frontal area, a more slender forebody, and
an internal payload aligned more closely with the oncoming flow. Flow field comparisons showed the
optimised configuration achieved high aerodynamic efficiency similar to a waverider, with the shock
lying close to the leading edge to separate the high-pressure lower surface from the low-pressure upper
surface. This reduced spillage of high-pressure air onto the upper surface, weakening the side vortices
and further reducing drag.

Overall, this study demonstrates that adjoint-based optimisation can be applied efficiently and effectively
to improve the aerodynamic performance of realistic three-dimensional hypersonic configurations. The
developed framework represents a step toward enabling high-fidelity, many-variable optimisation in the
hypersonic regime, helping to advance future design practices.
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