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An S-duct intake for a boundary-layer ingesting engine has been designed using a gradient-
based aerodynamic shape optimization framework based on the Reynolds-averaged Navier–Stokes
equations. The optimization minimizes a composite objective function that combines total
pressure loss and circumferential flow distortion at the fan face. To improve robustness across
varying operating conditions, a multi-point optimization was conducted over a range of incoming
boundary-layer thicknesses between 20 and 40% of the inlet height. The optimized geometry
was fabricated and tested experimentally using a custom-built test rig. Experimental mea-
surements of pressure loss, circumferential distortion, and swirl at the fan face are compared
to numerical predictions, showing good agreement. Low circumferential flow distortion was
observed experimentally with the multi-point-optimized geometry, confirming the effectiveness
of the optimization framework.
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I. Introduction

Turbojet propulsion began with Frank Whittle’s design of the first turbojet engine in 1930, leading to the first flight
of a turbojet-powered aircraft in 1939. Over time, the configuration and performance of these engines evolved

considerably, progressing to the adoption of turbofan engines designed for improved fuel efficiency through higher
bypass ratios. While turbofans remain the backbone of contemporary commercial aviation, increasing propulsive
efficiency by ingesting larger mass flows has necessitated larger fan diameters, leading to greater structural weight and
aerodynamic drag. Despite continuous improvements in engine technology, the pace of efficiency gains has slowed in
recent decades as the design matured. Concurrently, the steady rise in global air traffic has put pressure on the aviation
sector to address its environmental footprint. As a result, regulatory bodies have outlined ambitious targets aimed at
reducing fuel consumption to reach net zero carbon emissions by 2050. Advanced aircraft technologies are expected to
play a significant role in this transition.

One promising advanced propulsion concept is boundary-layer ingestion (BLI), which offers the potential to
significantly enhance propulsive efficiency by rethinking the integration of propulsion and airframe design. This concept
originates from the marine sector, where it is commonly applied to submarines and ships [1, 2]. BLI can result in less
power being required to produce a given propulsive thrust force, as analyzed by Smith [3]. It is now receiving much
attention as a way to improve fuel efficiency in concept studies for advanced aircraft [4–7]. Current-generation aircraft
commonly feature engine placements away from the nearest aircraft surface to ensure ingestion of uniform freestream
air. In contrast, boundary-layer-ingesting engines are usually positioned such that they ingest the boundary-layer on the
wing or fuselage. This allows for a reduction in the momentum deficit of the aircraft wake, lowering the propulsion work
required to overcome total aircraft drag. Depending on the level of ingestion and the configuration, some studies have
reported a potential aerodynamic benefit of approximately 10% [7], which corresponds to the savings in mechanical
flow power required in a BLI configuration relative to non-BLI.

Many BLI configurations have been explored, including NASA’s STARC-ABL single-aisle commercial aircraft
concept which explores electrified aircraft propulsion technologies coupled with an aft-mounted BLI engine running
on energy from two under-wing turbofan engines. This concept has the potential to reduce fuel burn by 7% to 12%
compared to current regional jets operating with the same range, speed, and airport infrastructure [8]. Another concept
investigated is MIT’s D8 Double-Bubble which features twin cylindrical fuselages paired with BLI in a Boeing 737 class
aircraft. Wind-tunnel tests and computational assessments demonstrate a potential aerodynamic benefit of about 8% [7].

These advantages, however, come with new design complexities. The ingested flow is strongly non-uniform, creating
inlet distortions that can reduce fan performance and structural integrity. Fan-face radial total pressure distortion
describes variations in total pressure from the hub (or center of the aerodynamic interface plane) toward the tip of the
fan annulus (or walls of the S-duct). Circumferential total pressure distortion, on the other hand, refers to variations in
total pressure around the tangential direction. It typically manifests as localized sectors of low and high total pressure
caused by the intake geometry, non-uniform incoming flow, and boundary-layer development inside the duct, among
other factors. Circumferential distortion is often more critical, as it introduces non-uniform loading on the fan blades,
potentially triggering stall, surge, or fatigue. When designing a BLI system, it is crucial to develop an intake that
minimizes circumferential distortion at the fan face and a fan that can operate reliably under the remaining distortion
levels.

S-duct intakes are often employed in BLI architectures where embedded engine installation is required, as they
enable compact airframe integration [9]. However, the curvature of S-ducts leads to complex secondary flow structures,
flow separation, and total pressure distortion at the fan face. To mitigate these effects, several design strategies have
been explored, including boundary layer suction [10], the use of flow control [11], as well as high-fidelity optimization
approaches [12–17]. Papadopoulos et al. [18] numerically investigated the impact of S-duct geometry variations on
aerodynamic efficiency. The study found that reducing the axial length of the duct increased flow separation after the
first bend, leading to higher losses, whereas long ducts caused greater pressure losses but achieved a more uniform
total pressure distribution. The adoption of Gerlach-shaped cross-sectional profiles in the S-duct design yielded a
low level of pressure loss. Koo et al. [15] developed an aerodynamic shape optimization methodology based on the
Reynolds-averaged Navier-Stokes equations aimed at improving the aerodynamic performance of a fixed rectangular
S-duct intake with BLI, specifically designed for a high-subsonic unmanned aerial vehicle. The primary objectives of
the study were to enhance total pressure recovery while minimizing outlet circumferential distortion. One outcome of
the optimization was the increased swirl observed in the resulting duct designs compared to the baseline configuration.
Chiang, Koo, and Zingg [16] subsequently conducted a comprehensive study on the aerodynamic shape optimization
of an S-duct intake for a BLI engine utilizing the same optimization framework, this time considering two composite
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objective functions. The first combines total pressure recovery, distortion and swirl at the fan interface plane, while
the second involves pressure recovery, fan blade load variation, and fan blade incidence variation. They achieved a
simultaneous improvement in all objectives contained in the composite objective functions through subtle geometric
modifications. In a later study, Clark et al. [17] focused on a geometry optimization and experimental validation of an
S-duct with BLI. An S-duct intake for a BLI engine was designed to minimize a combination of total pressure loss and
circumferential flow distortion at the outlet through the optimization methodology used in [15, 16]. The experimental
data showed reasonable agreement with the numerical predictions.

The objective of this paper is to optimize and experimentally confirm the performance of a boundary-layer ingesting
S-shaped intake designed to minimize circumferential flow distortion and total pressure losses under varying inlet
conditions. The geometry is generated using multi-point optimization considering a range of incoming boundary-layer
thicknesses in order to design a duct that is less sensitive to inevitable differences between simulation and experiment in
order to achieve better agreement.

The paper is organized as follows. Section II describes the overall methodology, beginning with a description of the
aerodynamic shape optimization framework and optimization problem formulation, followed by an overview of the
experimental setup. Section III discusses the results of the optimization study. In Section IV, the numerical predictions
are compared against experimental data to assess the performance and accuracy of the optimized geometry. Finally,
Section V summarizes the main findings and offers concluding remarks.

II. Methodology

A. Aerodynamic Shape Optimization Methodology
Aerodynamic shape optimization is performed using Jetstream, a software suite developed at the University of Toronto

Institute for Aerospace Studies [19–22]. Jetstream integrates several key components: a geometry parameterization
and mesh deformation framework, free-form deformation (FFD) geometry control, a parallel flow solver for the
Reynolds-averaged Navier–Stokes (RANS) equations, and the gradient-based nonlinear optimization algorithm SNOPT
with gradients computed via the discrete adjoint method.

The optimization process begins by discretizing the flow domain into a multi-block structured mesh. To enable
geometry control and mesh deformation, the geometry is parameterized using B-spline surface patches, whose control
points are manipulated through a free-form deformation (FFD) volume. Further details are provided in Refs. [19, 20].

The flow field is computed using a parallel, multi-block finite-difference RANS solver [21]. Spatial discretization
is performed using second-order summation-by-parts operators, while boundary conditions and block interfaces are
enforced using simultaneous approximation terms. The flow solution proceeds in two stages: an initial approximate-
Newton phase provides globalization, followed by an inexact-Newton phase for fast and deep convergence to steady
state. The linear systems arising in each Newton step are solved using the Generalized Minimum Residual method
with preconditioning based on an approximate Schur complement. The solver incorporates the Spalart–Allmaras
one-equation turbulence model with SA-neg and QCR modifications and has been verified through participation in
the Fifth AIAA Drag Prediction Workshop [21]. The suitability of the Spalart–Allmaras model for internal flows was
assessed by comparing the surface pressure distribution over the S-duct to experimental data and CFD results from
Asghar et al. [23], showing good agreement, consistent with a prior assessment by Yaras and Grosvenor [24].

Gradients are computed by solving flow and mesh adjoint problems [22] and are then passed to SNOPT (Sparse
Nonlinear OPTimizer) [25], a sequential quadratic programming (SQP) algorithm designed for large-scale, constrained
optimization. SNOPT updates the design variables, the mesh deformation framework updates the grid for the next
iteration, and the process repeats until convergence.

B. Experimental Methodology
A schematic of the test rig is shown in Figures 1, 2, and 3. Air is drawn into the test rig through a bellmouth inlet

positioned upstream of the S-duct. Flow is supplied using a high-capacity compressor, while a gate valve downstream is
used to control the test section pressure, enabling simulation of altitude effects by reducing the total pressure. A bypass
region, illustrated in Figure 2, was installed around the S-duct inlet to ensure that the duct ingests only the boundary
layer from the boundary-layer generator, while avoiding ingestion of the boundary layers developing along the sidewalls
and ceiling.
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Fig. 1 Test rig schematic

Fig. 2 Bypass flow path surrounding the S-duct inlet

Fig. 3 Boundary-layer generator design.

The rig has been calibrated to deliver accurate freestream total and static pressure conditions upstream of the inlet.
The boundary-layer thickness at the S-duct inlet is controlled by adjusting the mass flow ratio between the boundary-layer
generator and the total system mass flow. The boundary-layer generator thickens the incoming boundary-layer to
replicate conditions representative of BLI inlets on a blended-wing-body configuration. It introduces high-pressure
air through a perforated plate, located flush with the lower surface of the inlet, to simulate flow over a large, uniform
forebody. The design of the perforated plate primarily follows the approaches presented in [26, 27]. The plate is
intended to increase the boundary-layer thickness while preserving a naturally developed turbulent boundary-layer
velocity profile and corresponding turbulence intensity levels. Since larger-diameter jets penetrate deeper into the free
stream and generate turbulence farther from the wall, a combination of different jet diameters is employed to achieve the
desired turbulence distribution within the boundary layer. Additional details on the boundary-layer control system are
shown in Figure 3 and further information on the test rig architecture and the boundary-layer generator can be found in
[17].
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III. Optimization Results

A. Optimization Problem Formulation
The objective function used is defined as

𝐽 = 𝛼𝛽
𝑝𝑡 ,out,0

𝑝𝑡 ,out
+ (1 − 𝛽) 𝐷

𝐷0
+ 𝛽(1 − 𝛼) 𝑆

𝑆0
, (1)

where 𝑝𝑡 ,out,0, 𝐷0, and 𝑆0 denote the outlet total pressure, circumferential distortion of total pressure, and swirl,
respectively, for the initial geometry. The scalar weights 𝛼 and 𝛽 control the trade-off between three competing design
objectives: minimization of total pressure losses, fan-face circumferential distortion, and swirl.

The first term in Eq. (1) reflects the total pressure recovery obtained by comparing the outlet total pressure at a given
design iteration to that of the baseline geometry. It is defined as

𝑃𝑅 =
𝑝𝑡 ,out

𝑝𝑡 ,in
, (2)

where 𝑝𝑡 ,in and 𝑝𝑡 ,out are the area-averaged total pressures at the inlet and outlet planes, respectively.
The second term captures the level of circumferential total pressure distortion at the fan-face plane, which is

discretized into 𝑚 concentric rings, each containing 𝑛 𝑗 elements. The distortion metric 𝐷 is computed as the
area-weighted sum of squared deviations of local total pressure from the average total pressure within each ring:

𝐷 =

𝑚∑︁
𝑗=1

𝑛 𝑗∑︁
𝑖=1

(𝑝𝑡 ,𝑖, 𝑗 − 𝑝𝑡 ,avg, 𝑗 )2 d𝐴𝑖, 𝑗

𝐴 𝑗

, (3)

where 𝑝𝑡 ,𝑖, 𝑗 is the total pressure at element 𝑖, 𝑝𝑡 ,avg, 𝑗 is the ring-averaged total pressure for ring 𝑗 , d𝐴𝑖 , 𝑗 is the area of
element 𝑖, and 𝐴 𝑗 is the total area of ring 𝑗 . Non-dimensionalization is performed following the methodology of [28],
with the outlet diameter used as the reference length and the upstream conditions as the reference conditions.

The final term in the objective function measures the swirl at the outlet, defined as the area-weighted average of the
swirl angle magnitudes over all elements in the outlet plane:

𝑆 =
1

𝐴rings

𝑚∑︁
𝑗=1

𝑛 𝑗∑︁
𝑖=1

|𝛼𝑠 | 𝑑𝐴𝑖, 𝑗 , (4)

where the local swirl angle 𝛼𝑠 is defined as

𝛼𝑠 = arctan
(
𝑈𝜃

𝑈𝑥

)
, (5)

with 𝑈𝜃 and 𝑈𝑥 representing the circumferential and axial components of the velocity vector, respectively.
To optimize the S-duct over a range of thicknesses of the ingested boundary layer, a multi-point objective function is

minimized:
𝐽mp = 0.25𝐽20% + 0.5𝐽30% + 0.25𝐽40%, (6)

where the subscripts indicate the boundary-layer height, expressed as a percentage of the inlet height. The 30% case is
considered the nominal operating condition. Conditions with higher and lower incoming boundary-layer thickness are
added with a weight of 25% each.

The S-duct has a fixed length-to-offset ratio of 2.88, a length-to-diameter ratio of 1.87, a diffusion ratio of 1.3373,
and a diameter of 179.1 mm. The outlet was maintained as a fixed circular geometry capable of containing a rotor.
The baseline duct was taken as a simple blend between the rectangular inlet and circular outlet, adapted from Asghar
[23]’s baseline geometry, with length, offset and diffusion ratio changed to the values given above. The optimization
was performed at a target freestream inlet Mach number of 0.16, a Reynolds number based on the outlet diameter of
411, 700, and a simulated altitude with an inlet total pressure specified at 64 kPa as imposed by the experimental facility.
For the numerical simulation, total pressure was specified at the inlet, and the outlet static pressure is determined to
achieve the desired Mach number at the inlet outside the incoming boundary-layer. In order to simulate boundary-layer
ingestion, the turbulent flow over a two-dimensional flat plate is first solved for the desired boundary-layer height and
the total pressure and turbulent viscosity profiles are extracted and applied at the inlet of the S-duct.
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Table 1 Distortion, pressure recovery, and swirl values for single-point optimized ducts with two sets of relative
weights and two levels of grid refinement

Coarse grid (1.2 million nodes) Fine grid (4.7 million nodes)
Objective Baseline (𝛼 = 1, 𝛽 = 0.2) (𝛼 = 1, 𝛽 = 0.8) Baseline (𝛼 = 1, 𝛽 = 0.2) (𝛼 = 1, 𝛽 = 0.8)

𝑃𝑅 0.99412 0.99591 0.99594 0.99436 0.99589 0.99608
𝐷 × 105 41.9 1.36 0.670 41.6 1.44 1.23

𝑆 0.162 0.125 0.126 0.163 0.133 0.120

Table 2 Performance of the intake obtained from a single-point optimization with a 30% boundary-layer
thickness analysed with 20%, 30%, and 40% incoming boundary-layer thicknesses

Objective Single-point (20%) Single-point (30%) Single-point (40%)
𝑃𝑅 0.99780 0.99773 0.99478

𝐷 × 105 1.50 1.19 1.33
𝑆 0.122 0.121 0.119

B. Single-point Optimization
A parametric study was conducted to evaluate the influence of the objective function weights, 𝛼 and 𝛽, on the

optimization outcome. The goal was to identify weight combinations that minimize outlet swirl and total pressure
distortion, while preserving or enhancing total pressure recovery. The weight 𝛽 was varied over the discrete set
{0, 0.2, 0.4, 0.6, 0.8, 1.0} for two fixed values of 𝛼: 𝛼 = 1.0 and 𝛼 = 0.6. The baseline geometry is an unoptimized
initial duct geometry adapted from Asghar et al.[23]. Reducing 𝛼 from 1.0 to 0.6 led to a slight improvement in
swirl mitigation, with a reduction factor of 1.9 relative to the baseline, compared to 1.3 for the 𝛼 = 1.0 case. This
gain, however, came at the expense of significantly degraded distortion performance, with only a 6-fold improvement
relative to baseline, versus a 30-fold improvement when 𝛼 = 1.0. Based on this trade-off, 𝛼 = 1.0 was adopted for
all subsequent optimizations, thereby eliminating swirl from the objective function. Table 1 summarizes the pressure
recovery, distortion, and swirl for the baseline geometry and for single-point optimized geometries evaluated under
two combinations of 𝛼 and 𝛽 and two levels of grid refinement with a 30% incoming boundary layer height. For a
fixed 𝛼, decreasing 𝛽 is generally expected to enhance distortion reduction by increasing the emphasis on the distortion
term in the objective function. Surprisingly, the configuration with 𝛽 = 0.8 achieved lower distortion levels than the
𝛽 = 0.2 case on both coarse and fine meshes. This is indicative of multimodality, which has been identified previously
in S-duct optimization [16]. The geometry obtained with 𝛽 = 0.2 is a local minimum. In order to avoid converging
to a similar local minimum, the geometry corresponding to 𝛼 = 1.0 and 𝛽 = 0.8 was used as the initial geometry for
all optimized ducts discussed below. Furthermore, it was observed that the coarse mesh failed to capture certain flow
features, leading to an underestimation of the total pressure distortion at the outlet. Therefore, the fine mesh is used for
all results discussed below.

A single-point optimization was performed with 𝛼 = 1 and 𝛽 = 0.2 at the 30% incoming boundary layer condition,
initialized using the optimized duct geometry obtained for the relative weights 𝛼 = 1 and 𝛽 = 0.8. The resulting total
pressure recovery, outlet circumferential total pressure distortion, and swirl levels for different incoming boundary layer
thicknesses are summarized in Table 2. In comparison with the 𝛼 = 1, 𝛽 = 0.2 result in Table 1, the duct obtained with
a different initial geometry performs better, confirming multimodality. For example, circumferential distortion was
reduced from 1.44 × 10−5 to 1.19 × 10−5.

C. Multi-point Optimization

1. Converged Optimization
Results from the fully-converged multi-point optimization are presented to demonstrate the effectiveness of the

proposed strategy in mitigating fan-face flow distortion. To assess the benefits of this approach, an off-design analysis
was conducted using the duct optimized for a 30% boundary-layer thickness evaluated at different inlet conditions. The
corresponding objective function values for the single-point, off-design analyses, and multi-point are summarized in
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Table 3 Fully-converged multi-point optimized performance values of pressure recovery, distortion, and swirl
for a fine grid resolution

Objective Multi-point (20%) Multi-point (30%) Multi-point (40%)
𝑃𝑅 0.99777 0.99771 0.99767

𝐷 × 105 1.47 1.25 1.17
𝑆 0.124 0.122 0.121

Fig. 4 Outlet total pressure contours of the converged multi-point and single-point optimized S-duct intakes at
various incoming boundary-layer heights

Tables 2 and 3. The multi-point optimized duct demonstrates reduced sensitivity to variations in inlet boundary-layer
thickness, maintaining superior overall performance across a range of inlet conditions. At the 30% boundary-layer
thickness, the multi-point-optimized duct shows an increase in circumferential distortion relative to the single-point-
optimized duct from 1.19 × 10−5 to 1.25 × 10−5. At the 20% boundary-layer thickness the distortion is reduced from
1.50 × 10−5 to 1.47 × 10−5 with a large improvement seen for the 40% boundary-layer thickness, where it is reduced
from 1.33 × 10−5 to 1.17 × 10−5. If improved performance were desired at the main operating condition, this could be
achieved by increasing its weight in the composite objective function. The outlet total pressure contours for both the
single-point and multi-point optimized ducts are presented in Figure 4.

The first row of Figure 5 shows the baseline unoptimized duct and the multi-point optimized duct. Cross-sectional
views comparing the two ducts are shown in the second row. Notable geometric changes appear in the second and third
cross-sections from the inlet. Further downstream, the differences between the baseline and optimized cross-sections
become less pronounced, as geometric modifications near the outlet are restricted to preserve a smooth transition into
the fixed downstream section. The third row of Figure 5 presents contours of total pressure at several axial locations
along the intake, from the inlet to the outlet. The first slice shows the imposed inlet total pressure profile corresponding
to a 30% incoming boundary-layer thickness. At the second slice, the optimizer has introduced a small bulge that
extends from the top surface to the upper right and left sides and slightly raises the bottom wall. The third slice exhibits
a dip in the middle of the top surface, resulting in two regions of low total pressure. The boundary layer also continues
to thicken, leading to a larger region of low total pressure at the bottom surface. The dips observed on the left and
right sides become more pronounced in the third slice, resulting in two small low-pressure regions that persist in the
subsequent plane. At this stage, the bottom surface further flattens and the low total pressure flow gets pushed to the
sides, increasing the circumferential uniformity of the flow towards the outlet and allowing the high total pressure region
to remain centered at the exit plane. Figure 6 presents the outlet total pressure contours for the baseline duct (left) and
the fully-converged multi-point optimized duct (right) operating with a 30% inlet boundary-layer height.
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Fig. 5 Comparison of the baseline and fully-converged multi-point optimized S-duct geometries (top and middle)
and total pressure contours of the optimized duct (bottom)

8

D
ow

nl
oa

de
d 

by
 9

9.
22

8.
16

9.
89

 o
n 

Ja
nu

ar
y 

8,
 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

6-
25

68
 



Fig. 6 Comparison of outlet total pressure for the baseline (left) and fully-converged multi-point optimized
S-duct at 30% boundary-layer height (right)

Fig. 7 Comparison of the fully-converged and the partially-converged experimentally-validated multi-point
optimized S-duct geometries

2. Experimentally-Validated Case
Due to scheduling constraints associated with the testing facilities, the multi-point optimization case had not yet

reached full convergence at the time the tests were scheduled to be conducted. Therefore, the partially converged
configuration described below, which provides nearly equivalent performance to the fully-converged duct, was finalized
and released for manufacturing and subsequent testing. A comparison of the converged and experimentally-validated
multi-point optimized geometries is shown in Figure 7. For the 30% case, circumferential distortion of total pressure is
reduced from the baseline duct value of 41.9 × 10−5 shown in Table 1 to 1.35 × 10−5 shown in Table 4, a reduction
of roughly 97%. Although this value is slightly higher than the distortion value of 1.25 × 10−5 achieved by the
fully-converged optimized duct shown in Table 3, it is nevertheless much lower than the baseline value. Therefore,
experimental validation of the numerical predictions for this duct, as described in the next section, provides confirmation
that the reductions in distortion predicted for the optimized duct can be reproduced experimentally.

IV. Comparisons with Experiment
The partially-converged multi-point optimized S-duct presented above was manufactured and experimentally tested.
Specifically, pressure distributions along the duct surface were measured experimentally, and comparisons were
performed for the total pressure at the inlet and fan face, as well as for the integrated outlet quantities: total pressure
recovery, circumferential total pressure distortion, and swirl.
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Table 4 Partially-converged experimentally-validated multi-point optimized performance values of pressure
recovery, distortion, and swirl

Objective Multi-point (20%) Multi-point (30%) Multi-point (40%)
PR 0.99780 0.99774 0.99770

𝐷 × 105 1.50 1.35 1.33
𝑆 0.122 0.120 0.119

Figure 8 presents CFD predictions and experimental normalized total pressure contours at the outlet under different
boundary-layer thicknesses at the inlet. Each row corresponds to increasing boundary-layer thickness, with CFD
results on the left (a) and experimental data on the right (b). The CFD contours appear qualitatively aligned with the
experimental results, with key trends well captured. In both cases, the high total pressure region at the center of the
outlet shrinks as the boundary-layer thickness increases and the flow becomes more centered. This centralization effect
is particularly visible in the experimental data. Although the outlet total pressure contours from the CFD and experiment
are not identical, both display low circumferential distortion in comparison to that of the baseline duct shown in Figure 6.

Figure 9 compares the numerical and experimental inlet total pressure profile at 30% boundary-layer thickness and
Mach number profiles for various boundary-layer thicknesses. The numerical results show good agreement with the
experimental total pressure profile. However, the experimental Mach number curves show boundary-layer thicknesses
that are larger than intended due to a static pressure gradient at the inlet caused by the bypass in the experimental
setup. Similarly, for the numerical results, although the total pressure profile is as intended, and the mean Mach number
outside the boundary layer is equal to the desired value, the Mach number profile is quite different from that seen in the
experiment. These differences in the inflow Mach number profiles are partly responsible for the variations observed in
the outlet total pressure profiles.

A comparison of numerical and experimental results for the performance metrics is presented in Figure 10. Pressure
recovery shows good agreement with an incoming boundary-layer thickness of 30%. Circumferential distortion shows
excellent agreement with incoming boundary-layer thicknesses of 20% and 30%, while the experimental distortion value
is lower than the numerical one with a 40% incoming boundary-layer thickness. Overall, the experimentally-measured
values of circumferential distortion confirm the ability of the optimization procedure to design an S-duct with low
circumferential distortion. The experimental data generally show lower swirl magnitudes than the CFD predictions,
probably due to the turbulence model used, as eddy viscosity models are known to be inaccurate for swirling flows [29].
Li and Liu [29] show that the quadratic constitutive relation (QCR) corrections improve accuracy in such flows but
some error nevertheless can be expected. For total pressure and circumferential distortion, the discrepancies in the
inlet Mach number profiles discussed above are likely to be the largest cause of the differences between computed and
experimental results.

V. Conclusions
A multi-point aerodynamic shape optimization was performed to design an S-duct intake for a boundary-layer–ingesting
propulsion system using gradient-based optimization coupled with RANS flow simulations, and an optimized S-duct
was fabricated and tested experimentally. The resulting S-duct geometry exhibited greatly reduced circumferential total
pressure distortion at the fan face compared to the baseline unoptimized duct and less sensitivity to varying inflow
conditions compared to a single-point optimized duct. Good to excellent agreement between CFD predictions and
experimental measurements was observed in total pressure recovery, circumferential distortion, and swirl trends across
all operating conditions. Most significantly, the experimental results show low circumferential distortion at the fan face,
thereby confirming the ability of the optimization framework to make subtle geometric changes that lead to substantial
reductions in distortion without sacrificing total pressure recovery.

VI. Acknowledgements
The authors acknowledge the support of the National Research Council of Canada through the Low-Emissions Aviation
Program and the NRC Aerospace Research Center. Computational resources were provided by the General Purpose
Cluster supercomputer at the SciNet HPC Consortium.

10

D
ow

nl
oa

de
d 

by
 9

9.
22

8.
16

9.
89

 o
n 

Ja
nu

ar
y 

8,
 2

02
6 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

6-
25

68
 



Fig. 8 Comparison of numerical and experimental outlet total pressure contours
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Fig. 9 Comparison of numerical and experimental inlet centerline total pressure profiles at 30% incoming
boundary-layer thickness and inlet centerline Mach number profiles for various boundary-layer thicknesses

Fig. 10 Comparison of numerical and experimental values of pressure recovery, circumferential distortion, and
swirl for the partially-converged multi-point optimized duct
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