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Abstract

This work assesses the aerodynamics of a short aero-engine intake for a new rig that is planned to be tested at the Large Low-
Speed Facility of the German Dutch Wind Tunnels (LLF-DNW) in 2025. A range of computations were performed to assess if the
expected aerodynamics in this arrangement encompass the envisaged range of flow field characteristics of the equivalent isolated
configuration. The effect of massflow capture ratio and angle of attack are investigated. In addition, an intake flow separation
taxonomy is proposed to characterize the associated flows. The wind tunnel analysis is based on two different modelling approaches:
an aspirated isolated intake and a coupled fan-intake configuration. The coupled configuration uses a full annulus model with a
harmonic mixing plane method. Across the range of operating conditions with changes in massflow capture ratio and angle of
attack, there are attached and separated flows. The main separation mechanisms are diffusion-driven and shock-induced, which
shows the different aerodynamics that may be encountered in a short intake. Overall, this work provides an initial evaluation of the
aerodynamics of the new fan/intake test rig configuration, provides guidance for the wind tunnel testing, and lays a foundation for

subsequent unsteady coupled fan-intake studies.
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1 Introduction

Within the context of civil aero-engines for podded under-
wing configurations, increasing bypass ratio [1] and reducing
fan pressure ratio can lead to improve propulsive efficiency
and reduce fuel burn [2, 3]. Although this can be achieved
by an increase in fan diameter, the potential drag and weight
penalty from a conventionally designed intake [4], nacelle
[5] and exhaust [6] may erode the performance benefits from
the low specific thrust cycles [7]. For this reason, it is ex-
pected that future civil aero-engines will use compact housing
components [8, 9]. Consequently, a key consideration is the
design of short intakes, and the intake/fan compatibility, at
off-design conditions such as crosswind [4] or high-incidence
[10]. There are aerodynamic design challenges associated
with this new design space, such as the reduced diffusion ca-
pability of short intakes or the expected larger accelerations
around the lip in which shock wave boundary layer interac-
tion could occur. In addition, the greater coupling with the
fan requires computational methods that model the fan-intake
interaction to properly assess its aerodynamic performance.
Previous research shows that under crosswind and high inci-
dence conditions, the fan can reduce the flow distortion and
increase the critical crosswind velocity [11] and critical an-
gle of attack [12], respectively. A range of different mod-
elling approaches to account for the fan rotor have been con-
sidered in the past. This includes computationally expensive
full-annulus configurations where the geometries of the rotat-
ing fan and stationary downstream components are included,
and low order methods such as Body Force Models (BFM)
[13] or Actuator Disk (AD) [14].
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Previous studies have investigated the feasible design space
for short intakes at high-incidence conditions. Peters et al.
[15] developed a CFD methodology in which the fan was
modelled with a simplified body force model. A range of short
intakes were considered in which the ratio of the intake length
(Lint) to the fan diameter (D ,,) was varied between Ly, /D fan
= 0.19 and 0.5. This is defined as short designs since it is
below the typical range for current intakes that are between
Lint/Dgan = 0.5 and 0.65 [15] . Whilst shortening the intake
yielded nacelle drag benefits at mid-cruise conditions, it was
concluded that L;,,, /D ran <0.25 was not feasible due to the re-
duction in fan efficiency at high incidence climb-out caused
by local flow separation at the fan face. Cao er al. [10] per-
formed a numerical study on the fan/intake interaction under
high incidence with a BFM. The impact of intake length on
flow separation and distortion was investigated. It was deter-
mined that for a short intake with L;,, /D ran = 0.17, the last
angle of attack at which the flow is attached to the intake bot-
tom aero-line could be increased by approximately 5° relative
to an aspirated configuration in which the effect of the fan is
not considered. However, it is important to note that this is
probably an unfeasible part of the intake design space due to
the expected reduction in fan efficiency identified by Peters
et al. [15]. For an intake with L, /D¢an = 0.44 operating at
high-incidence conditions, it was shown that whilst the fan did
not impact the critical angle of attack at which there was sep-
aration, the fan reduced the intake distortion post-separation.
Kennedy et al. [16] also investigated fan/intake interaction un-
der high incidence, for which low order models were not used
and a full-annulus 3D fan geometry was considered. The work
was based on a conventional long intake with Liy; /D 4n > 0.6
at M = 0.25 and massflow capture ratio (MFCR) of approx-
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imately 1.5. This MFCR is typical of take-off conditions at
high-incidence [17]. It was concluded that the effect of the
fan resulted in an increment of the critical angle of around 1°
compared with a case without it. Carnevale ef al. [18] con-
ducted a computational study on flow separation in a subsonic
civil aircraft intake with L;,, /D ran ~ 0.6. Steady RANS sim-
ulations were computed for an aspirated case and unsteady
RANS computations for a powered intake configuration. It
was reported that the fan stage improves the tolerance to vari-
ations in flow incidence and effectively reduces flow distor-
tion. For this intake configuration, the fan/intake interaction
resulted in an increment of the critical angle by 5° relative to
the aspirated case. Magrini ef al. [19] performed a parametric
study of geometric intake design variables to assess their im-
pact on flow distortion. The work was based on a short intake
with Ly, /D ran = 0.35 coupled with a body force model at M =
0.25 and MFCR = 1.55. It was concluded that the contraction
ratio has a large impact on the inlet separation. Relative to
cases without a fan model, the BFM resulted in a larger sepa-
ration suppression and, therefore, higher critical angles. Gunn
et al. [20] investigated the intake performance of a short con-
figuration with L;,; /D ., = 0.34 at high incidence. The study
was based on aspirated as well as a coupled fan/intake config-
urations. For the coupled arrangement, the fan, outlet guide
vane and engine section stator were modelled with a mixing
plane approach. It was determined that the critical angle of
attack increased by approximately 2° due to the effect of the
fan.

The majority of previous work in flow distortion for civil
aero-engine intakes is based on computational methods with
a range of different modelling approaches. They highlight the
strong fan/intake interaction and showcase that aspirated con-
figuration may lead to unphysical results due to the neglected
coupling effect. Nevertheless, its impact on the intake per-
formance varies between studies, where the change in criti-
cal angle between aspirated and intake/fan coupled cases can
range from 1° [16] to 5° [10]. Whilst these can be the re-
sult of using different intakes shapes and, therefore, the as-
sociated aerodynamics are different, it could be also related
to the modelling approaches. For this reason, it is important
to validate the numerical methods for aero-engine intake ap-
plications. However, there is very limited information in the
open literature for experimental work. Coschignano et al. [21,
22] conducted a canonical 2D experimental study of shock
wave boundary layer interaction (SBLI) on the intake lip at
take-off conditions. The changes in the shock characteristics
and onset of flow separation as a function Reynolds number,
angle of attack and lip shape were investigated. It was con-
cluded that the boundary layer separation was very sensitive
to the SBLI topology. Hodder [23] carried out measurements
to investigate the fan effect on intake performance for a model
scale configuration with a fan diameter of 44in (111.8cm) and
a long intake of L;, /D ran > 0.6. It was found that the fan
interaction allows the intake to operate with lower distortion
levels at and above the critical angle that the intake would ex-
perience without the fan interaction.

There is a clear research gap in characterizing the intake
aerodynamics of short configurations across a range of op-
erating conditions using measurements. Collecting this data

would not only provide valuable insights into intake distor-
tion characteristics but also serve as a crucial validation test
case for CFD methods. This could significantly improve the
understanding and prediction of intake performance, partic-
ularly in complex flow conditions, enhancing future aero-
engine intake design and optimization methods. Within this
context, a significant research programme is in development
for the experimental testing and evaluation of a novel short
fan/intake configuration. The experiments will be performed
at the Large Low-Speed Facility of the German Dutch Wind
Tunnels (LLF-DNW). This work is predominately an assess-
ment of the intake aerodynamics through a pre-test CFD anal-
ysis of the fan/intake test rig configuration. It is an initial part
of the development programme, and the results will inform
the design and set-up of the test campaign which is planned
for 2025.

2 Methodology

A computational model has been developed for the investi-
gation of the aerodynamics of a short intake rig with D¢, =
14in (0.36m) that will be installed at LLE-DNW. It is a non-
axisymmetric intake that is representative of future civil aero-
engines with L;,; /D 4, = 0.33. This work is based on a high-
incidence arrangement at a nominal freestream Mach number
of 0.25. Two different configurations are considered: an aspi-
rated intake in which the effect of fan interaction is neglected,
and a fan-intake coupled analysis with a full-annulus compu-
tational approach (Figure 1).
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Figure 1: Overview of intake modelling: Aspirated intake
(left) and fan-intake coupled (right)
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Due to the relatively complex geometry of the full wind tun-
nel arrangement that includes the wind tunnel geometry, rig,
intake and turbomachinery components, an overset grid ap-
proach has been used. The computational domain was divided
into 4 independent sub-domains: wind tunnel, rig, intake and
turbomachinery (Figure 2). The turbomachinery sub-domain
contains the rotating fan as well as the stationary downstream
components of Outlet Guide Vanes (OGV) and wind tunnel
struts (Figure 1). These stationary components are included as
they can affect the flow distortion at the intake [24]. The over-
set grid approach enables the simulation of different intake
incidence angles by imposing changes in the relative angle
between the wind tunnel and the rig/intake/turbomachinery
sub-domains. The grids for the wind tunnel and rig were cre-



ated with a hybrid meshing approach using structured prism
layer near the viscous walls and y© ~ 50 [25]. Unstructured
tetrahedral elements were used in the rest of the domain. The
intake and turbomachinery meshes used a multi-block struc-
tured meshing approach with a y™ = 1. The spatial discreti-
sation of the wind tunnel, rig and intake meshes was based
on a grid sensitivity study of the aspirated configuration (Fig-
ure 1). Overall, three different mesh levels were considered
(Table 1). For an attached flow condition with a massflow
capture ratio (MFCR as defined in Eq. 1) of approximately
1.6 and an incidence angle of 1° below the critical angle,
i.e. AoA = AoA.i; — 1°, the grid convergence index [26] of
the medium mesh was 2.1% and 0.05% based on DCgy and
peak isentropic Mach number along the bottom intake aero-
line. In addition, the impact of the spatial resolution in pre-
dicting the critical angle of attack was studied. For this pur-
pose, an incidence sweep was performed with a resolution of
1° at fixed MFCR =~ 1.6. It was determined that the medium
and fine meshes have the same critical angle and similar in-
take distortion metrics post-separation (Figure 3). Based on
this, the medium meshes of the wind-tunnel, rig and intake
sub-domains, which have a total of 108.6 x 10° cells, were
selected for this work. The spatial discretisation of the tur-
bomachinery elements, i.e. fan, OGVs and struts, was based
on previous guidelines [27]. Overall, the full-annulus for the
fan, OGV and strut meshes were composed of 75.0 x 10°,
78.0 x 10° and 8.0 x 10° cells, respectively. This results in
an overall cell count of the wind-tunnel arrangement for fan-
intake coupled analysis of approximately 269.0 x 10° cells.
MFCR = A= = _Mfan
Api PeolUxAy;
where rit ., is the massflow through the fan, p. is the den-
sity at the inlet of the working section, U.. is velocity at the in-
let of the working section and Ay; is the intake highlight area.

ey

Component Coarse Medium Fine
Wind tunnel | 30.0 x 10° | 64.1x10° | 126.0 x 10°
Rig 13.4x10% | 27.1x10% | 51.6x 10°
Intake 8.6x10° | 17.4x10° | 32.8x10°
Total 52.0x 10° | 108.6 x 10° | 210.4 x 10°

Table 1: Grid levels for mesh sensitivity study of the aspirated
arrangement

The simulations were performed with the finite volume
solver HYDRA [28]. It solves the compressible steady Favre-
averaged Navier-Stokes equations with a double precision,
implicit density-based approach. The turbulence model k - @
SST [29] was used for all the simulations and the spatial dis-
cretization was defined with a second-order MUSCL scheme
[30]. The Green-Gauss method was used for the calculation
of the gradients [31] and Sutherland’s law for the dynamic
viscosity [32]. An automatic Spalding blended wall function
method was employed [28]. For this approach, the blending
function is deactivated when y* is below 5. Conversely, the
blending method is activated for larger y* values, and uses
wall functions to model the boundary layer. The inlet of the
wind tunnel domain was defined with a pressure-inlet bound-
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Figure 2: Overview of the sub-domains of the aspirated con-
figuration

ary condition in which the total pressure and temperature were
prescribed. The outlet of the wind tunnel used a pressure-
outlet condition with a target massflow. The value of the mass-
flow was defined to achieve the desired velocity at the entry of
the working section (Figure 2a). As part of this work, this
was set to a nominal Mach number of 0.25. All the walls of
the wind tunnel, rig, intake and turbomachinery sub-domains
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Figure 3: Changes in DCg as a function of angle of attack for
the 3 different grid levels

Static
pressure
Flow High
direction Value
Low
Value

Figure 4: Example of the CFD solution for the installed aspi-
rated configuration (rig and intake sub-domains) at M = 0.25,
A0A = AoAis —1° and MFCR ~ 1.6

used a viscous no-slip wall condition, and were modelled as
smooth walls. An overlapping boundary condition was set for
the external boundary of the rig grid to link the wind tunnel
and rig sub-domains. This approach was previously validated
by Amirante ef al. [33, 34]. Similarly, the external boundaries
of the intake mesh used an overlapping condition to connect
the rig and intake meshes. For the aspirated arrangement, a
simplified annular duct was added after the nominal fan face,
and the engine massflow was controlled with a pressure-outlet
boundary. To provide insights of the aerodynamics of the in-
stalled arrangement, an example of a CFD solution for the
aspirated configuration at M = 0.25, AoA = AoA.; — 1° and
MFCR = 1.6 is presented in Figure 4. The fan-intake coupled
analysis uses full-annulus computations with a harmonic mix-
ing plane (HMP) approach between the interfaces of the turbo-
machinery elements. The HMP method is based on an adap-
tation in the frequency domain of the filtering mixing plane
technique proposed by Pullan and Adamczyk [35]. Relative to
the standard mixing plane formulation, the HMP retains low
order spatial frequencies to obtain more accurate steady solu-
tions. It also provides a better initialisation for future URANS
calculations. For all simulations, iterative convergence was a
reduction of normalised residuals of approximately four order
of magnitude. In addition, the solutions had a maximum oscil-
lation of inlet massflow of 0.25% over the last 500 iterations.
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Figure 5: Comparison of isentropic Mach number along the
intake bottom (y = 180°) and bottom-control (y = 135°)
aero-lines between the isolated and installed LLF-DNW at
MFCR ~ 1.6 and AoA = AoA iy — 1°

3 Results

As discussed above, this work presents the initial phase of a
broader development program that involves a comprehensive
test campaign of a short aero-engine intake. To achieve the
goals of the development program, three key activities were
undertaken. The first focus was to assess the intake aerody-
namics of the installed LLF-DNW configuration and deter-
mine how accurately it can reflect the flow characteristics of
an isolated intake (Section 3.1). This evaluation was required
to ensure that the aerodynamic data from the wind tunnel con-
figuration will be representative of short aero-engine intakes.
Following this initial consideration, a detailed investigation
into the intake aerodynamics was conducted across a range
of mass flow capture ratios and incidence angles to evaluate
the expected flow distortion characteristics and flow separa-
tion mechanisms (Section 3.2). Lastly, the coupling between
the intake and the fan was examined to assess its impact on
the intake distortion response (Section 3.3).

3.1 Comparison between isolated and installed LLF-
DNW intake aerodynamics

An initial analysis was performed to identify if the installed
intake aerodynamics in the LLF-DNW are representative of an
isolated configuration. The isolated arrangement excludes the
wind tunnel and rig, and its domain resembles the one shown
in Figure 2c, with the overlapping conditions replaced by a
far-field condition and shifted further away. For this work, the
study focused on the aspirated arrangement (Figure 1) because
it is sufficient to capture the upstream potential flow of the in-
take and identify changes that might be introduced by the test
rig. The analysis was undertaken for a representative MFCR
~ 1.6 across a wide range of angles of attack in which the
flow is attached and separated. The CFD simulations showed
that the flow blockage induced by the rig caused a change in
the upwash angle. For this reason, an incidence angle correc-
tion was derived to compare installed and isolated cases at the
same effective incidence angle, i.e. upwash angle is accounted
for. All the comparisons between the isolated and installed ar-
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Figure 6: Effect of incidence angle on total Pressure Recovery (PR) and swirl distortion at the AIP for the installed LLF-DNW

and isolated configurations at MFCR ~ 1.6

rangements presented below include the incidence correction.
Therefore, both configurations have a similar effective angle
of attack. It is important to note that although the wind tunnel
correction has been derived and validated for a fixed intake
geometry, it is anticipated that modest variations in the intake
geometry will not significantly impact the correction because
it is predominantly influenced by the rig blockage. At zero
incidence, the geometric blockage of the intake in the tun-
nel working section, based on the nacelle forebody maximum
diameter, is approximately 0.3%. The distance between the
intake and the wind-tunnel walls is around 11-Dy,,. This re-
duces to 7-D 4y, for the maximum considered angle of attack.
The verification of the flow similarities between installed and
isolated is considered in terms of the aerodynamics along the
intake surface, flow characteristics at the Aerodynamic Inter-
face Plane (AIP in Figure 1) as well as intake distortion met-
rics. The AIP was positioned 0.05-D,, upstream of the blade
hub leading edge.

For incidence angles without a large open flow separation,
there is an excellent agreement in terms of isentropic Mach
number along the intake between the installed LLF-DNW
and isolated configurations. Figure 5 shows the M;; distribu-
tions along the intake bottom (y = 180°) and bottom-control
(¢ = 135°) aero-lines at an angle of attack one degree below
the critical incidence (A0oA = AoA..; — 1°). The differences
between both configurations in terms of peak and pre-shock

M, is within 0.02 and the shock location is within AX /L;,, =
0.005. For separated flows, i.e. angles of attack above AoA_,,
larger changes emerged due to the inherent challenges associ-
ated with modeling these flows in RANS simulations. The
typical values and distributions of isentropic Mach number
along the diffuser and peak M;; at the lip where comparable
between both configurations. Although for separated flows
there was a difference in the incidence angle of about 1° to
generate similar flow physics, it was concluded that the in-
stalled LLF-DNW intake aerodynamics are representative of
those expected in an isolated configuration. This was verified
for angles up to 3° above A0Ayir-

Overall, across the range of angles of attack, similar trends
in pressure recovery and swirl angle at the AIP were observed
for the isolated and installed arrangements (Figure 6). This
representation enables for a qualitative representation of the
regions with larger flow distortion. As expected, low-pressure
regions form at the bottom of the isolated intake at high an-
gles of attack [10]. The installed configuration demonstrated
this same behavior, which confirms that the rig and strut ge-
ometries do not introduce significant flow asymmetry or bias
towards one side. It is noteworthy that for separated flows
there was a difference in the azimuthal and radial extent of
the low-pressure region between both configurations at fixed
incidence. To get a similar distortion pattern, both config-
urations need to be at different angle of attack (Figure 7).



For example, this is identified when the installed configura-
tion operates at AoA = AoA.iy +2° and the isolated config-
uration at AoA = AoA..i +4° (Figure 6). Whilst this shows
a slight variation between the two configurations, it also con-
firms that the installed intake in the LLF-DNW wind tunnel
can produce distortion characteristics that are representative
of isolated short intakes. A similar comparative analysis was
performed for the swirl angle (Figure 6), which revealed the
same trends as those observed for pressure recovery.

Lastly, intake distortion metrics were compared between
the installed and isolated cases for a range of angles of attack.
In particular, the analysis was based on the typical distortion
descriptors of DCg (Eq. 2) and PR (Eq. 3) to quantify the to-
tal pressure distortion and loss at the AIP. Both metrics were
evaluated on a polar grid of 12 rings and 12 rakes to follow
typical industrial practice. Although there are limitations in
the use of DCgqg as a distortion metric, it is considered suffi-
ciently useful for this initial study.

Po.6o — Poarp

DCgp = )

qArp
where Py ¢ is the lowest area-average total pressure in a 60°
sector at the AIP, Py 4;p is the area-averaged total pressure at
the AIP and guyp is the dynamic head at the AIP

—
pr — foarr

Powrr ©
where Py wrr is the wind tunnel inlet total pressure.

Both, the installed and isolated configurations, exhibit sim-
ilar values of distortion coefficient (DCg) and pressure recov-
ery (PR) for angles of attack below the critical incidence of
the installed setup (Figure 7). However, as the angle of at-
tack increases, the DCgg values are higher, and the PR values
are lower, for the LLF-DNW installed configuration compared
with the isolated one. For separated flows, to achieve the same
DCgo and PR values as in the isolated configuration, the wind
tunnel should be operated at an angle of attack that is approx-
imately 1° lower (Figure 7). While this again highlights some
discrepancies between the two configurations post-separation,
it is important to emphasize that the installed setup in the LLF-
DNW is still capable of producing similar flow distortion lev-
els as the isolated case.

These findings provide confidence that the installed config-
uration will replicate the performance and behavior of an iso-
lated intake, particularly in terms of isentropic Mach number
distribution along the intake, flow characteristics at the AIP,
and intake distortion metrics.

3.2 Intake aerodynamics at high incidence angle

Having established confidence that the aerodynamics of the
LLF-DNW installed intake are representative of an isolated
configuration (Section 3.1), a comprehensive analysis of the
intake aerodynamic characteristics was assessed for a range of
mass flow capture ratios (MFCR) and angles of attack (AoA).
This was carried out for the installed LLF-DNW arrangement
to offer insights into the various flow physics that could occur
within the intake. This work proposes a taxonomy of flow sep-
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Figure 7: Comparisons of intake distortions metrics between
installed LLF-DNW and isolated configurations at MFCR ~
1.6

aration mechanisms that can be used to characterize the flow
along the intake (Figure 8). Overall, seven types have been
identified. Whilst this classification is based on fully turbu-
lent flows, it could be expanded to laminar/turbulent flows. It
is expected that the Reynolds number will have an impact of
this taxonomy. Although some mechanisms, e.g. fan-induced
separation, are not present in this study, they have been de-
scribed in previous research [4] and are included in this tax-
onomy for completeness. A closed subsonic lip separation
(Type-1 in Figure 8) can occur due to an adverse pressure gra-
dient (APG) [36]. This can change to an open subsonic lip
separation (Type-4) for strong APGs. As reported in earlier
studies [21, 22], shock-induced separation is a common flow
separation mechanism in intakes at high incidence. This oc-
curs due to a significant flow acceleration around the lip and
can result in a shock-induced separation followed by reattach-
ment (Type-2) or an open separation that extends to the fan
(Type-5). When the intake operates at a low mass flow cap-
ture ratio, adverse flow phenomena can develop in the diffuser
(Figure 1), leading to either closed-diffusive separation (Type-



3) or open-diffusive separation (Type-6). There could be also
a fan-modulated diffusion-driven separation (Type-7), which
should be considered in fan-intake coupling studies.

Definition

@and@

nﬁf" E AP Type-1: A closed, subsonic lip separation

Type-2: Aclosed, shock-induced separation

Type-3: Aclosed, diffusive separation

Type-4: An open, subsonic, lip separation

Type-5: An open, shock-induced, lip separation

Type-6: An open, diffusion-driven, separation

Type-7: Afan-modulated, diffusion-driven
separation

Figure 8: Flow separation taxonomy to characterise the intake
characteristics. The same color code is used in Fig. 9
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Figure 9: Categorization of the intake flow characteristics
with the proposed taxonomy across the MFCR-AoA aero-
dynamic design space. White color refers to attached flow.
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DCeo e f, respectively. The same color code is used in Fig. 8

The intake aerodynamics in the installed LLF-DNW con-
figuration were assessed across a range of MFCRs from 0.48
to 1.68 and angles of attack from AoA = AoA..i;y — 25° to
AoA i + 10°, where AoA.,;; is the critical angle at MFCR ~
1.6. Overall, 54 installed aspirated cases were computed us-
ing a full factorial approach with 6 different values of inci-
dence and 9 MFCRs. Based on a traditional DCg thresh-
old (DCoer) for acceptable flow distortion, the MFCR-AoA
aerodynamic space was identified (Figure 9). The intake aero-
dynamics are benign at angles of attack lower than AoA =
Ao0A.rir across the range of MFCRs considered, and therefore,
DCgp was below DCq . (Figure 9). As the incidence angle
increases to AoA = AoA., the only mass flow capture ratio
(MFCR) at which DCg exceeds the reference value (DCp, e )
is MFCR = 1.68. This flow distortion is attributed to an open
shock-induced lip separation, classified as Type-5 (Figure 8)
in the proposed taxonomy. For this incidence angle, there
is also closed shock-induced lip separation (Type-2) for the

MFCR = 1.53 and 1.38, in which the length of the separa-
tion bubble is approximately 15% and 1% of L;,;, respectively.
However, this flow separation is insufficient to cause signifi-
cant flow disturbances, and therefore, DCg is below the ref-
erence value.
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Figure 10: Effect of MFCR on the aerodynamics of the bottom
aero-line at AoA = AoA.ir

To provide insights into the intake flow characteristics as
a function of MFCR, Figure 10 presents the isentropic Mach
number (M;s) and axial wall shear stress distributions along
the bottom aero-line at fixed AoA = AoA.,;. For MFCRs be-
low 1.23, the flow experiences a modest acceleration along the
lip, which leads to relatively benign M;s distributions. How-
ever, as the mass flow capture ratio increases to MFCR =
1.38, the stronger flow acceleration around the lip terminates
in shock induced separation and reattachment (Figure 10b).
At a higher MFCR of 1.53, both the peak and pre-shock M;;
increase relative to MFCR = 1.38 by AM;; = 0.23 and AM;; =
0.19, respectively. This results in the previous described larger
flow separation (Type-2 in Figure 8) that changes from ap-
proximately 1% to 15% of the intake length. For MFCR =
1.68, there is a high value of pre-shock M;; which induces an
open shock-induced separation (Type-5 in Figure 8). As the
angle of attack is further increased to AoA = AoAi; +5°, var-



ious flow phenomena emerge along the intake. For relatively
low mass flow capture ratios (MFCR < 0.8), open diffusive-
driven separation occurs (Type-6 in Figure 8), which results in
DCgo > DCep ror- As the MFCR increases, the flow reattaches
and DCyg falls below the reference threshold up to MFCR
= 1.23. However, with a further increase in MFCR an open
shock-induced separation at the intake lip is observed (Type-
5). This highlights the complexity of flows that can arise in
an intake at high incidence angles, and how high levels of dis-
tortion can be produced by different flow physics. Finally, a
further increment in the incidence to AoA = AoAi; + 10° re-
sults in DCgq values above the reference (DCeo ) across the
range of MFCRs considered. For this angle of attack, the flow
is fully separated along the intake. For MFCR <l1, the flow
separation mechanism is Type-4, i.e. open subsonic lip sepa-
ration. As the MFCR is increases above 1.0, the mechanism
changes to an open shock-induced separation (Type-5).

This analysis has highlighted a variety of flow separation
mechanisms that can occur in an intake at high angles of at-
tack. Whilst this taxonomy has been considered for RANS
simulations, it forms a basis for the analysis of future un-
steady simulations, contributing to a deeper understanding of
fan/intake interactions.
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Figure 11: Impact of fan-suppression on intake distortion met-
rics

3.3 Full-annulus installed computations

The effect of fan integration in flow separation over the in-
take has been examined using a fan-intake coupled analy-
sis with full-annulus computations and the harmonic mixing
plane method. For this study, two mass flow capture ratios of
about 1.0 and 1.5 were selected. At MFCR = 1.0, the flow
is primarily governed by diffusion-driven separation, while at
the higher MFCR of approximately 1.5, shock-induced sepa-
ration dominates. This allows for a comprehensive investiga-
tion of fan/intake coupling and its effect on both flow separa-
tion mechanisms.

Figure 11 compares the distortion metrics of DCqy and PR
for the aspirated and fan/intake coupled configurations at both
MFCRs. As expected, the critical angle at which DCg( ex-
ceeds DCg e is lower for the higher MFCR of 1.5. For both
MEFCRs, the fan/intake interaction increases the critical an-
gle by approximately 1° relative to the aspirated configura-
tion. For the aspirated setup, there is a significant increase
in DCg between the critical angle and an additional 1°, with
changes of approximately ADCgy = 0.40 for MFCR ~ 1.0 and
ADCgy = 0.13 for MFCR =~ 1.5. The flow distortion is re-
duced due to the fan/intake coupling effect [10, 15] and the
critical angle increases by approximately 1°. For separated
flows, the same level of DCg( between aspirated and fan/intake
coupled configurations can be achieved with an incidence of
approximately 1° larger in the coupled arrangement. A sim-
ilar conclusion was derived from the distortion metric of PR

(Figure 11).
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=1 and pink isolines are for axial wall shear stress of 0
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The differences in the integral distortion metrics (Figure
11) are caused by changes in the intake aerodynamics (Fig-
ure 12). For the aspirated case and MFCR of 1.0, there are
flow separation mechanisms of Type-1 and Type-6 (Figure
8). The extension of flow separation is identified with an ax-
ial wall shear stress of zero (represented by the pink iso-line
in Figure 12). It is important to emphasize that this serves
as an indicator of separation but does not provide a defini-
tive criterion for three-dimensional flows. As the incidence
is increased by 1°, i.e. AoA = AoAci;,1 + 1° both separation
topologies remain but the diffusion-driven one enlarges con-

siderably which results in the large distortion observed in the
DCgy and PR metrics (Figure 11). The fan interaction sup-
presses some of the diffusion driven separation (Figure 12).
To obtain similar flow separation characteristics as the iso-
lated case at AoA = AoA,1 + 1°, the full-annulus operates at
1° higher, i.e. AcA = AoA,i,1 +2°. For MFCR = 1.5, there is
shock-induced separation and reattachment (Type-2 in Figure
8) at AoA = AoA.;> in the aspirated case. With an incre-
ment of 1°, the shock strength increases and the separation
topology changes to open shock-induced separation (Type-5
in Figure 8). It is worth highlighting that for this angle of at-



tack (AoA = AoAi;» + 1°), the full annulus calculations with
the HMP method also shows an open shock-induced separa-
tion, i.e. Type-5. Overall, it is observed that the flow aerody-
namics along the intake are broadly similar between the aspi-
rated cases and full-annulus calculations with an offset in the
incidence angle due to the effect of fan suppression.

The changes in distortion metrics (Figure 11) and isen-
tropic Mach number distributions (Figure 12) are linked to
the flow characteristics at the AIP (Figure 13). For example,
for MFCR = 1.0, the sudden increase in DCg of the isolated
arrangement when the incidence angle changes from AoA, |
to AoAcir,1 + 1° is related to the considerable large increment
of the radial and azimuthal low pressure region in the bottom
half (Figure 13a). This increment is more gradual for the full-
annulus computations, which highlights the effect of fan sup-
pression for conditions that are dominated by diffusion driven
separation. Similar findings were observed for the MFCR ~
1.5 (Figure 13b). For the aspirated case, there is a significant
increase in the low pressure regions when the angle of attacks
changes from AoA.,;; > to AoAi;2 + 1°. The increase of the
low pressure region is also more gradual for the coupled con-
figuration, which is aligned with previous observations [16,
18].

It is important to note that, whilst this work was based on
the RANS k- SST [29] turbulence closure, it is envisaged
that there is a sensitivity to turbulence model and CFD fi-
delity. For example, Carnevale et al. [37] investigated the
effect of turbulence model intake distortion at high-incidence
conditions. Overall, it was concluded that the critical angle
could change by approximately 1° between Spalart-Allmaras
and k-@ SST, in which the two-equation closure had a better
agreement with experimental data and post-separation char-
acteristics. Ma et al. [38] performed a comparative study or
RANS and LES for a simplified fan-intake interaction model.
It was concluded that in the absence of fan, the discrepancies
between RANS and LES are significant within the separation
and reattachment region, due to the well-known limitations of
the standard RANS models. However, it was found that the
deviation between RANS and LES decreases for fan-coupled
cases. This was caused by the mass flow redistribution be-
cause the fan has a dominant primary effect on the final predic-
tions and the effect of turbulence model becomes secondary.
Future work should investigate the use of use higher-fidelity
CFD methods to evaluate the accuracy of the RANS approach
and identify its limits for fully couple intake/fan configura-
tions.

4 Conclusions

This study evaluates the aerodynamics of a compact aero-
engine intake designed for a new rig, which will be tested
at the Large Low-Speed Facility of the German-Dutch Wind
Tunnels (LLF-DNW). A range of computations were per-
formed to quantify the aerodynamic differences in the intake
for the isolated and installed LLF-DNW configurations. This
work has been based on high-incidence conditions. Overall,
it has been predicted that the LLF-DNW test campaign will
provide representative flows of an equivalent isolated intake,

10

and is suitable for this challenging design space. The intake
aerodynamics in the installed LLF-DNW configurations are
representative of the equivalent isolated case in terms of isen-
tropic Mach number distributions along the intake, distortion
characteristics at the AIP plane and integral distortion met-
rics. A flow separation taxonomy to classify the flow along
the intake has been proposed and used to provide insights of
the expected flow physics during the test campaign.

Initial installed fan/intake coupled simulations have been
performed with full-annulus computations and a harmonic
mixing plane approach, revealing that the critical angle can be
increased by approximately 1° relative to the aspirated config-
uration. This is aligned with previous work, where the change
in critical angle between aspirated and intake/fan coupled con-
figurations changed from 1° [16] to 5° [10]. This range can
be caused by differences in intakes shapes and the associ-
ated aerodynamics, or the numerical modelling approaches.
Therefore, future work should focus on the validation of nu-
merical methods for aero-engine intake applications. Overall,
the work provides an initial evaluation of the aerodynamics of
the novel intake/fan LLF-DNW test rig, provides guidance for
the wind tunnel testing, and lays a foundation for subsequent
unsteady coupled intake/fan studies.
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