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Abstract

Adjoint-based optimization methods, that were previously in the realm of computational
fluid dynamics (CFD) research, are now available in commercial software. This work
explores the use of adjoint-based optimization to maximize mixing and combustion ef-
ficiencies for a supersonic combustor. To this end, a two-dimensional combustor was
considered with parallel hydrogen injection. Simulations were carried out based on the
steady Reynolds-Averaged Navier–Stokes equations and optimization was performed
using a simplified passive scalar field instead of the full reactive flow problem. The opti-
mization of a triangle-shaped mixing element is considered in addition to a case allowing
the entire bottom of the combustor to deform. The relatively small mixing element could
not boost efficiency significantly. By comparison, the optimization of the combustor wall
resulted in both mixing and combustion efficiency gains accompanied by total pressure loss
penalty. The optimization achieved higher efficiency compared to the baseline by extending
the total volume of the reaction zone. The presented proof-of-concept results are relevant
for the design of hypersonic vehicle propulsion systems, such as scramjets.

Keywords: adjoint-based optimization; computational fluid dynamic; CFD; hydrogen;
combustor; supersonic; scramjet; hypersonics

1. Introduction
Hypersonic vehicles have been the subject of interest in the past century with the first

manned atmospheric hypersonic flight achieved in the X-15 program in 1961 [1]. These
vehicles could enable access-to-space in single-stage-to-orbit (SSTO) space planes [2] or
significantly reduce intercontinental flight times. Accomplishing this is a technological
challenge, as exemplified by the National Aerospace Plane (NASP) program back in the
late 1980s. NASP was a U.S. program that aimed to develop a SSTO hydrogen aircraft
with airbreathing propulsion. These hypersonic vehicles have to support high heat and
mechanical loads and must be coupled with highly integrated propulsion systems. Interest
in such a program was sparked by successful subscale scramjet tests, and by significant
advances in computational fluid dynamics (CFD) as well as in structures and heat-resistant
materials [3]. While progress in hypersonic product development was clear, in order to
bring diverse technologies to a level of maturity that was sufficiently high to realize, such a
program had proven to be an important hurdle. It led to the cancellation of the program
in 1994.
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Since the NASP era, CFD has gained an important place in general hypersonic vehicle
design, especially in the last decade, which has been boosted by a more widespread
availability of computational power with relative affordability. This development has made
CFD a powerful tool to complement wind tunnel and flight testing. This trend is observable
in the literature of the past two decades with hypersonic flight test programs such as the
X43 [4], X51 [5], HyShot [6], HIFiRE [7], IXV [8,9] and the more recent BOLT program [10,11].
Moreover, commercial softwares have matured in recent years, offering users a wide variety
of solvers for different applications as well as design methods including adjoint-based
optimization. The growing availability of adjoint CFD solvers has also been observed
in the CFD vision 2030 report [12,13]. Adjoint-based optimization efficiently computes
sensitivities with a cost independent of the number of design variables (single flow solution
needed), making it well-suited for aerodynamic shape optimization problems with few
objectives and many design variables.

Adjoint-based aerodynamic shape optimization has been reported in design problems
related to airfoils [14–21], three-dimensional wings [22–24], turbomachinery blades [21,25–29]
and inlets [30,31]. Multi-disciplinary optimization problems have also been successfully
tackled with the adjoint method in aero-structural [32–34] and aero-structural-acoustic
designs [35]. However, the number of studies on the application of adjoint-based op-
timization on supersonic [36] and hypersonic [37–39] design problems remains limited.
Adjoint-optimization has not been widely explored especially in high-speed flows with
mixing and combustion because the derivation of the adjoint equation for each species
cannot be easily generalized. A way to circumvent this is by relying on a passive scalar
transport equation. This method has been adopted by Mosca et al. [40] in a T-mixer geome-
try and by Eggl et al. [41] in a stirring device. Another analysis [42] was conducted in a 2D
channel under subsonic conditions to optimize the uniformity of particle distribution in the
outlet, validating the strategy with numerical differentiation and quantifying the reduction
in the calculation cost compared to traditional methods.

On the hypersonic air-breathing propulsion side, scramjet technology, where the flow
remains supersonic throughout the whole internal flow path, has been identified as the
enabling technology for hypersonic flight. Improving mixing and combustion efficiency
in scramjets is extremely challenging (see, e.g., [43,44]), but crucial in making their use
to propel hypersonic vehicles viable. Although operating at high speeds is critical for
an efficient operation, the short time of mixing air–fuel within combustor can lead to
incomplete combustion and reduction in efficiency [45]. A parallel wall injection strategy,
such as in the experiment of Burrows and Kurkov [46], has the advantage of cooling the
wall through the fuel but has a very limited mixing capability. A transverse injection
mechanism such as in the HyShot II [47] has a higher penetration depth but induces higher
total pressure losses due to the jet obstruction. Shock waves and shock wave bound-
ary layer interactions are flow features that can have a positive or negative impact on
scramjet mixing and combustion. When it comes to optimizing a given scramjet combus-
tor with CFD, physics-based interventions are most commonly reported in the literature.
Kummitha et al. [48–52] presented a series of work where obstacles are introduced in the
flow or at walls to change the flow field dynamics of an existing experimentally studied
combustor. Landsberg et al. [44,53] rely on jet-based flow field manipulations to improve a
specific type of combustor flow path. The introduced changes in the aforementioned works
are of empirical nature and only a small number of simulations are finally performed. Alter-
natively, Shenoy et al. [54,55] optimized a flushwall injector geometry through a surrogate
model build based on a design of experiment type engineering approach. Kumar et al. [56]
did also rely on surrogate modeling to find an optimal relative positioning of three strut
injectors. While past studies demonstrate that geometric modifications, injection strategies,
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and physics-based interventions can significantly enhance scramjet mixing and combustion
efficiency, these approaches are often case specific. The more generic surrogate modeling-
based optimization workflow does treat the CFD as a black box with respect to the objective
functions and therefore does not exploit the extensive information contained in the CFD
flow field. Adjoint gradient-based optimization offers a systematic alternative by providing
sensitivity information that directly links the flow field to performance metrics like mixing
and combustion efficiency. To the authors’ knowledge, the potential of adjoint-based CFD
to optimize supersonic combustors remains unquantified.

The present study sets out to assess the applicability of adjoint-based methods for
supersonic combustor optimization based on the capabilities of readily available commer-
cial CFD software. The investigated case is the classical supersonic hydrogen combustor
experiment of Burrows and Kurkov [46] used here to present a proof of concept regarding
the capabilities of CFD with adjoint-based optimization. Preliminary results were previ-
ously presented at the 3rd International Conference on High-Speed Vehicle Science and
Technology [57]. Section 2 presents test case alongside the adjoint-based optimization
strategy, loop-holing the need for multi-species formulation. Results and conclusions are
discussed in Sections 3 and 4, respectively.

2. Methods
2.1. Flow Configuration

In order to assess the capability of the adjoint-based optimization, the supersonic
(non-)reacting wall jet experiment of Burrows and Kurkov [46] is adopted for simulations
as shown in Figure 1. The experimental setup consists of hydrogen injected parallel to
a vitiated air-stream behind a backward facing step. Two different stages are simulated:
(I) mixing of various species (H2, H2O and N2); and (II) combustion taking place as a result
of O2 being added to the airflow. The combustion stage is initialized with the solution of
the mixing stage. Further details of the simulation strategy such as inflow conditions and
reaction mechanisms are summarized in [58].

Figure 1. Schematic of the Burrows–Kurkov supersonic combustion experiment [46]. Not to scale.

2.2. Formulation of the Optimization Problem

From an engineering point of view, the purpose of combustion chamber optimization
might be to maximize thrust (typical in defense applications), to minimize emissions or
to maximize combustion efficiency (typical in civil applications). The computational cost
of adjoint-based optimization using reactive simulations is extremely high because of the
relatively high cost of a single cost function evaluation. Furthermore, even the most recent
commercial software do not have an adjoint formulation for generic reactive and multi-
species flows [59,60], i.e., one adjoint equation per species transport equation. To overcome
this limitation, an alternative formulation is suggested.

Adjoint-based optimization is used here based on passive scalar injection instead
of multi-species flow simulation. Consequently, a compatible optimization target must
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be defined. In this case, mixing efficiency instead of combustion efficiency is used for
optimization and it is hypothesized that enhanced mixing efficiency also results in boosted
combustion efficiency. This approach is inspired by recent studies considering optimization
problems emerging from passive scalar transport [40,41]. It is worth recognizing that
passive scalar simulations cannot be used to maximize thrust originating inherently from
the reaction of multiple species.

The passive scalar transport equation for the fuel concentration used in the adjoint-
based optimization is

v⃗ · ∇(ρcH2) = ∇ ·
[(

µ

Sc
+

µt

Sct

)
∇cH2

]
. (1)

Here, v⃗ and ρ are the velocity vector and density, and cH2 is the unknown variable
describing the spatial distribution of hydrogen concentration. The µ

Sc +
µt
Sct

terms represent
the linear eddy diffusivity with µ being the dynamic viscosity, Sc the Schmidt number and
the subindex t denoting turbulent quantities.

In order to enhance mixing, the optimization problem is set to maximize the variance
of hydrogen at the outlet. The resulting cost function depends on the employed geometry
(mesh) displacement vector field δ⃗ and the array of all field variables u, including velocity
components, pressure values, etc. Therefore, the J cost function to be minimized is

J(⃗δ, u) = −Var
(

cout
H2

)
. (2)

Here, Var(cout
H2

) is the variance of the hydrogen concentration at the outlet of the
combustor given by

Var(cout
H2

) =
1

Lout
y

∫ Lout
y

0

(
cout

H2
(y)− ⟨cout

H2
⟩
)2

dy. (3)

The ⟨cout
H2

⟩ mean hydrogen concentration value at the outlet is defined as

⟨cout
H2

⟩ = 1
Lout

y

∫ Lout
y

0
cH2(x = 358 [mm], y)dy, (4)

where Lout
y = 104.8 mm is the height of the outlet section.

It is hereby pointed out that diverse strategies can be adopted to improve mixing, with
different levels of geometrical modifications. A possible implementation is to introduce
a small immersed obstacle at the mixing interface of the hydrogen and the air streams.
Another possibility is to add a mounted obstacle to the wall in front of the injector. Both
strategies have been considered in [58] and the results for a mounted triangle-shaped
obstacle are revisited here. In addition, a setup where the diverging wall section is allowed
to deform freely is explored.

The following geometric constraints are imposed mainly for the deformations direction
and location. The triangle was placed between x = 197 and 203 mm with a 3 mm long
vertical side located at x = 203 mm on the bottom wall of the combustor. In this case,
the geometry is able to move freely only between x = 197 and 203, and the vertical wall
at x = 203 mm can only move in the vertical direction (⃗δ = [0, δy]T). This maintains the
displacement between the length of obstacle and does not extend to the lower wall of
the combustor. By comparison, the entire lower wall was optimized solely with vertical
deformations between x = 80 mm and 300 mm.

Previous analysis not presented here revealed that the obstacle positions from 80 mm
and downwards have a positive impact on the outlet concentration [58]. Additionally,
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the 300 mm limit is to prevent deformation on the outlet wall. The resultant shapes are
presented in Figure 2, where both the displacements and the direction of the deformation
field are depicted. The geometrical constraints for the triangle are also visible in the vectors
mainly on the vertical wall of the obstacle.

(a) (b)

Figure 2. Deformation field with displacements and direction for the two optimized cases: (a) triangle
and (b) wall.

2.3. Numerical Approach

The steady-state coupled solver of Simcenter STAR-CCM+ 2206 [59] is used. Tur-
bulence modeling is handled by the k-ω shear stress transport (SST) model [61]. This
Reynolds-Averaged Navier–Stokes (RANS) model is used with default settings (SST-2003
following NASA’s naming convention [62]). Governing equations are discretized using
second-order spatial discretization scheme. Inviscid fluxes are treated with the Advection
Upstream Splitting Method (AUSM+) with Flux Vector Splitting (FVS) [63]. Convergence
is assessed through a combination of residual levels, mass flow imbalance and relative
change in measures such as the forces on the walls.

Modeling the mixing stage with a passive scalar entails differences in the flow field.
Compared to the multispecies simulation with fuel injection, thermophysical properties of
the flow are not influenced by passive scalar concentration. For this reason, the x-velocity
profiles along different the combustor differ in the case of the multispecies and passive
scalar simulation cases as depicted in Figure 3. Shear layers near the wall (y < 3 cm) are
present in both cases but the profiles differ clearly, even though passive scalar simulations
have been set up with the same properties as the multispecies simulations with matching
inflow conditions. Note that the injector boundary conditions in the passive scalar case have
been adapted in order to match the total pressure profiles of the multispecies simulations
and the experiments in the reactive case. Additionally, Figure 4 shows the difference in the
fuel concentration for the multispecies and passive scalar. Despite the differences in the
presence of fuel along the domain for the two cases, caused by the non-influencing character
of the passive scalar into the flow properties (for example in density and momentum), the
fuel region is considered similar enough near the wall to be optimized.

In spite of the depicted differences in shear layer evolution and fuel concentration,
passive scalar simulations were found to be useful because some benefits of the identified
favorable geometries translated to multi-species flow simulations. This can be seen in the
results section (Section 3), where there is the comparison between the optimized cases with
the baseline. The Peclet number based on the combustor length, hydrogen diffusivity and
the air inflow velocity is O(106). Accordingly, the flow is overwhelmingly dominated by
advection underpinning the passive scalar simplification.
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(a) (b)

(c)

Figure 3. Comparison of the x-directional velocity profiles (u) between the mixing stage with
multispecies and passive scalar strategy at (a) x = 0 mm, (b) x = 60 mm and (c) x = 120 mm. The
velocity fields are normalized with the freestream velocity of the multispecies case U∞.

(a) (b)

Figure 4. Comparison of the fuel mass fraction flow field between multi-species mixing case (a) and
passive scalar (b).

Regarding the adjoint optimization, the general minimum residual with deflated
restarting (GMRES-DR) algorithm is used with a fix number of steps. Firstly, an initial flow
solution is provided to then compute the sensibilities of the gradients with the adjoint solver.
With these sensibilities, the deformation field is calculated, considering the geometric
constrains previously mentioned, and a new flow solution is computed with the new
geometry. This loop was split into 500 iterations of the adjoint solver and 500 iterations for
the following CFD with the new deformed geometry, and run until the cost function found
a constant value. In this case, since the objective was to maximize the fuel variance (see
Equation (2)) at the outlet, when this variable reached a constant maxima. For the triangle
optimization, around 400 iterations of the entire loop were necessary to reach convergence,
whereas for the wall optimization, 600 due to the bigger area of deformation.
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3. Results and Discussion
This section presents the results of the different optimization problems with adjoint-

based CFD. Section 3.1 discusses the supersonic combustor. General comments on the
methodology are provided in Section 3.2.

3.1. Scramjet Mixing Optimization

Figure 5 reports the validation of simulations with experimental data in the case of the
reference geometry (referred to as baseline case) for both mixing and combustion stages. Fur-
ther details of the validation are provided in [57,58]. In general, a good agreement is found,
with predictions similar to what has been reported in the literature [64]. The same mixing
and combustion configurations are used for the adjoint-based optimization simulations.

(a) (b)

Figure 5. Mole fraction at the outlet for the (a) non-reacting and (b) reacting combustor setup. The
experimental data and Eilmer simulation results correspond to [46] and [64], respectively.

Figure 6 presents the comparison of both the mixing and reacting stages for the
main variables used in the optimization. A clear effect of the optimization on the outlet
concentration of hydrogen is shown, with an increase in its variance of around 15% for
the optimized obstacle and more than double for the wall optimization. Therefore, the
optimization conducted reached the objective imposed on maximizing the variance of H2 on
the outlet of the mixing stage. The increase in mixing efficiency supports this optimization,
where higher values of this variable correspond to higher variance, with an increase of 10%
for the wall case (see Table 1). Additionally, the mixing stage results presented indicate that
the use of a passive scalar to model H2 in the optimization is potentially beneficial for this
type of setup.

Table 1. Comparison between baseline and optimized cases for efficiency, pressure loss and thrust
potential at both mixing and combustion stages.

Parameter Baseline Optimized Triangle Optimized Wall

Mixing efficiency [%] (Maximum) 73.0 79.0 83.6
Combustion efficiency [%] (Maximum) 19.9 20.4 21.8

Total pressure loss [%]
Mixing stage 5.62 7.88 7.50
Combustion stage 9.00 11.3 11.1

Thrust potential per unit depth [kN/m]
Combustion stage 81.1 83.6 82.9
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Figure 6. Comparison between the baseline and optimized cases for mixing (left) and reacting (right)
stages of the following: outlet concentration (top row); mean and variance hydrogen concentration
differences compared to the baseline case at the outlet (middle row) and mixing and combustion
efficiencies (bottom row).

When looking at how the modified geometry affects the combustion stage, the variance
of the product of the reaction (H2O) does increase together with the combustion efficiency
but only around 2% in the best case. In Figure 6, the effect of the obstacles in the combustion
efficiency is depicted with a sharp increase in the variable after the position of the optimized
triangle (200 mm) as opposed to the continuous increase in the baseline case. Overall, a
strongly mixed limited combustion is still observed. The improvements are not as noticeable
in the case of the optimized triangle which is analyzed in depth in previous studies [57,58].
Therefore this case is excluded from further analyzes here.

Figure 7c demonstrates the limitations of parallel injection in the baseline case cor-
responding to the exit species profiles of Figure 5b. Mixing is limited to a thin region
elongated in the streamwise direction, and fuel does not reach deeper layers of the air
stream. Two different optimization cases are investigated to compare them with the base-
line case. The first optimization case proposed is by introducing a mounted obstacle to
enhance the mixing of the species (referred to as optimized triangle case). Different shapes
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and positions were analyzed as mentioned previously, leading to an initial triangle shape
to be optimized. The second optimization case allows the lower wall of the combustor to
deform freely, in order to explore other potential strategies to improve mixing (referred to
as optimized wall case). The optimized geometries are then used in a reacting setup with
the same boundary conditions as the baseline case.

(a) (b)

(c) (d)

(e) (f)

(g) (h)

Figure 7. Contour plots of field variables in the reacting case: baseline simulation (left column) and
optimized wall (right column). Mach number with an isoline at Ma = 1 (a,b); H2O mass fraction (c,d);
Temperature (e,f); virtual Schlieren (g,h). The field of view covers the region between the injector
outlet and the domain outlet.

However, combustion in the optimized wall case shows promising improvement
even in the reacting stage. The benefit of the optimized wall manifests into an increased
combustion efficiency peaking at 21.8% at the outlet. By comparison, the maximum
combustion efficiency in the baseline case is 19.9% so that the optimization results in a
9.5% overall improvement as detailed in Table 1. The optimized wall case results in a
substantially elongated reaction zone thanks to the hills and valleys introduced by the
adjoint-based optimization. Figure 6 indicates that the combustion efficiency increases
monotonically in the combustor as the vertical extent of the reaction zone grows with the
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streamwise distance. Logically, the optimizations suggest that elongating the reaction zone
is crucial to enhance mixing and combustion efficiencies when parallel injection is employed.
Figure 7 provides a visual comparison between the baseline and wall optimized case for
several flow variables. It is clear that the obstacles of the optimized wall are introducing a
bigger mixing area (see Figure 7) which leads to an increase in the combustion region as
well. This is depicted in Figure 7h, with an increment in bright zones of the virtual Schlieren
(density gradient contour) where the reactive area is present, as well as an increment in the
outlet area where high H2O concentration is found (Figure 7d).

Table 1 also provides the relative total pressure loss along the combustor evaluating
the penalty caused by the obstacles. For both stages, the increment in pressure loss is
around 2% for the best case. In the mixing stage this appears to be acceptable given the
10% efficiency increment. However, in the reacting stage, the improvement in combustion
efficiency is comparable to the losses. As a final quantity of interest, the thrust potential
(TP) [64,65], also known as combustor effectiveness concept [66], is computed. It is obtained
by expanding one-dimensional flow quantities at a given streamwise location through an
ideal (reversible), isentropic and adiabatic nozzle. As such, the TP is an indicator of the
thrust that you could ideally generate by truncating the combustor. The TP is influenced by
the losses in total pressure as well as by the chemical reactions [64]. In analogy to previous
work [64,65], the computation assumes that flow is expended back to the free-stream static
pressure which is presently taken as the inflow boundary pressure. The TP in Table 1 is
provided based on a unit depth. In reacting conditions, the TP increases by 3.13 % and
2.27 % for the optimized triangle and wall, respectively. The TP of the optimized cases do
indicate that the small increase in combustion efficiency (≈2%) is sufficient to balance the
≈2% increase in pressure losses.

3.2. Limitations

A grid independence study was carried out in a previous work [58] and it demon-
strated that further refinement does not lead to improvements when baseline mixing and
combustion simulations are compared to experimental results, as shown in Figure 5. Sepa-
rate grid independence study was not carried out for simulations of the optimized geometry.
From a flow physics perspective, the major changes observed in the present wall-based
parallel injection case are in the extend of the mixing/reaction zone for which the baseline
mesh independence study did indicate sufficient grid accuracy. Furthermore, results might
be significantly impacted by the choice of turbulence model and boundary conditions. The
authors acknowledge the importance of sensitivity analysis and uncertainty quantifica-
tion regarding the aforementioned inputs of the simulation. However, a comprehensive
uncertainty analysis is beyond the scope of the present study.

The specific choice of Menter’s SST turbulence model in the present work follows
from its wider adoption in the hypersonic CFD community [44,48–52,65,67–72]. Note
that variation in its usage does exist with combinations of modeling constants, source
term formulations and practical implementations in CFD solvers, which makes it difficult
to perform comparisons between codes. Moreover, recent work on a controlled RANS
code-to-code comparison on hypersonic SWBLI cases [73] indicated a general scatter in
predictions. Essentially, it is not possible to state that one turbulence model or turbulence
model variation is consistently better over the other. This observation can be translated to
the flow fields considered in the present work. The SST model, like other RANS models,
fails when it comes to predict more detailed supersonic combustor dynamics for which
scale-resolving simulations are better suited but at a significant increase in computational
cost [74]. Certainly, large eddy simulations have gained popularity recently in supersonic
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combustion modeling [75,76]. However, with engineering design in mind, a RANS model
such as the SST remains a valid choice for comparative studies.

The passive scalar approach has been used to circumvent the inherent limitation
of adjoint-based solvers in multi-species conditions leading to one adjoint equation per
governing equations (species equation included in this case). Due to this, the incoming
fuel has to be modeled similarly to the incoming airflow as a single species air. This could
induce changes in incoming fuel mass flow. Currently, the boundary conditions are kept
the same as in the mixing simulation, except for the total pressure which is adapted to
match experimental total pressure values at the step. Figure 3 illustrates the influence of
this change on various axial velocity profiles.

The validity of the passive scalar optimization approach might depend on the type
of injection mechanism and validations with other scramjet combustors, such as the
HyShot II [69] or HIFiRE2 [68], should be performed. From a practical perspective, the
adjoint method with passive scalar should, similarly to what is observed here, rely on
flow field manipulations (shocks and mixing layers) to achieve its goal. In slotted injection
cases such as the HyShot II with multiple injector spread across the transverse wall direc-
tion, constraints on the deformation of the holes could be linked to one another to avoid
asymmetric optimization results (if not desired). In angled injection cases, as seen in the
REST type engines [44], the method could be used to deform part of the wall boundaries in
conjunction with other flow field manipulation methods such as cascade injectors [53] .

The passive scalar optimization approach presented herein is oriented to improve non-
reacting setups. This inherently limits the scope of physics which are present in comparison
with a reacting setup where heat release plays an important role. From an engineering
point of view, relying on non-reacting simulations to improve mixing is a common strategy
which assumes that improved mixing behavior directly translates in improved combustion
as exemplified by the work of Landsberg et al. [44,53]. The main motivation is a reduced
computational cost obtained by omitting reactions and avoid the introduction of associated
chemical kinetics and turbulence chemistry interaction modeling assumptions. Other
strategies could be to reduce the computational cost of reacting simulations by simplifying
the turbulent combustion physics [77]. This is however out of the scope of the present work.

Regarding the optimized geometries presented, the higher freedom of the optimizer
could result in challenging shapes to manufacture. Specifically, to this combustor, as a
cold hydrogen layer separates the combustor zone from the wall, additive manufacturing
with existing materials can be achieved. However, this will not be the case in any type of
combustor. Therefore, the optimization restrictions need to be carefully chosen, depending
on the combustor’s constraints. It is worth mentioning that the full wall optimization case
identifies key positions for an obstacle to be placed, which could potentially maximize the
impact on the objective function and could alleviate the aforementioned manufacturing
constraints. Manufacturing challenges are left to be explored in the future with the note
that wire arc additive manufacturing [78] and roboforming [79] are found particularly
promising for the creation of complex shapes like the ones proposed here.

4. Conclusions
The findings suggest that commercial CFD and adjoint-based optimization is suffi-

ciently mature enough to consider reactive flows in the context of high-speed propulsion
systems. In order to use the method in a multi-species CFD context, a proxy measure for
mixing had to be considered. This is achieved through a passive-scalar representation of
the fuel concentration.

Regarding mixing enhancement in a generic scramjet combustor with parallel fuel
injection at the lower wall, the adjoint-based method together with passive scalar transport
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delivered two designs with an increase in the variance of the fuel concentration at the
outlet. It is clear that with more deformation restrictions, the improvement is less noticeable
(as seen in the triangle case) than when leaving more freedom. However, unconstrained
optimization might result in configurations that are challenging to manufacture.

Nevertheless, the optimization of the wall presents insights on the case that can be
used for a more accurate optimization. Substantial improvement in combustion efficiency
was found only when a relatively large part of the combustor wall was altered. This resulted
in a combustion efficiency of 21.8% compared to the baseline 19.9%. The improvement in
combustion efficiency was accompanied with a decrease in total pressure loss which grew
from 9.0% in the baseline case to 11.1% in the optimized case, suggesting that increasing
efficiency required performance drop.

The optimization case underlines the maturity of adjoint-based optimization to reach
desgin targets. It also highlights the bottlenecks of similar optimizations. Combustion
efficiency was improved substantially by the optimization at the cost of higher total pressure
drop. In short, efficiency was boosted by increasing losses inside the combustor.

The difference between baseline and optimized configurations is substantial but bene-
fits are difficult to evaluate because of uncertainties associated with the employed RANS
modeling framework. Future work might focus on quantifying and reducing such uncer-
tainties and exploring more sophisticated direction and line search algorithms. Alternative
parameterization of the geometry could also be considered for an increased control over
the deformation including freeform deformation.
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