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Effect of unsteady fan-intake interaction on short intake design

Luca Boscagli *, David MacManus © and Robert Christie *
Cranfield University, MK43 OAL, Cranfield, UK

Chris Sheaf®
Rolls-Royce plc, DE24 8BJ, Derby, UK

The next generation of ultra-high bypass ratio civil aero-engines promises notable engine
cycle benefits. However, these benefits can be significantly eroded by a possible increase in
nacelle weight and drag due to the typical larger fan diameters. More compact nacelles, with
shorter intakes, may be required to enable a net reduction in aero-engine fuel burn. The aim of
this paper is to assess the influence of the design style of short intakes on the unsteady interaction
under crosswind conditions between fan and intake, with a focus on the separation onset and
characteristics of the boundary layer within the intake. Three intake designs were assessed
and a hierarchical computational fluid dynamics approach was used to determine and quantify
primary aerodynamic interactions between the fan and the intake design. Similar to previous
findings for a specific intake configuration, both intake flow unsteadiness and the unsteady
upstream perturbations from the fan have a detrimental effect on the separation onset for the
range of intake designs. The separation of the boundary layer within the intake was shock
driven for the three different design styles. The simulations also quantified the unsteady intake
flows with an emphasis on the spectral characteristics and engine-order signatures of the flow
distortion. Overall, this work showed that is beneficial for the intake boundary layer to delay
the diffusion closer to the fan and reduce the pre-shock Mach number to mitigate the adverse

unsteady interaction between the fan and the shock.

Nomenclature
AIP = Aerodynamic Interface Plane
a = Speed of sound [m/s]
CFD = Computational Fluid Dynamics
D = Diameter [m]
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f = Frequency [Hz]

k = Streamwise curvature [1/m]
L = Length scale [m]

MFCR = MassFlow Capture Ratio [—]
Py, P = Total and static pressure [Pa]
Rgas = Ideal gas constant [J/kgK]

r = Radial coordinate [m]

s = Specific entropy [J/kgK]

Ty, T = Total and static temperature [K]
t = Time scale [s]

u,v = Velocity scale [m/s, kts]
Greek symbols

a = Swirl angle [°]

y = Specific heats ratio [—]

I = Entropy function, = e ’ﬁi’g’;j) [-]
0 = Density [kg/m?]

¢ = Azimuthal coordinate [°]
Wfan = Fan rotational speed [rad/s]
Subscripts

bp = blade passing

hi = intake highlight

in = intake

ref = reference

00 = free-stream

I. Introduction
The next generation of civil turbofan aero-engines is likely to have a further increase in bypass ratio to reduce the
specific thrust and increase the propulsive efficiency. However, the associated typical increase in fan diameter could
adversely affect nacelle weight and drag. A net reduction in fuel burn may be accomplished with more compact nacelles
[1] and it is envisaged that shorter intakes and exhaust ducts may be used. While a slimmer nacelle will typically enable
areduction in pressure and viscous drag at cruise [2], it may degrade the boundaries for intake boundary layer separation

at take-off and climb-out conditions [3] with a consequent reduction in intake-fan compatibility range. An important



operating condition is when the aircraft operates at a high-power static condition on the ground with a crosswind flow.
Engine performance and behavior are strongly dependent on the intake design and the ability to deliver low levels
of flow distortions [3]. For an isolated engine which operates near the ground there are mainly two mechanisms of
flow distortion generation; intake lip separation and ground vortex ingestion [4]. Shorter intakes require an increased
diffusion capability for a given throat Mach number compared to longer intakes. Thus, the crosswind condition is
one of the key drivers for the intake design along with high incidence condition which is typically experienced during
second-segment climb [5]. Under crosswind conditions the flow regime within the intake can be considerably different
depending on engine mass flow (1), wind velocity (V,,;nq) and non dimensional ground clearance (H/D};). Under
relatively high mass flow conditions the intake lip flow is transonic and characterized by a near-normal Shock-wave
Boundary Layer Interaction (SBLI) (Fig. 1). A further increase in either 71 (or V,,;,4) may lead to shock induced
separation with a concomitant increase in flow distortion at the fan face. Moreover, for sufficiently large captured
streamtube, a ground vortex is ingested into the engine [6, 7]. In this work the separation characteristics of the boundary

layer within a short intake with fan interaction are analysed for the transonic flow regime.

Typically it is possible to avoid over-acceleration of the flow on the intake lip through an increase in the radius
of curvature at the intake highlight and a thicker lip profile [4, 8]. However, for a shorter intake this may lead to an
increase in diffuser angle which requires an improvement in the diffusion capability of the intake to avoid boundary
layer separation. For the crosswind condition the transonic interaction of the flow at the tip of the fan blade may also be
adversely affected by the total pressure and swirl distortions introduced by the ground vortex and lead to a notable drop
in fan stall margin [9]. Thus, from the intake design point of view the prediction of separation onset of the boundary

layer is of primary importance as well as whether the separation mechanism is driven by the intake lip or diffuser design.
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Fig.1 Schematic of crosswind condition of interest. (a) Shock-wave boundary layer interaction on the intake
lip; (b) in-plane streamlines in front of the fan and schematic of the direction of rotation of the ground vortex
relative to the fan rotational speed; (c) flow topology on a plane parallel to the ground underneath the intake



Peters [5] developed a CFD methodology for short intake design within an industrial context which accounts for the
presence of the fan through a body force model. The ratio between the intake length (L;,,) and fan diameter (D r4,)
ranged between 0.5 to 0.19 and the impact on overall propulsive efficiency was evaluated. The analyses included a high
angle of attack condition and a lower limit of the viable design space of L;,/D rqn = 0.25 was identified due to an
increase in Mach number and radial distortion of the total pressure at the fan face. Consequently the notable reduction
in fan efficiency and fan operability range for L;, /D yan < 0.25 out-weighted the reduction in nacelle drag at cruise
and resulted in a penalty in the overall propulsive efficiency. Wakelam et al. [10, 11] experimentally investigated two
different crosswind regimes within a quasi-3D rig with no ground vortex and no fan-intake interaction. For the transonic
regime [11] the flow within the sector rig was either attached or grossly separated from the leading edge of the intake lip.
The separation was thought to be associated with SBLI although causality could not be established. The pre-shock
Mach number on the intake lip at the pre-separation condition was about 1.35. Steady computational analysis of an
intake in crosswind with no ground and no fan [12] showed that a quasi-3D representation of the intake flow may be
good enough to capture the separation onset but it was not adequate at post-separation conditions due to the notable
changes in the capture streamtube. Nichols et al. [13, 14] experimentally assessed within a low-speed wind tunnel the
sensitivity of flow topology within an intake with no fan and no ground in crosswind conditions to changes in either
crosswind velocity or engine mass flow rate. The flow on the intake lip was transonic and there was an open separation
of the intake boundary layer on the lower windward quadrant that extended to the nominal fan face location. Changes in
the intake flow topology relative to a change in either V,,;,,4 or ri1 were established but it was not possible to quantify the
sensitivity of the flow separation onset to changes in operating conditions. Recent steady [15, 16] and unsteady [17]
CFD studies of short and conventional intakes with fan-coupling under high-incidence conditions showed the impact
of intake design style and compactness on the onset of large total pressure and swirl distortions at the fan face due to
notable separation of the intake boundary layer. Silva et al. [18] assessed with steady CFD analyses different short
intake designs under both high-incidence and crosswind conditions, and evaluated the impact of a change in short intake
design on the status of the intake boundary layer. The crosswind analyses were conducted at a single operating point
and therefore the separation mechanisms were not fully determined.

Experimental and computational investigations of a cylindrical intake in near ground operations revealed the
influence of crosswind velocity, ground clearance and approaching boundary layer profile on the characteristics of
the ground vortex [4, 7, 19, 20]. Under crosswind conditions the ground vortex strength is mainly a function of the
non dimensional ground clearance (H/Dj;) and the ratio between the velocity at the intake highlight plane and the
crosswind velocity (U* = Up; /Viwina)- A ground vortex produces velocity distortions at the fan face along with total
pressure loss in the core region [21]. Recent computational analysis of an isolated modern turbofan demonstrator
showed an 8% reduction in fan stall margin due to ground vortex like distortions compared to a case where the fan

operates with homogeneous flow [9]. Steady and unsteady distortions were assessed and it was found that the low



frequency content associated with the fluctuations of the radius of the core of the ground vortex core was detrimental for
the fan operability range. The coupled interaction between the intake and the fan with the presence of the ground was
experimentally investigated by Freeman and Rowe [22]. The analysis showed that in crosswind conditions the intake
flow may exhibit an oscillatory behavior which can lead to premature fan stall. Computational analysis of a fan-intake
coupled configuration under crosswind conditions showed that when the ground vortex is not taken into account then the
fan is more tolerant to intake total pressure distortions when the fan rotational speed is increased [23]. Computational
analysis showed that for a short intake a strong coupled interaction with the fan may be expected at both high incidence
[24] and crosswind conditions [25]. For the high incidence conditions, the fan design may be tailored to improve the fan
performances when the intake flow is separated and non homogeneous at the fan face [26]. Under crosswind conditions,
the impact of fan unsteadiness can augment the amplitude of the axial pulsation for a transonic SBLI which adversely
affects the separation onset of the intake boundary layer [25]. Nevertheless, the impact of a change in intake design on

the unsteady interaction with the fan was not determined and therefore this is addressed in this work.

For a short-intake there is currently no evidence in the literature on how a change in intake design affects the intake
flow separation mechanisms and the unsteady interaction with the fan under crosswind conditions. Within this context,
the aim of this work is to assess the characteristics of fan-intake interactions for a range of intake designs. Three
short intake designs were used as test cases to investigate the fan-intake unsteady interactions. A hierarchical CFD
approach was used to decouple the contribution of intake flow unsteadiness and fan unsteadiness on the intake critical
conditions. The study highlights how the fan-intake interaction in crosswind is affected by a change in intake design and

the consequences for short intake design decisions are discussed.

I1. Methodology

A. Computational methods

A 3D unstructured finite volume solver (HYDRA,[27]) was used within this work. The numerical fluxes were
computed through an approximate Riemann solver of Roe based on a second-order MUSCL scheme for the spatial
discretization and a Green-Gauss method was used for the evaluation of the gradients. An implicit second order backward
difference scheme [28] was used for the temporal advancement. Reynolds Averaged Navier Stokes (RANS) equations
with Spalart-Allmaras (SA) as turbulence closure model were solved within this work. The turbulent production term
in SA was based on vorticity and strain [29]. A low Mach number preconditioning technique was used to damp the

acoustic modes and improve the initial convergence [30].

A hierarchy of numerical fan models was used within this work. A low order fan model, called the Immersed



Boundary Method for Smeared Geometries method (IBMSG, [31]), was used to assess the intake design process, as the
intake design space is highly dimensional and it requires a significant amount of computational resources [5]. The
IBMSG model assumes that a rotating fan can be modelled through an infinite number of ’zero-thickness’ blades.
However, both the geometric blockage due to the presence of the fan blades and the aerodynamic blockage due to
the growth of the boundary layer in the blade passage are accounted for through a blockage factor that modifies the
flow-through area [32]. The force exchanged between the flow and the fan is decomposed into parallel and normal
components to the blade camber line and circumferentially averaged within every cell in the region bounded by the
blades. The IBMSG model was previously applied to intake at high incidence for both attached and separated cases [33]
and also to a short intake in crosswind [25]. Due to the assumption of an infinite number of blades, the IBMSG model
is not capable of reproducing the upstream unsteady changes in the static pressure field due to the rotation of the fan
blades. Steady and unsteady RANS with IBMSG (RANS-IBMSG and URANS-IBMSG, respectively) can be used to
quantify the effect of the intake flow unsteadiness on the separation onset and the characteristics of the boundary layer

within a powered intake.

Numerical analyses that models the presence of the fan blades and their temporal variation within the computational
domain are also needed to account for the azimuthal variation in the static pressure field within the intake domain
upstream of the fan blades. For a typical stage calculation with rotating and stationary components, an internal boundary
condition must be specified at the interface between the different turbomachinery components. A steady Mixing-Plane
(MP) boundary condition is typically applied for fan design when only single blade passage components without inlet
flow distortions are considered. When the latter are taken into account then unsteady full-annulus computations are
required to capture both the change in relative reference of frame and the correct temporal variation of the position of
the blade row within the flow. Thus, a sliding plane boundary condition is used along with unsteady RANS models
(Fig. 2). The adjacent sub-domains are extruded in the direction normal to the interface. This results in a one cell row
overlap across the boundaries [28]. The unsteady sliding-plane computations are referred in the following sections as
URANS Time Resolved Fan (URANS-TRF) analyses. As the URANS-TRF model does take into account upstream
azimuthal changes in the static pressure field due to the rotating fan blades, the comparison between URANS-TRF and
URANS-IBMSG provides a quantification of the effect of fan unsteadiness on the separation onset and the characteristics
of the boundary layer within the intake. For all the unsteady analyses the computational time-step for the initial transient
is set to 10 time-steps per blade passing time (f5,). After 6 fan revolutions, the computational time-step is reduced
to ensure 60 time-steps per #3,. The choice of the computational timestep was based on previous work on fan-intake
interaction studies under high-incidence and crosswind conditions [24, 34, 35]. Data are sampled at about 5 times the

blade passing frequency (f;,) for about 6 fan revolutions which are included in the analysis.
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Fig. 2 Schematic of fan-intake interfaces for the unsteady time resolved fan (URANS-TRF) analyses

1. Grid independence studies

Grid independence studies were independently carried out for the intake and the turbomachinery components [25].
For the intake, a grid independence study was carried out based on three levels of mesh refinement which encompassed
6.8 x 10°, 10.8 x 10°, 35.2 x 10° nodes. The grids were referred to as level 1, 2 and 3. The Grid Convergence Index
(GCI) was computed at attached flow conditions. Level 2 grid was sufficiently grid independent with a GCI compared to
level 3 grid of 0.014% and 5.6% when applied to IPR and DC60 respectively. A spatial discretization error was also

quantified based on the isentropic Mach (M;s.) evaluated on the intake surface,

2 [(Pos\T
Mise—Jm (T) —ll (H

A GCI was computed based on the peak M;,, on the windward side of the intake, at an azimuthal position (¢) 90°

from the top dead centre. Level 2 grid had a GCI compared to level 3 grid of 0.67%.

For the turbomachinery components, single passage steady RANS with mixing-plane boundary conditions were
used to assess grid sensitivity. Three different levels of grid refinement were generated whose overall size was 4.4 x 10,
8.2 x 10° and 16.2 x 10° nodes. The grids are referred to as level 1, 2 and 3, respectively, and the GCI was evaluated at
the fan peak efficiency point. Level 1 grid was considered sufficiently grid independent with a GCI with respect to level

2 grid of 0.04% and 0.035% when applied to RTPR and 5,4 respectively.



2. CFD methods validation and verification
For the intake calculations, the computational methods were previously validated through an analysis of a non-
axisymmetric intake geometry with no ground plane and no fan [25]. The comparison between experiments and CFD
was based on a total pressure distortions metric (DC60) at an Aerodynamic Interface Plane (AIP). The Mass Flow
Capture Ratio (MFCR) where DC60 exceeded the typical threshold was referred to as a critical MFCR (M FCR_). The
difference with the experimental data was quantified based on the prediction of the M FCR,,
MFCR. crp — MFCR. wrr

AMFCR.[%)] = TFCR 100 2)
c,

where MFCR.,crp and MFCR, wrr are the prediction of critical MFCR from the CFD and from the experiment
respectively. Overall steady RANS analyses could predict the critical MFCR with AMFCR,. =~ 6% at the high-speed
crosswind regime (Fig. 3). The effect of intake unsteadiness on the critical MFCR was also quantified through unsteady
RANS (URANS). The URANS model confirmed the steady prediction of the critical MFCR with a discrepancy relative
to the RANS prediction of about +1-2%.

vV WTT data

O  RANS-SA
0-21 O URANS-SA e
Q| ——- Threshold T
g I Max and Min

Fig. 3 Effect of MFCR on DC60 for the high-speed (transonic) crosswind regime. Comparison of steady and
unsteady RANS computations with Wind Tunnel Test (WTT) data. Figure adapted with permission from
Boscagli et al. [25]

For the turbomachinery calculations, steady single-stage (RANS with mixing-plane) and unsteady full-annulus
(URANS with sliding-plane) computations were previously [25] validated with experimental data for the same rotor
and stator blade geometries used for the fan-intake studies in the results section. The test case included the rotor and
stator sections for a low-pressure compression system with no intake geometry and flow distortions. The range of
non-dimensional flow function and fan speed investigated included the operating point that is representative of the intake
coupled system under crosswind conditions.. The comparison between CFD and experiments was based on Rotor Total
Pressure Ratio (RTPR = M) and rotor adiabatic efficiency (17,4) and the agreement between experiments and

Po,fan-face
CFD was quantified (Eq. 3).



ARTPR = RTPRcrp — RTPRExp, ANad =Nad,CFD — Nad,EXP 3

At the nominal non-dimensional flow function and fan rotational speed for the crosswind operating point, ART PR
and An,4 were approximately 0.01 and 1.2%, respectively.

The IBMSG model [31], based on different fan blades representative of the low-pressure compression system of a
turbofan aero-engine, was validated with experimental data for a transonic rotor with [36] and without [32] inlet flow
distortions. In addition, the IBMSG method was also previously evaluated and compared with steady and unsteady
CFD results, with mixing-plane and sliding-plane approaches, for a fan-intake coupled analyses at maximum take-off
conditions [33, 36]. For the range of conditions and blade geometries investigated, the IBMSG model was able to
capture the radial mass flow redistribution upstream of the fan, which is an important consideration for the intake-fan
interaction.

Overall, the computational approach was considered acceptable within the context of this work. The accuracy of the
methods used cannot be fully determined due to the lack of a complete experimental validation test case for the coupled
fan-intake model. Nevertheless, this is out of the scope of this research, which is focused on the analysis of the effect
of a change in intake geometry on the separation characteristics of the boundary layer within short intakes with fan

interaction.

3. Computational domain and boundary conditions

The computational domain for the short intake analyses encompassed a quarter sphere which incorporates intake,
ground plane and fan. The edges of the computational domain were positioned at about 35D ¢, away from the intake
which is far enough based on previous work [23, 24]. Static pressure far-field boundary conditions were applied at the
freestream. The ground plane, intake, spinner and fan cowl were modelled as viscous walls. The intake operated at
sea-level static conditions with fixed engine mass flow to achieve the desired Mach at the fan face. The wind velocity
(Vwina) was increased until flow separation reached the AIP (critical crosswind speed, Viyina,c) and Rep,, varied
accordingly between 2.8 X 10° and 5.4 x 10°. For all the CFD models for Vyying < Viwind,c, the area-averaged total
pressure at the AIP for the 3 designs was similar with the differences in time-average IPR that were below 0.5%. The
fan operated with a transonic blade-tip interaction for all the conditions analysed. Crosswind direction was such that the

inlet vortex and the fan were counter-rotating (Fig. 1).

The computational domains for the RANS-IBMSG, URANS-IBMSG and URANS-TRF computations were spatially
discretized through a fully structured approach [37, 38]. The grid resolution requirements in terms of axial, radial and

azimuthal resolution separately established for the intake and the fan were used for the coupled fan-intake CFD analyses.



The steady and unsteady RANS-IBMSG model encompassed one single domain with an overall grid size of about
14 x 10° nodes. The unsteady Time Resolved Fan (TRF) case included the complete fan assembly and one single blade
passage for the Outlet Guide Vane (OGV) and one for the Engine Section Stator (ESS) with an overall grid size of
42 x 10° nodes. A mixing plane boundary condition was used at the interface between fan, OGV and ESS. For all three
CFD models a y* ~ 1 near-wall resolution was ensured and the engine mass flow was controlled through a mass flow

outlet boundary condition [24].

B. Intake geometric definition and design intent

Intuitive Class Shape Transformation (iCST, [39, 40]) curves were used to define the parameterization of the intake
geometry. The class function is composed of a set of Bernstein Polynomials which are suitable for aerodynamic design
and in particular nacelle design [39] given their mathematical regularity [41]. A 3D non-axisymmetric intake design can
be represented by a set of aerolines at discrete azimuthal locations (Fig. 4a) which are then blended together through
another iCST curve where the fundamental shape of the class function is a straight line. Five aerolines were used at
¢ =0°,45°, 90°, 135° and 180° and at each aeroline 6 geometrical constraints were defined along with three more
parameters that defined the main size (74; /7 fan, ¥ fan) and aspect ratio (L, /D r4y,) of the intake (Fig. 4b). rp;/r fan
and L;, /D fap set the end-points of the intake aerolines and did not contribute to the overall order of the resultant CST
curve. Three different design styles were identified for fixed r4; /7 fan» Fmax/¥ fans Lin/D fan, scarf angle (Oscar r),
offset (Az;;,) and H/Dyp,;. In addition, the top (¢ = 0°) and bottom (¢ = 180°) intake aerolines were also kept the same
for the three different designs and azimuthally blended to the sideline (¢ = 90°) through the upper (¢ = 45°) and lower
(¢ = 135°) control aerolines respectively.

For a short intake under crosswind conditions both shock induced and diffusion induced separation are likely to
occur on the intake lip and diffuser, respectively. Thus, the design intent for the three intake design styles (A, B, C)
was to evaluate the sensitivities to the two different separation mechanisms (Fig. 5a). Compared to A, design B had a
notable reduction in bulk diffuser angle (6; 7f» Fig. 4b) to achieve a less aggressive adverse pressure gradient but also
had a considerably sharper lip profiles to increase the lip loading and the shock strength. On the other hand, design C,
relative to A, had a similar axial distribution of curvature along the diffuser section (Fig. 5b) but an increased radius of

curvature at the highlight to achieve a smoother acceleration profile and a different topology of SBLI [8].

C. Data analysis

Distortion metrics of the intake flow were computed at an Aerodynamic Interface Plane (AIP) positioned 0.057 ¢4,
upstream of the blade tip leading edge. Total pressure distortion and loss were quantified based on DC60 and total
pressure ratio (Py/ Py« ), respectively. The separation onset of the boundary layer within the intake was evaluated

based on the percentage of reverse mass flow relative to the overall mass flow through the AIP (2~ [%]) and a critical

10
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Fig. 5 (a) Intake lip and forebody shape and (b) intake curvature distribution for the three intake designs at

crosswind velocity (Viying.c) was established based on 2~ [%] < 0.001%. Relative to RANS-IBMSG, URANS-IBMSG
computations provide an evaluation of the impact of intake flow unsteadiness on the separation onset and characteristics.
When considered within the computational hierarchy, URANS-TRF analyses provide the additional contribution due to
the interaction of the fan upstream fluctuations on the unsteady intake flow. The combination of the two effects (intake
flow and fan unsteadiness) defines the reduction on the critical crosswind velocity (Vy,ina,c) relative to the design method
(RANS-IBMSG). For each computational model, the critical crosswind speed (Vy,;n4,c) of the intake design is evaluated

relative to the required reference (Viying,re r) crosswind speed (Eq. 4). This defines whether the design requirement is



met, and it quantifies the relative margin. This is an important parameter to identify the robustness of an intake design.

AVwind = Vwind,c — Ywind,ref (4)

The characteristics of the boundary layer on the intake were determined based on the compressible definition [42]
and the outer edge of the boundary layer was determined based on a vorticity magnitude threshold. Typically the outer
edge was identified when the vorticity magnitude across the streamwise velocity profile decayed by about three orders of
magnitude relative to the value at the wall. Although, downstream of a shock-wave the outer flow field is not strictly
irrotational due to the entropy gradient across the shock, the method was sufficiently robust to provide an estimate of the
changes in the characteristics of the boundary layer due to a change in intake design and operating conditions.

For the unsteady analysis both the time average quantities and their temporal variation were analysed. A frequency
analysis was carried out based on a discrete Fourier transform [43] and the chosen sample frequency dictated a maximum
observable frequency within the spectrum of about 2.5f,. The spatial distribution of the frequency content was
analysed through Banded Fourier spectra [44]. For the URANS-TRF model, in order to evaluate how the signature of
the unsteady flow field upstream of the fan is perceived from the rotating fan blades it is important to take into account
the relative position of the fan blades within the intake. The post-processing technique was initially used within the
context of experimental analyses of complex intake for the characterization of unsteady inlet distortions [45]. Moreover,
although at the AIP the flow field is resolved within the absolute reference of frame, relative quantities are computed a

posteriori based on a velocity triangle decomposition (Fig. 6).

Uf an

Fig. 6 Velocity triangle at the fan leading edge

The relative velocity vector (713 ) in cylindrical coordinates was defined from the absolute velocity vector (7 ) and the

fan rotational speed Uy, as follow

W= (Vr» Vg — Ufan: Vx) = (Vm Vg — Wranl, Vx) ©)

where v, vg and v, are the radial, tangential and axial absolute velocity vector components respectively. Consequently

the relative Mach number (M,..;) and relative total pressure (P, ;) can be expressed as

12
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Mo = 6)
a
S A
Po,re1 = P (1 + Y ) Mfel) @)
The blade incidence angle (i) is defined from the relative flow angle (8) and the blade metal angle (5,,,)
i =B — Bma = arctan (@) ~ Bma (3)
Wx

The non dimensional circulation of the core of the ground vortex at the AIP (I'* = T"/Uy; Dy,;) was computed using
the vorticity disk method approach [46] where the center of the core of the ground vortex was selected based on the
maximum value of signed axial vorticity. The unsteady characteristics of the flow distortions at the AIP were quantified
through a discrete Fourier decomposition and banded Fourier spectra were used to identify the spatial distribution of the
unsteady fluctuations. For the coupled intake-fan configurations (URANS-TRF) the flow field is characterized by both
high frequency and low frequency content [25] associated with the blade-passing ( fj,,) and the unsteadiness of the shock
and the ground vortex (f < 0.1f},), respectively. To identify the spectral gap between the low and high frequencies,
the frequency resolution of each band was f3,,/10. Within each band, the maximum amplitude of the fluctuations was

used to quantify the unsteady content and enable a comparison between different CFD models and operating conditions.

The spatial characteristics (Engine-Order, EO) of the flow distortions at the AIP were evaluated through a spatial
Fourier decomposition in the azimuthal direction
27 2rjkng

7t kny) = Z i'(t;kng)e Neo where 0 <k < Ny 9)

I’Lg:o

Where j is the imaginary unit (= V—1), Ny is the number of points in the azimuthal direction used to sample in
space the signal, k,,, is the discrete wavenumber, i’ is the instantaneous azimuthal distribution of blade incidence angle
fluctuations at a fixed radial position and {” is the array with the associated spatial Fourier coefficients. The Engine-Order

(EO) was defined as the non-dimensional discrete wavenumber (EO = k, /2m).

D. Statistical convergence of unsteady simulations
For the URANS-IBMSG and URANS-TRF analyses, the statistical convergence for the mass flow at the fan face
(1 fan) was monitored. The percentage deviation (A ,,) from the reference (imposed) mass flow (i1 fan rer) Was

quantified (Fig 7). The mean percentage deviation was less than 0.15% and 0.05% for the URANS-IBMSG and
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URANS-TREF, respectively. This is within the convergence tolerance of the steady RANS-IBMSG simulations. The
temporal oscillations of the mass flow at the fan face due to instantaneous boundary layer separation within the intake
were typically about +2% of 7t rqy, rer. This is approximately equivalent to a change in MFCR due to a +0.7kts
variation in crosswind speed at a fixed engine mass flow. This was considered acceptable within the context of this work,
where the effect of a change in intake operating conditions on the separation of the intake boundary layer is assessed

through a 2kts step change in crosswind speed.

URANS-IBMSG
2 _— A e C
--- B —— RANS-IBMSG convergence tolerance
ooy .

N . .’ Y 0 7’ ’~\\ s |

Af7;7fan[(%>]
o

Af7;7fan[(%>]

Fan revolutions

Fig.7 Time history of percentage deviation of engine mass flow for URANS-IBMSG and URANS-TREF at the
critical crosswind speed

III. Results

A. Intake aerodynamic design

A datum short intake (design A) with L;,/D rq, = 0.35 and a ground clearance of H/Dj; ~ 0.45 was initially
defined through a design iteration process that evaluated a range of off-design conditions which included crosswind
conditions. The design process used steady RANS with a reduced order model for the fan (IBMSG, [31]) based on
state of the art short-intake design [5] practice within an industrial context. Design A met the design requirements
Vwind,c = Vwindref) With Viing ¢ = Vipina,re s +8kts (Fig. 8). For the datum design, the total pressure ratio (Po/Po,co,
Fig. 9a) and switl (@, Fig. 9b) distributions were significantly non-homogeneous even at the crosswind speed where
there was not gross intake boundary layer separation (Vyying — Vwind,ref = +2kts and +8kts). This was due to the

presence of the ground vortex in the lower intake quadrant (¢ ~ 180°). Positive swirl is defined such that it will tend to
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reduce the blade incidence angle (7). Thus, the notable negative swirl distortion due to the ground vortex towards the tip
of the fan radius tends to increase the blade incidence angle and the strength of the shock on the blade passage [17]. As
the crosswind speed significantly increased (Viving — Vivind,rer = +14kts) there was boundary layer separation on the
windward side of the intake, the total pressure at the AIP notably decreased at about ¢ = 90° (Fig. 9a) and a region of

notable positive and negative swirl also formed (Fig. 9b).

Design /

0.05]

DC60

B Tequirement

-
-
e

(S—
e
-

Y,

6.0 -40 20 00 20 40 60 80 10.0
Vwind — Vwind, ref [kts]

Fig. 8 Effect of increase in crosswind velocity on DC60 at the AIP. Empty symbols (v): m~[%] < 0.001;
filled symbols (v): m~[%] > 0.001. Critical crosswind speed (V,,;.4.c) established based on last attached
(i~ [%] < 0.001) point. Steady RANS-IBMSG simulations

Two more intakes were designed and referred to as B and C. Based on the design CFD methodology (steady
RANS-IBMSG) they both met the design requirements (Viyind,c = Viwind,rer) With Viing ¢ = Vwind,rer + 8kts and
Vwind,c = Vwind,rey + 2kts respectively (Fig. 8). The intake design style affected the separation onset of the boundary
layer within the intake and therefore a direct comparison at the same crosswind velocity was not useful. Thus, to
determine the impact of the intake design style on the separation mechanisms of the intake boundary layer the three
intakes were compared relative to their critical condition (V,yina,c). For design A, the flow at the AIP was attached
at Viyind,c = Vwind,rer + 8kts with an homogeneous total pressure distribution at the AIP (Fig. 10). There was a
separation beneath the shock on the intake lip with a closed shock induced separation on the lower quadrant of the
windward side of the intake (Fig. 11). An increase in crosswind speed from Vy,in4.c t0 Viying.c + 2kts led to open
separation from the intake lip up to the nominal fan face (Fig. 11).

Design B, compared with A, had a sharper and thinner lip (Fig. 5b) which led to about 0.2 increase in the pre-shock
M. at the ¢ = 90° (Fig. 12a). Compared to A, design B had a bulk diffuser angle (§dl~ 7> Figure 5b) about 3.5° lower.
Within the design intent a lower 6; 7 was used to mitigate diffusion induced separation. However, the reduced length
of the lip for design B compared to A led to a shock sitting closer to the intake throat and to a notable increase in

the post-shock diffusion for B compared to A (Fig. 12c). As a result of the adverse interaction, the boundary layer
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Fig. 9 Effect of increase in crosswind velocity on (a) total pressure ratio (Py/Po.) and (b) swirl () distributions
at the AIP for design A. Steady RANS-IBMSG simulations

for B was less full relative to A (Fig. 12b) and there was diffusion induced separation on the intake upper quadrant
at Viyind = Vwind.c (Fig. 11). For example, at ¢ = 90° at about x* = 0.5 (subplot 2 in Fig. 12b) the compressible
momentum thickness of the boundary layer for B was about 50% greater compared to A and the compressible shape
factor (H.) was H. = 2.5 and H. = 1.75 for B and A, respectively.

Compared to design A, design C had a slightly lower bulk diffuser angle (0.4° lower) but a significantly lower rate
of change of streamwise curvature on the intake lip (0 < x* < 0.1, Fig. 5b) that led to a more gradual acceleration of
the flow over the intake lip region for design C compared to A and about a 0.1 increase in the pre-shock M. at the
¢ =90° (Fig. 12a). At about the shock location, the local Reynolds number (Re;) was very similar for A and C at about
3.5 x 10° (subplot 1 in Fig. 12b). The post-throat diffusion for A and C was also very similar in magnitude and delayed
to a streamwise location closer to the AIP (Fig. 12¢) where the beneficial impact of mass flow redistribution due to the
fan plays a more dominant role. Thus, the earlier separation onset of the boundary layer for design C compared to A was
primarily associated with the increase in pre-shock Mach number which caused a greater axial and azimuthal extent of
shock induced separation at the critical (Viying = Vivina,c) and post-critical (Viying = Viwind,c + 2kts) conditions. Thus,
there is an indication of the notable importance of the lip design and lip loading for short intake design. This is further

explored in the next section where the unsteady flow analyses are presented.
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Fig. 10 Effect of increase in crosswind velocity on total pressure ratio (Po/Py ) distribution at the AIP. Steady
RANS-IBMSG simulations

B. Unsteady assessment

Although only steady CFD analyses may be viable within a design process, unsteady analyses are required to
evaluate the effect of the unsteady features of the intake and fan flow on the prediction of the intake critical conditions
[25]. The main objective of this section is to establish the influence of a change in short intake design on the unsteady
contributions of intake and fan flow. Compared with the RANS-IBMSG models, the URANS-IBMSG simulations
provide an evaluation of the impact of intake flow unsteadiness on the separation characteristics of the intake boundary
layer. For all three intake designs (A,B,C), compared with the steady RANS-IBMSG calculations, the critical crosswind
velocity (Vivina,c) was reduced when the intake flow unsteadiness was included with the URANS-IBMSG models. The
reduction in Vyinq, . Was 2kts, 8kts, 2kts for design A, B and C, respectively (Fig. 13). Thus, the impact of intake flow
unsteadiness on the intake critical conditions depends on the intake design style.

Compared with the URANS-IBMSG models, URANS-TRF provides an evaluation of the additional effect of fan
unsteadiness on the separation onset of the boundary layer within the intake. For all three intake designs the impact of
this was a further penalty of a 4 to 6kts reduction in V,,;,4,. compared with the URANS-IMBSG calculations (Fig.

13). Based on the full unsteady simulations (URANS-TRF), design A still met the crosswind design requirement
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Fig. 11 Effect of increase in crosswind velocity on the isentropic Mach number distribution on the intake
surface. Red solid line indicates sonic line (#/;;. = 1); white solid line indicates separation (axial wall shear stress
Tw.x = 0). Steady RANS-IBMSG simulations

(Vwind,c = Vwind,rer) although the design margin AV,,;,q was eroded by 6kts due to the overall effect of intake flow
and fan unsteadiness. On the other hand, design B and C no longer met the acceptability criterion (Fig. 13) when the
unsteady fan-intake interaction was taken into account. Overall, based on the URANS-TRF simulations, design A had
the best performance with the separation of the intake boundary layer at the AIP that was delayed by approximately 6kzs

and 8kts relative to B and C, respectively.

C. Effect of intake flow unsteadiness

The aerodynamic mechanisms that limit the viable design space of short intakes and the characteristics of unsteady
flow distortions are determined in this, and the following section, by a comparison of the different designs relative
to their critical and post-critical conditions. For the URANS-IBMSG models, banded Fourier spectra of the static
pressure fluctuations (p’) on the intake surface showed most of the unsteady content within a relatively low frequency
band f/f,, € [0.01,0.19] (Fig. 14) compared to fan unsteadiness (fpp). At Viying = Vivina,c, for all 3 designs the
main signature was associated with a fluctuation of the axial position of the shock on the intake lip due to the onset of
shock-induced separation. As the crosswind velocity was increased, and post-critical (Viyina,c + 2kts) conditions were
approached, the amplitude and axial extent of p’ signature across the shock front increased. The three designs had a
notable post-throat unsteady content at Vyying = Vivina,c + 2kts but the main signature was still related to the shock (Fig.
14). Thus, for all the 3 designs, with the URANS-IBMSG simulations, the separation of the boundary layer was shock

driven which confirmed previous observations on the influence of the pre-shock Mach number as well as of the axial
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Fig. 13 Influence of intake flow unsteadiness and fan unsteadiness on the critical conditions of the 3 intake
designs

position of the shock relative to the intake throat on the separation onset of the boundary layer within a short intake in
crosswind. The unsteady characteristics of the flow within the intake at post-critical conditions (Vyying = Viina,c +2kts)

were broadly independent of the intake design style.
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Fig. 14 Spatial distribution of low-frequency static pressure fluctuations on the intake surface at the critical
(Vwina,c) and post-critical (V,yinq.c + 2kts) for the URANS-TRF
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D. Effect of fan unsteadiness

1. Separation onset and mechanism

For a short intake in crosswind the axial component of the static pressure gradient (dp/dx) had a crucial role
in the separation characteristics of the boundary layer. Based on the URANS-TRF simulations at Viying = Viwind,c»
the instantaneous distribution of dp/dx on the intake surface showed a complex flow topology for all three designs
(Fig. 15a). On the intake lip the supersonic expansion and the interaction with the shock left a clear signature on the
descending blade side (0° < ¢ < 180°). On the ascending blade side (180° < ¢ < 360°) the amplitude of fan tip
pulsation increased as the fan crossed the ground vortex region (¢ ~ 150°, Fig. 15b) and the pressure pulses travelled
upstream towards the shock front. The local temporal variation of the static pressure ratio across the shock due to the
effect of fan unsteadiness augments the amplitude of the fluctuations of the axial displacement of the shock location
[25]. Despite a slightly different propagation angle and initial strength of the fan upstream perturbations, the flow within

the three intake designs had similar unsteady characteristics.
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Fig. 15 Time snapshots of (a) axial static pressure gradient on the intake surface and (b) distribution of total
pressure ratio at the AIP at the critical crosswind speed (V,,;n4..) for the URANS-TRF simulations

The influence of the different intake design on the decay of the amplitude of fan upstream perturbations was

assessed by means of a discrete Fourier transform of the static pressure fluctuations on the intake surface. The decay of
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blade-passing frequency tone at the intake critical condition (Vyying = Vivina,c) Was only slightly different for the three
short intake designs. On the windward side (¢ = 90°) of the intake the rate of decay suddenly increased upstream of the
shock front as the shock-wave typically acts as a low-pass filter [47]. The amplitude of the static pressure fluctuations at
a post-shock location (x* = 0.3) was about 150dB whereas closer to the intake highlight dropped below 120dB. This
indicates that the differences in the intake designs only slightly affected the unsteady interaction between the shock and
the fan upstream perturbations and that the impact of fan unsteadiness on unsteady static pressure field within the intake
is mostly independent of the intake design style for the range of configurations assessed (Fig. 13).

The reduction in the design margin when fan unsteadiness is taken into account may be explained through an
unsteady aerodynamic interaction between the ground vortex, the fan and the shock-wave within the intake. For the
investigated combination of fan rotational speed and crosswind direction, both blade tip incidence angle and relative
Mach number increase as the fan crosses the ground vortex (Fig. 16a,b, [25]). The tip of the blade (/7 fan = 95%, Fig.
17) is immersed in a region with notable flow distortions for about 0.2 fan revolutions (~ 3f;,,). The blade time constant
(i.e. the time for a flow particle to travel from the leading edge of the fan blade to the throat of the fan blade channel
[48]) at r /7 fan = 95% is approximately 0.6¢;,, so the blade exposure time to ground vortex distortions may reduce the
aerodynamic stability limit of the fan as postulated by Cousins [48]. Nevertheless, at Vy,inq, the distribution of the
entropy function downstream of the fan (Fig. 16¢) did not show any indication of temporal build-up of fan efficiency
losses. The strength of the shock on the suction side of the fan blade increases [17] and so does the amplitude of fan
upstream perturbations that reach the shock front on the intake lip (Fig. 15a). Changes in the post-shock static pressure
can be perceived upstream of the shock through the boundary layer. The shock must adjust its relative strength to match
the new static pressure ratio [49]. As the shock changes its strength and the boundary layer thickens, the shock axial
position also changes to remain normal to the local flow direction [50]. The axial position of the shock changes at a
relatively low frequency compared to fan unsteadiness (f/ fp, < 0.1, Fig. 18). The changes in shock strength and axial
position subsequently then change the fan inlet flow field through the boundary layer with a notable wideband frequency
signature in the Lamb vector modulus [51] which indicates an increase in the interaction of the fan blade with the intake
boundary layer. The total pressure loss associated with the boundary layer growth is likely to delay the recovery of the
fan blade which will be then exposed to another swirl distortion due to the ground vortex (Fig. 16).

At the critical crosswind speed (Vyyina.c), the three intake designs had notable differences in the amplitude of dp/dx
fluctuations at blade-passing frequency (Fig. 18). This was associated with the different velocity ratio (U* = Up; /Vyyina)
at the critical conditions. The ground vortex strength (I'*) and core radius (r.) typically increase with a reduction in U*
[52]. For each individual intake design, both the time average and the amplitude of the fluctuations of I'* (Fig. 19a)
and r. (Fig. 19b) were slightly non-monotonic with a change in crosswind speed. Nevertheless, as the 3 designs were
compared at the critical crosswind velocity (Vyyina.) rather than at a fixed crosswind speed, the value of I'* at Vyyjn4.¢

monotonically increased from design C to B to A as the values of U* decreased (Fig. 19a). Thus, the amplitude of the
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Fig. 16 Time snapshot (after ~ 3.45 fan revolutions) for design A of (a) blade incidence angle and (b) relative
Mach number distributions at the AIP and (c) entropy function at about 0.22r s, downstream of the trailing
edge of the fan blade tip. The black solid line indicates the approximate azimuthal position of one blade; the
dashed line indicates r /7 r,, = 95%. URANS-TRF simulations at V,,;,q = Viwina,c
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Fig. 17 (a) Blade incidence angle and (b) relative Mach number variation at the tip (7 /r r4, = 95%) of one blade
through 5.5 fan revolutions. URANS-TRF simulations at V,,;,q = Vivina,c

dp [ dx fluctuations increased with the ground vortex strength. This further confirmed the role of the ground vortex on
the increase in amplitude in the fan upstream pulsations which have an adverse effect on the separation onset of the

boundary layer within the intake.

2. Space-time characteristics of flow distortions

At the post-critical conditions (Vyinq,c + 2kts), the flow field within the intake was unsteady and characterized by
both low and high frequency content due to unsteady SBLI and variations in the ground vortex size and strength and
blade-passing harmonics respectively. For the three different intake designs the axial displacement of the shock was
associated with a frequency signature of f/f;, = 0.03 (Fig. 20). Closer to the fanface (x* = 0.9), the amplitude of

static pressure fluctuations associated with blade-passing was dominant although a low-frequency signature due to the
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Fig. 19 Time average values (colored solid bars) and fluctuations (black solid range bars) of the non dimensional
(a) circulation and (b) radius of the core of the ground vortex at the AIP for the 3 design styles (A, B, C).
URANS-TRF simulations

boundary layer separation had similar amplitude to the first blade-passing super-harmonic. On the windward side of the
intake (¢ = 90°), at about half of the intake length (x* = 0.5), there were two signatures within the spectrum associated
to the low frequency content due to intake flow unsteadiness and the higher frequency due to the upstream perturbations
from the fan.

The spatial [53, 54] and temporal characteristics of the intake flow distortions are important within the context of the
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at axial positions marked in (a). Intake A, B, and C at post-critical condition (V4. + 2kts). URANS-TRF
simulations

aero-mechanical response of the compression system, particularly relative to high-cycle fatigue and resonance analysis
[55]. This is particularly true for high-loaded fan blades such as those of a low-speed fan [56, 57]. Thus, for a closely
coupled fan-intake in crosswind conditions, the influence of intake design on the temporo-spatial characteristics of
the intake flow distortions has to be determined. EO spatial characteristics of the time-average blade incidence angle
distribution ((iA’ )) at the AIP showed a very similar radial distribution for the three intake design styles (Fig. 21). The
1EO amplitude was dominant and it was mostly associated with the time-average swirl distortions due to the ground
vortex. However, as the flow within the intake was unsteady, the temporal variation of the EO characteristics was also
quantified. For the different intake design styles, the temporo-spatial characteristics of the velocity distortions were
determined based on the temporal evolution of EO characteristics of the blade incidence angle variations (Fig. 22). For
example, the EO characteristics at 7/R y4, = 91% for the 3 designs had an almost periodic behavior at about SEO. The
amplitude of the SEO on blade incidence angle increased to ~ 3° approximately every 2 fan revolutions (f/ f, = 0.03).
This may be associated with the axial pulsation of the shock on the intake lip, which was a common characteristics to all
3 designs at the post-critical crosswind speed (Viying = Vivina,c + 2kts). Relative to the analysis of the time-average
flow field (Fig. 21), the maximum temporal variation of the amplitude of the 3-6EO components of the blade incidence
angle (Fig. 22) was about twice as large. The amplitude of the incidence angle distortions at 1EO also increased to

about 5°. Compared to A, the amplitude was slightly greater for B despite the 6kts lower crosswind speed. The latter
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was associated with significantly greater temporal fluctuations of the ground vortex characteristics for B relative to
A (Fig. 19) at the post-critical conditions (Viying = Vivind,c + 2kts). Conversely, the unsteady amplitude of the 1EO
characteristics was similar for A and C. Thus, a reduction in bulk diffuser angle and increase in pre-shock Mach number
(intake B relative to A) may contributed to an increase in the amplitude of the spatial Fourier coefficients. Relative to the
time-average flow field, the unsteadiness of the intake flow field did not significantly affected the amplitude of the 1IEO
blade incidence angle characteristics. Overall, there was a notable temporal variation of EO characteristics associated
with the shock axial displacement at the intake post-critical conditions. Thus, the time-averaged flow distortions may not
be sufficient to establish the fan aero-mechanical behavior for given blade modal shapes. However, the radial distribution

of the EO characteristics was not considerably affected by a change in intake design style.
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Fig. 21 Spanwise variation of the amplitude of the EO characteristics of the time-average blade incidence angle
distribution at the AIP. Intake A, B, and C at post-critical condition (V4 - + 2kts). Time-average URANS-TRF
simulations
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Fig. 22 Temporal variation of EO amplitude of AIP blade incidence angle fluctuations at r /R s, = 91%. Intake
A, B, and C at post-critical condition (V,,inq . + 2kts). URANS-TRF simulations
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IV. Conclusion

The novel outcome of this work was the assessment of the effect of the short intake design on the unsteady fan-intake
interactions under crosswind conditions. The adverse effect of both intake flow and fan unsteadiness on the separation
onset and characteristics of the intake boundary layer was quantified for the first time for a range of intake design
styles. The main contribution was the identification and evaluation of the key aerodynamic parameters which influence
the separation onset of the boundary layer within the intake for a range of designs. These are the strength of the
shock, the status of the boundary layer on the lip and the post-shock adverse pressure gradient. From an intake design
perspective, this highlights that it is beneficial to delay the diffusion closer to the fan to off-load the lip and avoid
premature separation of the boundary layer due to the interaction with the shock. At the post-critical conditions the
unsteady characteristics of the shock axial pulsation were almost the same across the different designs and associated
to a low frequency signature. When fan unsteadiness was taken into account an unsteady aerodynamic mechanism
between the ground vortex, the shock wave on the lip and the upstream perturbations associated with the fan shock was
identified which further eroded the crosswind design margin that is required within a design process based on steady
RANS with a reduced order fan model. The amplitude of the upstream pulsations from the fan significantly increased
due to the interaction between the fan and the swirl distortions associated with the ground vortex. The separation of
the intake boundary layer was shock-driven and it was not significantly affected by the intake design style. At the
post-critical conditions the space-time characteristics of the intake flow distortions were quantified for the different
intake designs. The analysis of the time-average flow field under-predicted the amplitude of the 3-6EO characteristics of
the blade incidence angle by about 50%. However, the unsteady EO characteristics of the blade incidence angle were

not significantly affected by a change in the intake design style.
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