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ABSTRACT
Predicting the resonant forced response of aero-engine fans from inlet distortions in crosswind conditions is challeng-

ing, primarily due to the difficulty in correctly characterising and modelling the inlet distortion. To overcome this difficulty,
an understanding of the distortion parameters which influence fan response is necessary. It is generally accepted that the
amplitude of the total pressure distortion is an important factor. However, little is known about the importance of spatial
arrangement of flow features in the intake. This paper hence presents a systematic study into the range of response levels
resulting from different spatial arrangements of the distortion, using unsteady Reynolds-averaged Navier-Stokes simula-
tions of a civil turbofan under crosswind conditions. The results show that the spatial arrangement of flow features in the
intake, and thus inlet distortion, can lead to the generation of a large range of fan modal responses; co-location of nodal
lines in the inlet distortion and mode shape appear to generate the worst responses. The results also suggest that the order in
which intake flow features (i.e. the ground vortex and windward lip separation) interact with the fan can significantly alter
the modal response, where this order of interaction could hypothetically be flipped by considering crosswinds in opposing
directions, or when considering opposite handed fans.

KEYWORDS
civil aero-engines; forced response; inlet distortion; crosswind

INTRODUCTION
The resonant vibration of civil aero-engine fan blades due to forced response is a prominent factor in their high cycle

fatigue (HCF) and, if left unchecked, can lead to accelerated blade deterioration, and ultimately blade failure (Bréard et al.,
2002). Green (2008) highlights how one of the most challenging aspects of estimating the levels of the forced vibration
of the fan is in accurately modelling the sources of excitation. Fan forced response is a phenomenon of concern during
aircraft manoeuvres on the ground, for example during initial engine spool up and taxiing, when the engine is also subject
to ambient wind conditions. Such manoeuvres would occur at off-design engine speeds and, whilst the engine is operating
in these conditions, there is a high likelihood of significant flow distortions being ingested into the fan.

Two intake flow features that may typically occur at these operating conditions are 1) the ground vortex, which is gen-
erated due to the presence of the ground within the aero-engine’s capture stream tube (Murphy and MacManus, 2011), and
2) diffusion driven intake lip separation, which can occur when the intake is operating in a crosswind (Hall and Humphreys,
2004). The problem is expected to become more prominent with the modern development trend of shorter intakes for civil
aero-engines with larger diameter fans (Peters et al., 2014), which would lead to more non-uniform flow at the fan face
and further coupling between the intake and fan aerodynamics. Carnevale et al. (2017) show that such flow distortions
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generate low engine order (LEO) disturbances that interact with the fan. Understanding the impact these LEO disturbances
can have on resonant blade vibration is important, as ideally any potential for large vibration responses in the fan would
be well understood during the fan’s development cycle. Flow distortions in the intake may also vary in strength, size and
arrangement over time and such variations could generate transient mechanical responses in the fan. The problem of un-
steady flow distortions has been investigated for the novel intake designs required for embedded aero-engines (MacManus
et al., 2017). However, the phenomenon of unsteady intake flow has also been observed in outdoor testing of the traditional
podded aero-engines (Freeman and Rowe, 1999). Experimental characterisation of unsteady flow distortions has been noted
to be a challenging endeavour (Doll et al., 2022).

For these reasons, the ability to accurately and quickly predict the coupled intake-fan aerodynamics at the design stage
(i.e. when intake and fan designs could still be modified) would be ideal, in order to ascertain the unsteady flow distortions
that are generated and the fan response these distortions would induce. In reality, such processes would be unlikely since
a) there are several other considerations and concerns intake and fan designers must take into account, b) the level of detail
required to numerically or experimentally model the resonant interaction is significant and c) intakes and fans will typically
be designed by different companies. Instead, by understanding the range of intake flow distortions that may feasibly be
generated and their interaction mechanisms with the blade, the fan could potentially be designed to be more robust to
the set of distortions it may encounter. The aim of this work is to use numerous low-fidelity numerical simulations of a
representative intake and fan of a civil aero-engine, at realistic operating conditions, to identify the key parameters in the
resonant interaction that would contribute to the maximum fan response level.

The problem of fan response to flow distortions from the intake has been addressed by many researchers, from a variety
of perspectives. Numerous works have been published which consider the fan aerodynamic response to inlet distortion,
including works by Hynes and Greitzer (1987); Gunn et al. (2013); Li et al. (2021). Many of these studies focus on the
impact inlet distortions have on fan performance or stability, and consider conditions in which the distortions may lead to
fan stall. Much of the work relates to the response of boundary-layer ingestion (BLI) fans, which operate in continuous
and severe distortions. Lee et al. (2019) considered the impact that crosswind-induced intake distortions can have on the
performance of a civil aero-engine fan, and importantly show that accurate prediction of the intake flow distortion can
require a coupled analysis of the intake and fan (see also Greitzer et al. (1978)). Zhang and Vahdati (2019) performed a
numerical study which investigated the aerodynamic response of a transonic fan to inlet distortion and assessed the transient
mechanisms by which the distortion impacted on the fan’s stability.

A number of studies also further consider the modal or mechanical response of the fan to intake flow distortions. Mare
et al. (2006); Berthelon et al. (2019); Wang et al. (2019) all numerically simulated a realistic intake and fan, looking in
particular at the impact of the intake ground vortex on the fan’s mechanical response. More recently, Mårtensson (2021)
also investigated the effect of inlet distortions on fan response, where the inlet distortion was due to fuselage boundary layer
ingestion into a rear mounted engine (i.e. a tail cone thruster). It was found that, for this setup, total pressure distortions
were a more significant source of fan forcing than distortions in swirl.

In this paper, numerical simulations of a fan at resonance are conducted. The resonance condition under investigation
occurs during ground manoeuvres and, at certain crosswind speeds, the inlet distortion may be composed of a lip separation
and a ground vortex. To enable a systematic investigation, a range of synthetic inlet distortions are investigated. These
artificial inlet distortions model the spatial arrangement of the ground vortex and lip separation by considering a step in the
spanwise profile of phase of a specific circumferential mode. To the author’s knowledge, this is the first time a systematic
study on the spatial arrangement of flow features in an inlet distortion generated under these operating conditions has been
conducted. Results indicate that small changes in the synthetic distortion’s ”phase step”, and thus in the spatial arrangement
of the two flow features, can lead to significant changes to fan response level. Variation in the spatial arrangement of the
inlet distortion may be a major factor in the range of fan response levels experienced when the inlet distortion is unsteady.
The methods presented here could be used to preempt the maximum resonant forced response a fan may experience during
the afore-mentioned operating conditions, whilst the fan design is still at early stage in the development process.

TEST CASE & NUMERICAL MODEL
The fan being considered in this study is a relatively low-speed civil aero-engine fan and the operating point at which

resonance is induced is well below the aero-engine design speed, at a low part-speed; the relative Mach number at the fan tip
is approximately 0.75. A schematic of part of the computational domain is provided in Figure 1. The resonance condition
being considered results in the second flap (2F) mode response at 3EO.

Numerical Solver
The numerical solver AU3D is used to conduct the analyses presented in this paper, and is described in detail in Sayma

et al. (2000). AU3D is a three-dimensional, time-accurate URANS solver capable of solving viscous, compressible flows
on unstructured grids with mixed elements. The studies of Bréard et al. (2002); Green (2008); Lee et al. (2019); Zhang and
Vahdati (2019); Vahdati et al. (2008) cited earlier all used the same numerical solver in their analyses. Bréard et al. (2002)
further outlines the typical procedure for forced response aeroelastic simulations with AU3D in detail. The simulations
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Figure 1 Schematic of computational setup for steady simulations of the fan stage. Mixing planes, which delineate
rotating and stationary mesh domains and pass circumferentially averaged flow quantities, are shown in blue. The
fan blade, outlet guide vane (OGV) and engine section stator (ESS) surfaces are shown in red.

presented here make use of the one-equation Spalart-Allmaras (SA) turbulence model (Spalart and Allmaras, 1992), albeit
one that has been modified to consider the effects of the pressure gradient and helicity (Lee et al., 2018). A summary of
the historic work concerning aeroelastic problems in civil fans and conducted using AU3D is presented in Vahdati et al.
(2020). Many of these studies present a validation of the numerical results against experimental datasets. The numerical
setups used in this analysis have followed best practice guidelines developed from these and other analyses with AU3D.

Computational Setups
A brief outline of the numerical strategy used in this work is now provided, with further information on the computation

setups and some numerical statistics provided in following sections. A steady simulation of the aero-engine intake and fan
stage is conducted, which is setup to model the fan rotation speed required to achieve resonance, along with the desired
cross-wind speed. Since the resonance of interest occurs during ground manoeuvres, the engine is modelled to operate on
the sea level static (SLS) working line. Results of these steady simulations are used to generate the appropriate initial and
boundary conditions for the successive simulations in this analysis.

Following this, an unsteady simulation of the intake in isolation is conducted, in order to capture flow distortions in
the intake, which in some circumstances may be unsteady. The effect of the downstream components is modelled using
an exit flow profile extracted from the previous steady simulation. Flow distortions in the intake have been simulated
over a range of conditions, however in this paper we present and analyse results at only one crosswind speed. The time-
averaged component of the unsteady flow distortions at this condition are then used to establish a baseline flow distortion
as a planar (i.e. 2D) inlet boundary condition to the fan. This inlet condition undergoes solid body rotation with respect
to the fan; this extracted, planar flow distortion is referred to in this work as a prescribed distortion. More details on the
chosen condition and simulation setup, and the process of extracting and synthesising further prescribed distortions from
this baseline distortion, are detailed in the subsequent sections of this paper. Finally, a set of simulations are conducted in
which a range of prescribed distortions are used as an inlet boundary condition to a single passage fan blade mesh. Pitch-
wise periodic boundaries on the mesh are supplemented with a phase-lag boundary condition to allow flow unsteadiness
at the resonant frequency to be evaluated, which results in a significantly reduced mesh domain and therefore much faster
evaluation speeds. This relatively rapid simulation setup allows for parameter studies to be conducted in a feasible time
frame, and in this paper we present one such parameter study - the influence of the spatial arrangement of the flow features
found in this particular intake distortion (a lip separation and a ground vortex) on the predicted resonant response of the fan.

Steady Fan Stage Simulations
Steady simulations of the computational setup shown in Figure 1 are used to setup the successive simulations and

analyses at the correct engine operating point and external wind condition. The exit flow condition of the core and bypass
are controlled by choked flow through nozzles and the inlet flow condition (which includes the desired cross-wind) is
established in the external far-field well upstream of the intake, at approximately twenty intake diameters.

The intake is modelled in full due to three-dimensional geometry features, whereas only a single blade passage of the
fan, OGV and ESS meshes are used, along with pitch-wise periodic boundary conditions and mixing planes are used at the
mesh interfaces delineating the fan domain from the otherwise stationary components. Mixing planes are used to evaluate
and transfer spanwise profiles of the circumferentially averaged flow solution across these interfaces, whilst also accounting
for rotation. This setup contain approximately 3.5Mmesh nodes and these simulations are quick to converge, requiring only
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(a) (b) (c)

Figure 2 Components of the prescribed distortion setup. (a) The distortion plane is a planar mesh with a recon-
structed solution that contains the axisymmetric mean component and the 3EO component of total pressure, ex-
tracted from the earlier intake simulations. (b) The fan blade tip casing mesh near the leading edge of the fan. The
single passage fan mesh has shadow points at the periodic boundaries (shown in red) to evaluate the phase lag
boundary conditions. (c) The distortion plane is imposed at the inlet of a single passage fan mesh.

approximately 100 CPU hours from no starting solution.

Unsteady Intake Simulations
Unsteady simulations of the intake operating in a crosswind were conducted, for a range of wind speeds. The correct

operating point, an initial solution and influence of downstream components was established by extracting a flow profile
from the steady simulations of the fan stage described in the previous section. The cross-wind conditionmay be characterised
by the velocity ratioU∗ =UAIP/U∞ whereU∞ is the free-stream or crosswind velocity andUAIP is themass-averaged velocity
at the aerodynamic interface plane (AIP). The AIP is a plane located at a fixed axial co-ordinate in the intake volume, just
upstream of the fan leading edge. Unsteady data was collected at the AIP for each of these simulations, in order to analyse
the flow distortion and inform the synthetic inlet distortions used in the following analyses. The intake mesh is about 1.2M
nodes, the vast majority of which are clustered around the intake lip and internal volume. However, in order for the external
flow to develop properly, far-field boundaries are placed a minimum of approximately 15 intake diameters from the engine
nacelle.

For these simulations, an unsteady timestep of 0.005 seconds is used. The suitability of this timestep was verified
with a time step convergence study, with the suggested time step being conservatively small for capturing the numerically
predicted unsteadiness in the intake, typically of the order of 10Hz. However, only the time-averaged component of the
intake flow distortions are considered in the remainder of this paper, since the stationary flow component with shape of
circumferential mode m = 3 is responsible for the 3EO response in the fan.

Prescribed Distortion Simulations
The numerical procedure for rapidly assessing the fan forced response to inlet distortion is now described. This simu-

lation setup is referred to as the prescribed distortion (PD) method and an overview of the setup is depicted in Figure 2. In
this setup, a Fourier decomposition of the flow solution at the AIP is used to reconstruct a distortion plane (Figure 2a), which
contains only the axisymmetric mean flow component and the circumferential m = 3 component, since this component is
the cause of 3EO unsteadiness in the fan. Only circumferential variation in total pressure is considered here. Fourier de-
composition of the flow at the AIP is described in the next section. The distortion plane is a planar mesh and fixed solution
which is then imposed as a rotating inlet boundary to the mesh of a single passage of the fan. The distortion plane is rotated
relative to the blade mesh at the rotation speed of the fan, Ω f , resulting in an inlet excitation of 3EO to the fan. Phase-lagged
periodic boundaries on the blade mesh are setup to accommodate unsteadiness at 3EO. The implementation of phase-lagged
boundary conditions in AU3D is validated and described in further detail in Stapelfeldt et al. (2015).

Such a setupmassively reduces themesh node count and thus computational cost compared to an equivalent full annulus
simulation, despite the increased computation load due to phase lag boundaries. This setup is therefore quite valuable for
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rapid analyses of the fan blade response due to inlet distortion. The benefit in the use of these relatively rapid simulations
is that several parameters could be methodically assessed.

The PD simulations conducted for this study contain approximately 2M mesh nodes. One period of the resonance
frequency is resolved with 200 time steps. The simulations are run to allow for initial transients to settle and to capture data
over several oscillation cycles of the resonance frequency. In total the simulation is run for over 30 revolutions of the fan
(or nearly 100 oscillation cycles of the fan resonant frequency). Such computations complete within 800 CPU hours. For
comparison, an unsteady simulation of the combined intake and (full annulus) fan stage (with approximately 50M mesh
nodes), run for a similar length of physical time, takes over three months on 72 CPUs or roughly 160,000 CPU hours.

Generation of Distortion Planes
The flow data collected at the AIP during unsteady simulations of the intake was then circumferentially decomposed

in the manner outlined in Figure 3, at each time instant.

Figure 3 Process for extracting radial profiles for specific EO distortions

Figure 3 is a flow chart describing the process by which the radial profiles representative of each engine order (EO)
are extracted. A circumferential Fourier decomposition is performed at several radii across the entire span of the plane, two
such radii are represented by the black circles on the plane schematic in Figure 3a. Each Fourier decomposition gives a
breakdown of the circumferential mode components at each span and is evaluated using the following Fourier series

F (x,r,θ , t) =
∞

∑
m=−∞

Fm (x,r, t)exp{imθ} (1)

where F is representative of a field quantity of the fluid and

Fm (x,r, t) =
1

2π

2π∫
0

F (x,r,θ , t)exp{−imθ} dθ (2)

The corresponding frequency of interest is given by

ω = mΩ f (3)

where Ω f is the rotation speed of the fan with units of rads−1. Eq. 3 shows that each circumferential mode is directly related
to the EO of the same index, i.e. the mode m = 3 generates a rotational disturbance at 3EO. For this reason, future references
to the circumferential mode of a specific index and its corresponding EO will be used interchangeably, i.e. results of the
modal decomposition for m = 3 will simply be referred to as 3EO. The mode component from each spanwise position is
then combined to obtain the radial profile of the EO of interest. Figure 3b highlights the 3EO components used to build the
radial profile for the 3EO total pressure distortion shown in Figure 3c.

Effect of Crosswind Speed
Figure 4 shows the time-averaged radial profiles for the magnitude of the 3EO component of total pressure extracted

from intake simulations, in which a range of crosswinds were imposed. The results suggest a trend in which the 3EO
distortion magnitude increases with the wind speed of the crosswind; the data on Figure 4 is coloured by increasing wind
speed from red to purple, as outlined by the direction of the black arrow. For a fixed flow speed into the intake, UAIP, an
increasing wind speed corresponds to a lower U∗.
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Figure 4 Time-averaged radial profiles of 3EO total pressure at the AIP, with the intake operating in a crosswind at
various wind speeds.

Note that only the time-invariant or “steady” component of the 3EO total pressure distortion is plotted here. It was
found that for higher wind speeds (i.e. U∗ < 10), the intake flow started to become unsteady. This inherent unsteadiness in
the intake is initially coherent and limited in scale, however as the wind speed increased the unsteadiness became stronger
and more chaotic (Rao et al., 2022). The impact of inherent unsteadiness in the intake on the fan response is not considered
here.

Mode Phase Step in Synthesised Inlet Distortions
In the remaining analyses in this paper, only the 3EO total pressure distortion generated by a crosswind ofU∗ = 9.8 is

considered. A wind speed ofU∗ = 9.8 corresponds to a limiting cross-wind speed to which intake designs are typically rated
for performance. At this speed, significant responses are generated for this combination of intake and fan design, and there
is also variability in the response generated over time, due to unsteady flow distortions. Profiles of the distortion magnitude
and phase can be constructed from the radial variation of the complex quantity Fourier coefficients in eq. 2; these profiles
are presented in Figure 5.

Features in these two profiles correspond to the spatial arrangement of two distinct flow features on the AIP. Focusing
on the magnitude profile shown in Figure 5a, the peak at around 90% span, outlined by the purple box, is generated by the
windward side separated lip flow, whereas the peak at around 60%, contained in the green box, is due to the ground vortex
that is generated at this condition. This arrangement of flow features is further visualised in the schematic in Figure 6. The
phase variation of the 3EO distortion, shown in Figure 5b, contains a step at about 75% span, and corresponds to a span
where the 3EO magnitude profile is zero. This span is an indication of the differing spanwise locations of the two flow
features, and can be used to delineate the two flow features radially. The phase is otherwise largely constant at spans above
40%. Below 40% span, the magnitude of the profile is effectively zero and so the phase is meaningless; any variation in
this region is due to numerical noise.

Figure 6 presents a schematic of the flow at the AIP that is typically generated during crosswind simulations. The
regions coloured in red are representative of total pressure loss. The schematic in this case is representative of the real size
and shape of the ground vortex, lip separation and intake boundary layer that has been simulated for an intake operating in
a crosswind of U∗ = 9.8.

As in Figure 5, the lip separation has been outlined by a purple box, whilst the ground vortex is highlighted by a green
box. In the schematic presented, the azimuthal spacing of the two features is found to be around 60°. The phase profile
shown in Figure 5b has been super-imposed over the flow schematic in Figure 6, but in adjusted polar coordinates, as shown
by the black line. Note that here the azimuthal co-ordinate, θ , is derived from the phase variation, ∆ϕ , via the relationship

θ = ∆ϕ/m+θ0 (4)
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Figure 5 (a) Magnitude and (b) phase of a 3EO total pressure distortion extracted at the AIP, for an intake operating
in a U∗ = 9.8 crosswind. The lip separation (purple) and ground vortex (green) create distinct features in the 3EO
distortion profile. The step in phase at 75% span relates to the azimuthal spacing of these two features.

Figure 6 Schematic of the typical flow structure on the AIP under a crosswind condition. The purple box highlights
the lip separation. The green box highlights the ground vortex. The black curve denotes the radial variation of the
phase of the 3EO component of total pressure, shown in Figure 5b, plotted here in polar coordinates (see eq.4).

Figure 6 provides some insight into the information contained in the radial variation of phase. For the 3EO component
radial profiles presented in Figure 5, changes in the mode phase profile correspond to azimuthal shifts as the magnitude of
the mode is aligned with the ground vortex between 40% and 75% and then the lip separation from 75% to 100%.

RESULTS
To obtain the initial solution from which the distortion plane is constructed, an intake simulation at the desired free-

stream and operating conditions is first required. In the following analyses, the 3EO total pressure was extracted from a
simulation of an aspirated intake operating in a crosswind of U∗ = 9.8, as shown in Figure 5, and used to reconstruct the
distortion plane shown in Figure 2a. A prescribed distortion simulation was then run to assess the response from the fan.

Visualisations of Blade Response
The distribution of the unsteady component of instantaneous pressure, p′, on the blade surface can be extracted from

these prescribed distortion simulations, and is here used to qualitatively understand how the fan is responding. Note that
due to the numerical setup used, the unsteady pressure is a signal dominated by the single excitation frequency, ω , at 3EO.
Figure 7a shows contours of instantaneous unsteady pressure plotted on the blade surface. To aid visualisation, the results
on the blade surface have been unwrapped onto a rectangular canvas, the outcome of which is shown in the Figure 7b. The
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span fraction of the blade is along the y axis, whilst the x axis represents the unwrapped aerofoil, starting from the trailing
edge (TE) at the left-hand side at the plot, moving round the suction surface to the leading edge (LE) in the centre and then
continuing round on to the pressure surface and back to the TE again at the right-hand side of the plot. The circumference of
the aerofoil has been stretched at each span in order to fit the shape of the canvas. The contour values represent instantaneous
unsteady pressure, normalised by the maximum value of absolute unsteady pressure on the blade surface, at this time instant.
This instant in time presented in each of these plots will always correspond to the time at which a maximum modal force is
created on the blade, for the flow condition and distortion being presented.

(a) (b)

Figure 7 Contour plots of instantaneous unsteady pressure on (a) the blade surface. The data is unwrapped and
stretched onto (b) a flat rectangular canvas.

Figure 7b shows that there is a complex distribution of positive and negative unsteady pressures around the blade. The
grey contour lines are unsteady pressure node lines that delineate the positive and negative regions of unsteady pressure
(i.e. at p′ = 0). In this case, most of the aerodynamic response in the blade is generated either in the region of the shock or
just upstream of it. Note also that the unsteady pressure changes sign at roughly 75% span, in the region upstream of the
shock. The unsteady pressure generated in the region of the shock itself is in phase across the whole span.

Figure 8a shows the 2F mode which is at resonance in this case, and Figure 8b shows the unwrapped distribution of the
instantaneous modal force generated by this modeshape on the blade surface. The coloured contours in Figure 8a represent
the magnitude of the modal displacement vector, |Φ|. The highest level of deflection for this mode occurs at the leading
edge and the tip of the blade. Towards the root of the blade the deflection is zero or near-zero. The complex geometry of the
blade means that the modeshape is not a pure flap mode; it also contains a minor torsion component. However due to the
dominant second flap component, the modeshape has an approximately chordwise nodal line at approximately 70% span,
as indicated by the grey line on Figure 8a. The modal force distribution, Φ ·F, is calculated using the modeshape vector,
Φ,and the force vector per area F, and noting that

F = p′n̂. (5)

where n̂ is the blade surface normal and the unsteady pressure distribution, p′, is as described above and shown in Figure 7b.
The scalar, integrated quantity modal force, MF, is then calculated by integrating over the blade surface, S, as follows

MF =
∫
S

Φ ·FdS (6)

In Figure 8b, the instantaneous modal force distribution has been normalised by the maximum absolute value of the
modal force distribution, since only the variation over the blade surface is of interest here. Ultimately the mechanical
response level of the blade is dependant on a number of other factors, such as blade damping and natural frequency.

The grey lines on the contour plot of Figure 8b represent nodal lines in the distribution of modal force. The nodal
lines for this distribution are largely similar to the nodal lines of unsteady pressure, in Figure 7b, the exception being the
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(a) (b)

Figure 8 (a) The second flap (2F) modeshape used in this study; contours indicate magnitude of the mode displace-
ment vector. (b) Instantaneous modal force on the blade surface is unwrapped and stretched onto a flat rectangular
canvas.

additional nodal line that has been introduced at roughly 70% span, which has come instead from the blade modeshape. Note
also that the opposing regions of modal force that these grey lines delineate would cancel each other out when calculating
the integrated value for modal force over the blade surface.

It is interesting to note how the distribution of unsteady pressure, which was of opposing sign across 70% span in the
region upstream of shock because of the relative spacing between the lip separation and ground vortex (Fig. 5 and Fig. 6),
creates regions of mostly positive modal force, due to the additional node line from the modeshape. This means that whilst
unsteady pressure is out of phase here, the contribution to the modal force is actually constructive. This behaviour clearly
demonstrates a) how important phase variations in the unsteady aerodynamic response are to modal forcing and that b) the
phase variations in the aerodynamic response over the blade are at least partially caused by variations in the phase of the
inlet distortion. This relationship will now be further investigated in this paper.

Impact of Spatial Arrangement of Inlet Distortion on Modal Force
In the following, we discuss the impact that the step in the phase profile shown in Figure 5b can have on the generated

modal response. For this study, a number of inlet distortions are generated with varying step size or phase jump, as well as
varying spanwise position of the step. To eliminate the impact of the shape and strength of the radial profile of magnitude,
a uniform profile of magnitude, with a fixed arbitrary amplitude, is imposed.

To illustrate this setup, Figure 9 shows three such proposed phase profiles, which each include a step of differing
spanwise position and size. In this study, the phase jump, ∆ϕ , was varied from −π to π radians, and the spanwise position
of the step, z, was varied across the full range of the span. Positive values of ∆ϕ correspond to cases where the lower radii
of the phase profile “lead” the upper radii of the profile. As shown earlier, in Figure 6, the step in the profile in this case is
a representation of the spatial arrangement of the ground vortex and the lip separation, so a positive value of ∆ϕ would in
these terms correspond to the ground vortex leading the lip separation, when interacting with the fan. Negative values of ∆ϕ
would instead correspond to the lip separation leading the ground vortex. In reality, the radial phase variation is unlikely to
consist of only the clean step represented in these profiles, but it is a good approximation of the phase variation generated
by the position of the distinct flow features typically seen at the AIP for an intake operating in a crosswind (e.g. the lip
separation and ground vortex). This is demonstrated using the phase profile labelled “C” in Figure 9, which is very similar
to that extracted from theU∗ = 9.8 simulation result, originally shown in Figure 5. In both cases the step is at roughly 75%,
and the phase jump is in the same direction and of an equivalent size.

The inlet distortions that are reconstructed from the radial phase variations depicted in Figure 9 are presented in Fig-
ure 10. The coloured contours represent total pressure. The axisymmetric mean component of the inlet distortion is extracted
from the converged steady fan solution for the operating point corresponding to the resonant interaction. The magnitude of
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Figure 9 Radial profiles of phase of total pressure, which are used to generate different inlet distortions to the fan.
The reconstructed solutions for these profiles are shown in Figure 10

the distortion total pressure is arbitrarily set to 5% of the maximum value of the axisymmetric component of total pressure
at the AIP. This was verified to be in the linear region of fan response with respect to distortion magnitude.

Figure 10 Reconstructed contours of total pressure which represent the three example phase profiles for the total
pressure distortions outlined in Figure 9

Figure 11 summarises the results of this parametric study. The coloured contours represent computed fan modal re-
sponse levels for the range of inlet distortions considered. The size (and direction) of the phase jump, quantified by ∆ϕ , is
represented along the x-axis. Cases run at ∆ϕ = 0 indicates a distortion phase profile with no step; therefore all the responses
generated when ∆ϕ = 0 are equivalent. ∆ϕ = 0 could be thought of as a flow field arrangement on the AIP where the ground
vortex is azimuthally aligned with the lip separation; this arrangement would generate no variation in the phase profile for
any EO component. Such a flow field arrangement is unrealistic, however it should be noted that a constant phase profile
would likely be legitimate if only one of the two flow features is present at the AIP. This is therefore more indicative of the
flow-field one would model if reconstructed distortion planes are generated without consideration of the phase variation.
The spanwise location of the step is represented along the y-axis. Note that steps in the profile at a span fraction of z = 0
and z = 1 are also equivalent to phase profiles with no step. In Figure 11, the contour values for modal force have been
normalised against the modal force generated when ∆ϕ = 0. Also, the periodicity of phase means the responses generated
with phase jump ∆ϕ =−π are equivalent to those generated with phase jump ∆ϕ = π .

For reference, the response generated by the three example distortions provided in Figure 9 have been highlighted on
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Figure 11 Modal response generated for a range of step distortion profiles. Contour values are a normalised value
for modal force.

Figure 11. The maximum and minimum generated responses in this study have also been highlighted. The results show
that variation of the step size, direction and spanwise location can generate vastly different responses in the fan, for a fixed,
uniform magnitude 3EO total pressure distortion. By comparing the most extreme cases, a more than twenty-fold increase
in the value of modal force is possible by variation of the phase step alone.

Figure 12 shows the distribution of instantaneous unsteady pressure and modal force on the blade surface for the
maximummodal response case from this study, which is labelled “max” on Figure 11. For this case, the step of the distortion
phase profile is at 65% span. The blade distributions in Figure 12 show that the sign of instantaneous unsteady pressure,
in the region of the blade upstream of the shock and on the suction surface, alternates across this span, due to the sudden
change in distortion phase. Since this span also corresponds to the location of the modeshape nodal line in this region of
the blade, the modal force generated across this whole region is constructive and so contributes to a significant value for
the integrated modal force.

Figure 13 again shows the distribution of instantaneous unsteady pressure and modal force on the blade surface, but
this time from the minimum modal response case in this study, labelled “min” on Figure 11.

For this case, the step of the distortion phase is at 90% span. The same relationship between unsteady pressure and
spanwise location of the step is observed, where the sign of unsteady pressure changes across this span. A strong aerody-
namic response on the blade is again observed in the region of the shock and upstream of it. The largest deflections of the
modeshape are found in the region radially outboard of the mode nodal line, which is at roughly 70% span. In this case,
the modal force distribution shows that the largest responses are generated in this region, near the blade tip. However the
large modal forces here contribute in a destructive manner to the integrated value for modal force. The same behaviour is
observed along the shock but for a different reason; while the unsteady pressure in the shock is in phase along the span, the
nodal line in the modeshape means that the modal force generated at lower spans in the shock region is destructive to the
modal force generated at higher spans (above 70%). Overall this means that the calculated value for modal force, MF, in
this case is significantly lower.

Figure 14 shows results extracted at a few, specific spans from the data presented in Figure 11. Again the modal force
has been normalised against the response from the inlet distortion with no step, where ∆ϕ = 0. The results presented here
range from 65% span, where the maximum response was encountered, to 90% span, where the minimum response was
encountered.
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(a) (b)

Figure 12 Contour plots of (a) unsteady pressure and (b) modal force on an unwrapped blade surface, for the step
distortion generating a maximum response.

For all of these spans, the trend is that lower responses are generated for distortions with low positive values of ∆ϕ ,
whilst higher responses are found instead for negative values of ∆ϕ . As discussed earlier in the paper, a change in the sign
of ∆ϕ relates to whether the ground vortex leads or lags the lip separation, in terms of interaction with the fan. The order
in which the fan encounters the ground vortex and lip separation is determined either by the direction of rotation of the fan
or opposing directions of crosswind. These results would suggest then that fans of opposite handed rotation, or operating
in opposing crosswinds, could generate significantly different modal responses.

In Figure 6, the phase jump of the 3EO distortion has been shown to be physically tied to the relative azimuthal positions
of the lip separation and ground vortex. The step position has also been shown to be the span which radially delineates the
lip separated flow and the ground vortex. Such parallels are only possible for distinct flow features of reasonable extent
and when contained within a certain size of azimuthal sector. In other situations, the mode decomposition would result in
different 3EO profiles of magnitude and phase, which would not relay the same information.

A number of parameters of the intake flow could affect the outcome of the modal decomposition of the flow at the AIP.
For example, the shape and extent of the lip separation by itself would be instrumental in determining what the magnitude
and phase profile the 3EO component of the distortion would be. Regardless, it is possible to speculate on the changes in
the intake flow that would correspond to changes in the step size and spanwise position of the step in the phase profile,
assuming that it were possible to keep other parameters of the 3EO distortion constant in such cases.

For example, the case labelled “C” in Figure 11 is of interest since it most closely resembles the real 3EO distortion
extracted and presented in Figure 5. Figure 11 shows that, under these idealised conditions, the modal force generated
by this phase profile would be sensitive to small changes in either the phase step size or spanwise position. For example,
changes towards a higher span step would quickly bring the response closer to the minimum value generated in this study.
A phase jump at a higher span could indicate a ground vortex that forms closer to the wall of the intake. For case “C”,
varying the profile by considering a smaller phase step size is also shown to generate a lesser response, and in terms of
intake flow this could be realised by a ground vortex that is generated at a closer azimuthal position to the lip separation.
Minor changes to the flow feature arrangement could conceivably be generated by small changes to the intake geometry or
external flow condition, and these results suggest that the sensitivity in terms of fan response could be significant.

However, it is also worth noting that these intake flow features are often turbulent in nature and, at certain conditions,
can be fully unsteady and even chaotic. As shown in Figure 4, several wind conditions were simulated and the intake flow
in a number of these cases was shown to contain a level of inherent unsteadiness, particularly at lower values of U∗. The
unsteadiness resulted in movement of the ground vortex, and, to a lesser degree, the lip separation. Unsteadiness in the
intake flow has been observed during outdoor testing an aero-engine too (Freeman and Rowe, 1999). Such movements may
correspond to changes in the step of the phase profile (as well as the distortion magnitude profile) and ultimately result in
a transient fan response level. Insights into the range of responses that can be incurred due to the spatial arrangement of
flow features is thus useful when trying to establish the maximum instantaneous response that may be experienced by a
particular fan design.
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(a) (b)

Figure 13 Contour plots of (a) unsteady pressure and (b) modal force on an unwrapped blade surface, for the step
distortion generating a minimum response.

Figure 14 Variation of generated modal force with changes to the phase jump in the inlet distortion. Each line
represents phase jumps of a range of magnitudes at a specific spanwise position.
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CONCLUSIONS
The resonant forced response of a civil aero-engine fan subject to intake flow distortion has been investigated. Specifi-

cally, the 2F/3EO resonance of the fan has been studied here. The distortions considered here are typical of those generated
during aircraft operations on the ground, in an ambient crosswind. Results from unsteady CFD simulations of a represen-
tative aero-engine intake operating in range of crosswind speeds have been presented. The intake flow was found, in a
number of cases, to contain a diffusion driven lip separation and a ground vortex; the strength and spatial arrangement of
these flow features was found to depend on the wind condition. At certain wind conditions, these features were also found
to be unsteady in strength, shape and spatial arrangement. The 3EO component of total pressure at the engine AIP was then
extracted from these results and reconstructed to create total pressure distortions resulting in excitation at a single frequency,
which were then imposed as an inlet condition to the fan. To analyse the importance of the spatial arrangement of the total
pressure distortion, the radial distribution of the phase of the 3EO distortion profile was manipulated. Step changes in phase
were introduced at different radial heights, and the results show that, for a constant distortion magnitude, a large variation
in the modal force can be obtained by variation of the parameterised phase step. Insights into the mechanism by which
this variance is generated is presented by analysing the relationship between the distribution of unsteady pressure on the
blade surface with the 2F modeshape. It is shown that alignment of the phase step with the chordwise node line in the 2F
modeshape results in increased levels of fan response. In a real intake, changes to the phase step correspond to a different
spatial arrangement of the distorted flow. The results demonstrate clearly that the fan response is dependent on the order
in which the ground vortex and the lip separation in the intake interact with the fan. For the same cross-wind conditions,
vastly different response levels could exists between two fans rotating in opposite directions.

NOMENCLATURE

AIP Aerodynamic Interface Plane

EO Engine Order

MF Modal Force

ω Excitation Frequency

ΩF Fan Rotation Speed

Φ Modeshape Vector

ϕ Circumferential Mode Phase

θ Azimuthal Co-ordinate

m Circumferential Mode Index

p′ Unsteady Pressure

p0 Total Pressure

r Radial Co-ordinate

S Blade Surface

U∗ Velocity Ratio

x Axial Co-ordinate

z Span Fraction

ACKNOWLEDGMENTS
The authors would like to thank colleagues in the Aeromechanics teams at Rolls-Royce plc for their useful discussions.

The research presented in this paper is funded by UK Research and Innovation through the FANFARE project, of which
Imperial College London and Rolls-Royce plc are participating members.

References
Berthelon, T., Dugeai, A., Langridge, J. and Thouverez, F. (2019), ‘Analysis of vortex ingestion impact on the dynamic
response of the fan in resonance condition’, Proceedings of the ASME Turbo Expo 7A-2019, 1–11.

Bréard, C., Vahdati, M., Sayma, A. I. and Imregun, M. (2002), ‘An integrated time-domain aeroelasticity model for the
prediction of fan forced response due to inlet distortion’, Journal of Engineering for Gas Turbines and Power 124, 196–
208.

Carnevale, M., Wang, F. and Mare, L. D. (2017), ‘Low frequency distortion in civil aero-engine intake’, Journal of Engi-
neering for Gas Turbines and Power 139.

Doll, U., Migliorini, M., Baikie, J., Zachos, P. K., Röhle, I., Melnikov, S., Steinbock, J., Dues, M., Kapulla, R., MacManus,
D. G. and Lawson, N. J. (2022), ‘Non-intrusive flow diagnostics for unsteady inlet flow distortion measurements in novel
aircraft architectures’, Progress in Aerospace Sciences 130, 100810.
URL: https://doi.org/10.1016/j.paerosci.2022.100810

Freeman, C. and Rowe, A. L. (1999), Intake engine interactions of a modern large turbofan engine, in ‘Volume 1:
Aircraft Engine; Marine; Turbomachinery; Microturbines and Small Turbomachinery’, American Society of Mechanical
Engineers.

14

https://doi.org/10.1016/j.paerosci.2022.100810


URL: https://asmedigitalcollection.asme.org/GT/proceedings/GT1999/78583/Indianapolis,
%20Indiana,%20USA/248131

Green, J. S. (2008), Forced response of a large civil fan assembly, in ‘Proceedings of ASME Turbo Expo 2008: Power for
Land, Sea and Air’, Vol. 5, pp. 685–692.
URL: https://asmedigitalcollection.asme.org/GT/proceedings/GT2008/43154/685/324732

Greitzer, E.M., Mazzawy, R. S. and Fulkerson, D. A. (1978), ‘Flow field coupling between compression system components
in asymmetric flow’, Journal of Engineering for Power 100, 66–72.

Gunn, E. J., Tooze, S. E., Hall, C. A. and Colin, Y. (2013), ‘An experimental study of loss sources in a fan operating with
continuous inlet stagnation pressure distortion’, Journal of Turbomachinery 135.

Hall, C. A. and Humphreys, N. D. (2004), ‘Intake performance during rolling take-off in natural crosswind’, 40th
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit pp. 1–11.

Hynes, T. P. and Greitzer, E. M. (1987), ‘A method for assessing effects of circumferential flow distortion on compressor
stability’, Journal of Turbomachinery 109, 371–379.

Lee, K. B., Wilson, M. and Vahdati, M. (2018), ‘Validation of a numerical model for predicting stalled flows in a low-speed
fan-part i: Modification of spalart-allmaras turbulence model’, Journal of Turbomachinery 140, 1–11.

Lee, K. B., Wilson, M. and Vahdati, M. (2019), ‘Effects of inlet disturbances on fan stability’, Journal of Engineering for
Gas Turbines and Power 141, 1–11.

Li, Z., Du, J., Zhang, Q., Ji, G. and Zhang, H. (2021), ‘A study of fan-distortion interaction within the fan rotor’, Proceedings
of the Institution of Mechanical Engineers, Part A: Journal of Power and Energy 235, 185–201.

MacManus, D. G., Chiereghin, N., Prieto, D. G. and Zachos, P. (2017), ‘Complex aeroengine intake ducts and dynamic
distortion’, AIAA Journal 55, 2395–2409.

Mare, L. D., Simpson, G. and Sayma, A. I. (2006), Fan forced response due to ground vortex ingestion, in ‘Proceedings of
the ASME Turbo Expo’, Vol. 5 PART B, ASMEDC, pp. 1123–1132.
URL: https://asmedigitalcollection.asme.org/GT/proceedings/GT2006/42401/1123/315582

Murphy, J. P. and MacManus, D. G. (2011), ‘Intake ground vortex prediction methods’, Journal of Aircraft 48, 23–33.

Mårtensson, H. (2021), ‘Harmonic forcing from distortion in a boundary layer ingesting fan’, Aerospace 8, 58.
URL: https://www.mdpi.com/2226-4310/8/3/58

Peters, A., Spakovszky, Z. S., Lord, W. K. and Rose, B. (2014), Ultra-short nacelles for low fan pressure ratio propulsors,
in ‘Proceedings of the ASME Turbo Expo’, Vol. 1A, American Society of Mechanical Engineers.
URL: https://asmedigitalcollection.asme.org/GT/proceedings/GT2014/45578/Düsseldorf,Germany/
240069

Rao, A., Sureshkumar, P., Stapelfeldt, S., Lad, B., Lee, K.-B. and Rico, R. P. (2022), Unsteady analysis of aeroengine intake
distortion mechanisms: Vortex dynamics in crosswind conditions.

Sayma, A. I., Vahdati, M., Sbardella, L. and Imregun, M. (2000), ‘Modeling of three-dimensional viscous compressible
turbomachinery flows using unstructured hybrid grids’, AIAA Journal 38, 945–954.
URL: https://arc.aiaa.org/doi/10.2514/2.1062

Spalart, P. and Allmaras, S. (1992), A one-equation turbulence model for aerodynamic flows, in ‘30th Aerospace Sciences
Meeting and Exhibit’, American Institute of Aeronautics and Astronautics.
URL: http://arc.aiaa.org/doi/10.2514/6.1992-439

Stapelfeldt, S., Parry, T. and Vahdati, M. (2015), ‘Validation of time-domain single-passage methods for the unsteady simu-
lation of a contra-rotating open rotor’, Proceedings of the Institution of Mechanical Engineers, Part A: Journal of Power
and Energy 229, 443–453.
URL: http://journals.sagepub.com/doi/10.1177/0957650915596279

Vahdati, M., Breard, C., Simpson, G. and Imregun, M. (2008), ‘Forced response assessment using modal force based
indicator functions’, Proceedings of the ASME Turbo Expo 5, 665–672.

15

https://asmedigitalcollection.asme.org/GT/proceedings/GT1999/78583/Indianapolis,%20Indiana,%20USA/248131
https://asmedigitalcollection.asme.org/GT/proceedings/GT1999/78583/Indianapolis,%20Indiana,%20USA/248131
https://asmedigitalcollection.asme.org/GT/proceedings/GT2008/43154/685/324732
https://asmedigitalcollection.asme.org/GT/proceedings/GT2006/42401/1123/315582
https://www.mdpi.com/2226-4310/8/3/58
https://asmedigitalcollection.asme.org/GT/proceedings/GT2014/45578/Düsseldorf, Germany/240069
https://asmedigitalcollection.asme.org/GT/proceedings/GT2014/45578/Düsseldorf, Germany/240069
https://arc.aiaa.org/doi/10.2514/2.1062
http://arc.aiaa.org/doi/10.2514/6.1992-439
http://journals.sagepub.com/doi/10.1177/0957650915596279


Vahdati, M., Lee, K.-B. and Sureshkumar, P. (2020), ‘A review of computational aeroelasticity of civil fan blades’, Inter-
national Journal of Gas Turbine, Propulsion and Power Systems 11, 22–35.
URL: https://www.jstage.jst.go.jp/article/jgpp/11/4/11_22/_article

Wang, Z., Chen, Y., Ouyang, H. and Wang, A. (2019), ‘Investigation on the dynamic response of a wide-chord fan blade
under ground vortex ingestion’, International Journal of Aeronautical and Space Sciences 20, 405–414.
URL: https://doi.org/10.1007/s42405-019-00150-z

Zhang, W. and Vahdati, M. (2019), ‘A parametric study of the effects of inlet distortion on fan aerodynamic stability’,
Journal of Turbomachinery 141.
URL: https://asmedigitalcollection.asme.org/turbomachinery/article/doi/10.1115/1.4041376/
368637/A-Parametric-Study-of-the-Effects-of-Inlet

16

https://www.jstage.jst.go.jp/article/jgpp/11/4/11_22/_article
https://doi.org/10.1007/s42405-019-00150-z
https://asmedigitalcollection.asme.org/turbomachinery/article/doi/10.1115/1.4041376/368637/A-Parametric-Study-of-the-Effects-of-Inlet
https://asmedigitalcollection.asme.org/turbomachinery/article/doi/10.1115/1.4041376/368637/A-Parametric-Study-of-the-Effects-of-Inlet

