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ABSTRACT

The latest aero-propulsion configurations are characterized
by a strong aerodynamic interaction between the engine and its
environment. This interaction results in unsteady loads perceived
by the fan leading to vibrations. In order to ensure the mechani-
cal integrity of the blades, engine designers must evaluate these
vibration levels very early in the design phases. To do so, the
classic solution consists in running full-annulus U-RANS calcu-
lations to compute unsteady loading on the blade and then deduce
the fan’s forced response. However, such method can be compu-
tationally expensive and is consequently not adapted for large
parametric studies conducted during the design phase of a blade.
This paper presents a new method for calculating the forced re-
sponse of a fan based on the use of body force calculations, which
has a significantly lower computational cost compared to bladed
U-RANS calculations. The main idea of the body force method
is to replace the blades by source terms in the Navier-Stokes
equations inside the volume swept by the fan. First, the appli-
cation framework of the method is detailed. Then, the key step
of the method which consists in computing the generalized aero-
dynamic forces from a body force calculation is presented and
where the main idea involves concentrating the body force terms
on the blade camber surface. A validation of the method is then
proposed using a comparison with high fidelity U-RANS calcula-
tions for a BLI-like inlet distortion. It is found that the body force
methodology reproduces the harmonic content of the computed
generalized aerodynamic forces with a relatively good accuracy.
Finally, an example of use of this method in a design context is
presented as new body force calculations are run for two other
inlet distortions that can occur in the takeoff phase: the ground

vortex and the inlet flow separation.

NOMENCLATURE
Ga f Generalized aerodynamic force
q Generalized coordinates vector
x Displacement vector
Fa Aerodynamic force
Ω Fan rotation speed
ω Modal pulsation
p Static pressure
Φ Eigenmodes matrix
φ Eigenvector
δ Deviation angle
δ0 Deviation angle at maximum efficiency
β Relative flow angle
w Relative velocity vector
H Local distance between two blades
e Local thickness of a blade
Nblades Fan number of blades
Mrel Relative Mach number
fn Normal component of the body force term
fp Parallel component of the body force term
C f Skin friction coefficient
θ Tangential coordinate
r Radial coordinate
W Mass flow rate
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INTRODUCTION
Today, it is crucial for the aviation industry to significantly

reduce its environmental impact. Reducing CO2 emissions re-
quires improving the propulsive efficiency of aircraft. Achiev-
ing this objective requires the development of new propulsion
architectures such as ultra high bypass ratio (UHBR) engines
or boundary layer ingestion (BLI) configurations. These new
configurations are characterized by a strong aerodynamic inter-
action between the fan and its environment. The resulting un-
steady aerodynamic loading causes the blades to vibrate. This
phenomenon is called forced response. Vibration levels that are
too high can even lead to mechanical failure of the structure, due
to fatigue phenomena. Engineers must therefore evaluate the vi-
bration level of the blades very early in the design phase to avoid
costly redesigns at the end of the design process.

Numerous numerical studies concerning the forced response
of the fan caused by an inlet distortion have been carried out
in the last decades. One can notably quote the study of Chi-
ang [1] in which the authors evaluate the vibratory levels of a
fan with a quasi-three-dimensional Euler code. Brerard [2] stud-
ied the forced response of a low aspect-ratio transonic fan due to
different inlet distortions. The problem of forced response due
to vortex ingestion has been studied on high bypass ratio en-
gines by Green [3], Di Mare [4] and Berthelon [5]. Boundary
layer ingestion concepts, which have become increasingly pop-
ular in recent years, are characterized by problems of forced re-
sponse. Bakhle [6] details the design of a distortion-robust fan in
this configuration. In most of the studies cited above, the estima-
tion of vibration levels is based on the superposition principle,
which assumes that it is possible to separate the aerodynamic
forces related to motion and the aerodynamic forces related to
distortion. This assumption is valid in many cases of turboma-
chinery [7–9]. The determination of the aerodynamic forcing is
classically done by a U-RANS calculation of the whole fan stage.
The unsteadiness of the calculation comes from the fact that the
inlet distortion is fixed in the absolute reference frame, while the
fan is rotating. A numerical transient is necessary before reach-
ing the periodic regime of interest. Moreover, such a calculation
requires to mesh all the blades of the fan, which leads to rela-
tively large meshes. These calculations are relatively expensive,
and therefore are only used occasionally in the design phases.
A previous study [5] proposes an analytical model to calculate
unsteady aerodynamic loading at very low cost. This model, in
spite of very strong assumptions, seems to transcribe good trends
in the case of vortex ingestion. Nevertheless, it is restricted to the
swirl distortion and hardly applicable to other types of inlet dis-
tortion (BLI, crosswind separation...). The method presented in
this work aims to be much more general while keeping a low cost
compared to U-RANS methods. The idea of the method is to use
body force calculations to extract the aerodynamic loading.

The body force method was originally proposed by Mar-
ble [10] in 1964. The main idea is to replace the fan by the vol-

ume swept by the blades during a complete rotation and in which
source terms are imposed to the Navier-Stokes equations. This
approach has since been improved and adapted to address fan de-
sign problems. In his thesis, Peters [11] studied numerically the
impact of the interaction between the fan and the inlet on the per-
formance of the engine using an improved body force model he
derived from Gong’s model [12], taking into account blade lean
effects and blade losses at off-design operating conditions. Thol-
let [13], with his body force model based on a Lift/Drag anal-
ogy and using Kotapalli’s [14] body force modeling of metallic
blockage, showed in his thesis that his model correctly captures
the effect of decreased intake length on flow separation delay
on the intake lip. Godard [15] presented a body force methodol-
ogy for fan blade design under distorted conditions. In his study,
Godard showed that body force calculations have significantly
smaller restitution time compared to classic U-RANS calcula-
tions, with a difference of two orders of magnitude. Godard [15]
applied his methodology to conduct a parametric study based on
variations of profile chord, blade leading edge angle and blade
trailing edge angle. Defoe [16], based on Peters’ [11] work, pro-
posed a body force method using Hall’s [17] model to compute
the unsteady loading on a blade for vertically and radially strat-
ified inlet distortions. To the knowledge of the authors of this
paper, Defoe’s paper is the only one to deal with structural load-
ing using the body force method. The present paper, although in-
spired by Defoe’s work, proposes a modal approach for structure
adapted to the forced response phenomenon of the fan. Moreover,
the results obtained with the presented body force methodology
are compared to high fidelity U-RANS calculations.

This paper is organized in four parts. First, a brief presenta-
tion of the framework behind the study of the forced response of
a mechanical structure is made. Second, the body force method-
ology for the computation of the generalized aerodynamic forces
is described. Third, this methodology is applied for a test case
emulating a BLI-type distortion and compared to the results ob-
tained with a high-fidelity bladed U-RANS computation. Finally,
the body force methodology is used for the study of the forced re-
sponse due to two other inlet distortion cases: the ground vortex
and the flow separation.

FORCED RESPONSE FRAMEWORK
Structural modelling

The equation of the dynamics of a linear structure can be
written in a general way as follows.

Mẍ+Dẋ+Kx = Fa(x, ẋ) (1)

With x the displacement vector, M the mass matrix, D the damp-
ing matrix and K the stiffness matrix. The vector Fa represents
the aerodynamic forces acting on the structure. The matrices are
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usually obtained by finite element modeling. In the case of com-
plex geometry such as a fan blade, the system may have a large
number of degrees of freedom. In this situation, it is common
to use modal basis in order to drastically reduce the size of the
problem. To do so, an eigenvalue analysis is performed on the
equation without external forces and damping. The search for
eigenvalues results in Eq. (2). The eigenvalues ω represent the
pulsations of the system and the eigenvectors φ represent the
modes of the structure.

(K −ω
2M)φ = 0 (2)

The displacement of the structure can then be expressed as
a linear combination of the eigenmodes, see Eq. (3), where Φ is
the matrix of the eigenmodes and q the vector of the generalized
coordinates, i.e. the coefficients associated at each mode.

x = Φq (3)

The projection of the Eq.(1) into the eigenmode basis leads
to the modal equation of the dynamics :

µ q̈+β q̇+ γq = Ga f (Φq,Φq̇,) (4)

By construction, the generalized mass matrix µ = ΦT MΦ

and the generalized stiffness matrix γ = ΦT KΦ are diagonal.
Under Basile’s hypothesis, the generalized damping matrix β =
ΦT DΦ is also diagonal. It is then possible to separate the differ-
ent modes. The generalized coordinate associated to the ith mode
is given by the following equation:

µiq̈i +βiq̇i + γiqi = Ga f ,i (5)

The term of generalized aerodynamic forces of the mode i,
Ga f ,i, corresponds to the projection of the aerodynamic forces on
the modes, which gives under matrix notation :

Ga f ,i = φ
T
i Fa (6)

Decoupled approach
In order to solve the Eq. (5), it is common to use the princi-

ple of superposition which consists in separating the generalized
aerodynamic force term into a motion-dependent part Gd

a f ,i and

forcing term G f
a f ,i dependent to the distortion but independent of

the motion :

Ga f ,i = Gm
a fi(qi, q̇i)+G f

a f ,i (7)

The damping generalized aerodynamic forces are assumed
linear with the displacement and the velocity. This assumption
is generally valid for turbomachinery blades which are of high
density and stiffness and vibrate at low amplitudes. Finally, the
displacement of the blades is described by the Eq.(8) where A is
the aerodynamic stiffness matrix and B the aerodynamic damp-
ing matrix 1.

µ q̈+β q̇+ γq = Aq+Bq̇+G f
a f (8)

In the case of a fixed distortion in the absolute reference
frame, the aerodynamic forcing is periodic with a period of
Trot = 2π/Ω where Ω corresponds to the rotation speed of the
fan. The G f

a f term can then be decomposed into a Fourier series
as shown in Eq. (9).

G f
a f = ∑

k
Ĝ f

a f ,ke jkΩt (9)

The linearity of the equation Eq.(8) allows to solve each har-
monic independently. The generalized coordinate associated to
the harmonic k, q̂k, is then obtained by Eq.(10).

q̂k =
Ĝa f ,k

γ −A− (kΩ)2µ + jkΩ(β −B)
(10)

In a design phase it is common to neglect A because this
term is generally very small compared to γ . Moreover, the damp-
ing terms, β and B, only participate at the resonance, i.e. when
the excitation frequency is close to the modal frequency (kΩ ∼
ω =

√
γ/µ). Outside the resonance zone, the modal amplitude

associated with the kth harmonic can then be approximated by
Eq.(11).

|q̂k|=
|Ĝa f ,k|/µ

|ω2 − (kΩ)2|
(11)

The idea of the method developed in this work is to use a
body forces calculation in order to evaluate at a very low cost the
Ĝa f ,k term.

GENERALIZED AERODYNAMIC FORCES COMPUTA-
TION

The objective of this section is to detail the calculation of
generalized aerodynamic forces in the case of a fan subjected to
an aerodynamic inlet distortion.

1The index i is omitted for clarity.
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Bladed approach
The calculation of the aerodynamic forcing most often in-

volves a calculation of the entire wheel in the presence of the dis-
tortion. This one is classically imposed by using a fixed boundary
condition in the absolute reference frame. Due to the rotation of
the fan, the problem is unsteady. The temporal generalized aero-
dynamic forces are then obtained by projecting the aerodynamic
forces at each time step on the mode as illustrated by the follow-
ing equation:

G f
a f (t) =

∫
S
−p(t)(n.Φ)dS (12)

where n is the outward normal to the surface S of the blade.

Body force approach
All body force models rely on one key idea: replacing the

volume swept by the fan by a domain where source terms are
imposed. For this purpose, most body force models require a cal-
ibration process, usually through reference CFD results, to com-
pute the source terms [11–13] inside the body force domain. In
a design phase, it is preferable to keep calibration as light as
possible. It is for this reason that Thollet’s [13] improvement of
Hall’s [17] model has been chosen for the methodology devel-
oped in this paper.

Thollet’s reformulation of Hall’s model is given by:

fn = KM
1
2

w22π
δ

hb
(13)

fp =
1
2

w2

hb
(2C f +2πKM(δ −δ0)

2) (14)

where:

h =
H

cos(β )
(15)

H is the local distance between two blades along the tangen-
tial direction, w the relative fluid velocity vector, β the relative
flow angle and δ the deviation angle. fn and fp are respectively
the normal and the parallel component of the body force term f
with respect to w. b is the blockage factor defined as b = 1− e

H
with e the local thickness of the blade and is used to model the
metallic blockage phenomenon. fn models the blade loading due
to pressure forces and fp the different losses occurring in the
flow. Such model is based on an analogy with the lift and the
drag forces experienced by a thin airfoil. KM is a function of

the relative Mach number Mrel modelling compressible effects
and based on Prandtl-Glauert corrections for subsonic flows and
Ackeret corrections for supersonic flows:

KM =


min( 1√

1−M2
rel

,3) if Mrel < 1

min( 4

2π

√
M2

rel−1
,3) if Mrel > 1

(16)

C f is the skin friction coefficient and can be computed
through calibration to match reference data or defined analyti-
cally with empirical correlations. We choose C f = 0.0592Re0.2

x ,
which is the skin friction coefficient for a thin plate. δ0 is the
deviation angle of a body force calculation at nominal operating
point for a given engine speed and models off-design losses. It is
the only parameter requiring calibration. However, this calibra-
tion process is light as it requires only one body force calculation
for each speed line as long as we know the nominal point position
for a given regime.

The main idea behind Hall’s body force modelling is to di-
lute the blade loading between two blades along the direction
normal to the relative velocity w. A body force field is thus ob-
tained. To obtain a force per unit area, Defoe’s [16] approach
is used and consists in proceeding in the opposite direction: the
body force term is reconcentrated along the same direction. The
force per unit area fAbf on the blade camber surface is thus de-
fined as:

fAbf =−ρ fn

(
b

2πr
Nblades

cos(β )
)

n̂ (17)

where n̂ is the unit vector perpendicular to w and Nblades is
the number of blades in the fan. Only the normal component fn
is used as it contains the effect of pressure forces on the blade.
Since the body force methodology models the effect of the blades
on the flow, a minus sign is required to compute the loading of
the flow on the camber surface.

To compute the generalized aerodynamic forces, it is neces-
sary to know the mechanical modes φ on the camber surface. Fi-
nite elements calculations are then performed to compute those
modes for a given blade geometry. The results are then inter-
polated on the camber surface mesh using radial basis function
(RBF) interpolation methods which are relevant for the interpo-
lation of the unstructured finite elements mesh data on the struc-
tured CFD mesh of the camber surface. It should be noted that
the mechanical modes are computed on the whole blade geom-
etry and are interpolated only on the blade camber surface. This
can be justified under the assumption of a thin blade: the mechan-
ical modes variations along the blade’s thickness are negligible.

Knowing the mechanical mode on the blade camber grid,
the generalized aerodynamic modes of the i-th mode φ can be
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computed:

G f
a f =

∫∫
Scb

( fAbf ·φ)dS (18)

where Scb is the blade camber surface. The body force field
vector f computed with a steady RANS calculation is a func-
tion of the three cylindrical coordinates: x, r and θ . Using Eq.
(17), its possible to define a body force blade loading on each
grid point of the body force domain. Thus, knowing the posi-
tion of the blade with time and using a quasi-steady hypothesis,
the unsteady loading on the blade camber surface can be com-
puted. Mathematically, the unsteady loading is obtained with the
parametrization of the coordinate θ with respect to time:

fAbf(x, r, θ) = fAbf(x, r, Ωt +θ0(x,r)) = fAbf(x, r, t) (19)

where Ω is the angular velocity of the fan and θ0(x,r) a de-
phasing term depending on the blade geometry and taking into
account that the blade camber surface grid points do not nec-
essarily have the same tangential coordinate θ . Physically, it is
as if a virtual blade camber surface was rotating inside a non-
axisymmetric pressure field inside the body force domain. As a
consequence, the generalized aerodynamic force G f

a f in Eq. (18)
will also be a function of time.

EVALUATION OF THE METHOD
Test Case

This section presents the results of the application of the
body force method for the estimation of the aerodynamic loading
on a given fan geometry representative of UHBR configurations.
The mechanical model consists of a finite element model includ-
ing the blade root. The degrees of freedom associated with the
interface with the disk are clamped. The modes were computed
numerically with the finite elements software NASTRAN. The
first three modes studied in this work are shown in Fig 1. In or-
der to compute generalized aerodynamic forces, these modes are
interpolated on the camber surface using RBF interpolation with
the library Scipy.

For both the body force computation and the bladed com-
putation, numerical solution is obtained through the finite vol-
umes code elsA [18]. Spatial integration is performed with Roe
scheme. Smith k-L turbulence model is used to model Reynolds
tensor [19]. As the body force solution is steady and the bladed
solution unsteady, time integration is not performed with the
same schemes for the two methods. Backward Euler scheme is
used for steady computation. For the unsteady bladed calcula-
tions, a GEAR scheme is used with 10 subiterations.

The domain of the bladed computations is illustrated in Fig
2a. It includes the 18 blades of the fan. The mesh, generated with

(a) 1F : first bending mode

(b) 2F : second bending mode

(c) 1T : first torsion mode

FIGURE 1: y-component of the three first mode shape.

NUMECA AUTOGRID, has 43 million cells. The body force
calculation domain is shown in Fig 2b. The green part represents
the body force volume where the source terms are applied. It
was generated using an internal code and has 9 million cells. For
both the body force and blades computations, the minimum wall
distance is about 2 µm which results in y+ ≈ 1 using smooth
flat-plate boundary layer theory for the different speed regimes
studied in this paper. The outlet boundary conditions are set with
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(a) Bladed (b) Body force

FIGURE 2: Computational domain

Ω [rpm] Pi0 [Pa] Ti0 [K]

ground 2000 101325 288.15

flight 2680 33690 245

TABLE 1: Operating condition evaluated

a radial equilibrium defined by a pivot static pressure located at
the hub. The inlet distortion is imposed by using a subsonic in-
jection boundary condition, described by maps of total pressure,
total enthalpy, direction vector and turbulent quantities. For un-
steady calculations, an interpolation is performed to apply this
condition in the absolute reference frame.

Steady comparison
Two operating conditions are considered in this study and

are presented in table 1. The flight condition corresponds to a
typical case of cruise flight, while the ground condition corre-
sponds to a reduced regime when distortions related to the take-
off can appear. In order to study the fan characteristics and the
representativeness of the body force method, an iso-speed has
been evaluated on these two operating conditions without distor-
tion. For the bladed calculation, the iso-speed was performed on
a single sector while the body force calculation was performed
on an arbitrary azimuthal portion of 6 degrees. The stagnation
pressure ratio and isentropic efficiency are shown in Fig. 3 and
Fig. 4 as a function of the corrected flow rate W ∗

c described in
equation (20).

W ∗
c =

W
√

Ti0/288.15
Pi0/101325

Wc,re f
(20)

Regarding the stagnation pressure ratio, a very good agree-
ment is obtained in the ground case, but discrepancies appear in
the flight case. This is probably due to compressible effects, in

0.5 0.6 0.7 0.8 0.9 1.0

W *
c

1.1

1.2

1.3

1.4

1.5

P i P i
0

ground - Bodyforce
ground - Bladed
 flight - Bodyforce
 flight - Bladed

FIGURE 3: Comparison of stagnation pressure ratio between
body force and bladed configuration.

0.5 0.6 0.7 0.8 0.9 1.0

W *
c

η
0.05

ground - Bodyforce
ground - Bladed
 flight - Bodyforce
 flight - Bladed

FIGURE 4: Comparison of isentropic efficiency between body
force and bladed configuration.

particular the presence of shock at the blade tip which cannot
be modeled in the body force formulation. Regarding the isen-
tropic efficiency, the body force calculations show a good trend
but overestimate the values in both cases. In order to improve
these results, it is possible to calibrate the C f term. More pre-
cisely, Hall’s body force model is based on thin airfoil theory. As
such, it does not take into account the flow losses due to shocks,
flow separation and blade tip gap effects. One possible solution
for the body force model to reproduce those losses could be to
modify the C f coefficient to match the bladed data. However,
this is not the purpose of the method described here, which aims
to require as little calibration as possible.

In order to better identify the causes of the observed dis-
crepancies, a specific post-processing is used to extract the sur-
face force applied to the bladed camber surface in the case of a
bladed calculation, noted fAbl and defined Eq. (21) where pss is
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(a) Bladed (b) Body force

FIGURE 5: Component normal to the camber surface of f⃗A for
the flight condition and the point of maximum efficiency.

the pressure at suction side, pps the pressure at pressure side and
n the normal of bladed camber surface.

fAbl =−(pss − pps)n (21)

The distribution of force per unit area is shown in Fig. 5
for the body force and the bladed case. Significant deviations are
observed, especially in the upper part. The body force strongly
overestimates the force at the trailing edge. Similar results have
already been observed by Godard [15]. These discrepancies are
attributed to the inability of the body force methods to capture the
shocks. Even if the distribution is not very satisfying, the overall
steady behavior (i.e. without distortion) remains acceptable.

Unsteady comparison
In order to evaluate the estimation of generalized aerody-

namic forces using body force calculations, the stratified distor-
tion in total pressure, shown in Fig. 6, was used. This kind of
distortion is representative of a boundary layer ingestion config-
uration. Because of the stratified azimutal distorsion, the blade
experiences a periodic unsteady loading as it rotates over time.
U-RANS bladed calculations and body force calculations are run
to estimate this loading in such condition. The U-RANS bladed
calculations ran on 432 processors for 31 hours while the body
force calculations ran on 90 processors for 2 hours, which indi-
cates a CPU time ratio equal to 74.

Figure 7 shows the distribution of the harmonic content of
the unsteady force per unit area fA in bladed case and bodyforce
cases. The first three harmonics are shown. As for the steady
force, the bodyforce approach overestimates the levels at the
trailing edge. These discrepancies are probably due to the incapa-
bility of the body force method to capture the shocks, and there-
fore the impact of a distortion on them. Nevertheless, these levels

FIGURE 6: Stagnation pressure rate distortion map.

are only slightly higher than those observed at the leading edge
in the bladed case. It seems that the intensity of the fluctuations
is correctly reproduced but that their location is not. Moreover,
the rapid decrease of the harmonic content as a function of the
harmonic is very well captured by the bodyforce approach. The
spatial-frequency content of the generalized aerodynamic forces
distribution on the blade camber surface is plotted in Fig. 8 for
the mode 1F. The harmonic content in terms of amplitude of the
generalized aerodynamic forces distribution is obtained for the
first three harmonics. Qualitatively, both the body force calcu-
lation and the bladed calculation indicate that the effect of the
BLI-like distorsion can be felt at the top of the leading edge for
the first flexion mode. However, as the observation of the har-
monic content of the force per unit area fA on the camber surface
may suggest (see Fig. 7), the body force computations seem to
notably overestimates the generalized aerodynamic forces distri-
bution at the trailing edge. This overestimation can particularly
be seen for the first harmonic k = 1 in Fig. 8b.

The harmonic content of the generalized aerodynamic forces
of the first three mechanical modes is presented in Fig. 9. Despite
the differences observed in the distribution of Ga f , the harmonic
content of the mode 1F shows a good agreement between the
bladed computation and the body force computation. The ampli-
tude and the global trend are well reproduced by the body force
computation. Concerning the torsion mode 1T, the harmonic con-
tent is well rendered for the first three harmonics by the body
force method while the global trend is in line with the result of
the U-RANS bladed calculation. Finally, for the mode 2F, the
body force significantly overestimates the amplitude of the first
two harmonics. This can be problematic as it would lead to seri-
ously overestimates the stress on the blade and lead to unneces-
sarily strengthening the blade during the design phase. Nonethe-
less, the amplitude of the last harmonics is well reproduced by
the body force calculation while the global trend is satisfying.
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(a) k = 1 - Bladed (b) k = 1 - Bodyforce

(c) k = 2 - Bladed (d) k = 2 - Bodyforce

(e) k = 3 - Bladed (f) k = 3 - Bodyforce

FIGURE 7: Harmonic content of fA distribution on camber sur-
face.

APPLICATION ON OTHER DISTORTIONS

In this section, the method described above is used to evalu-
ate the generalized aerodynamic forces generated by two distor-
tions that can occur in the takeoff phases: the ground vortex and
inlet flow separation. The conditions correspond to the ground
conditions described in Table 1. Fig. 10a illustrates the case with
ground vortex, through the visualization of non-dimensional total
pressure map. The vortex is generated using the model of Vatis-
tas [20] detailed in Eq. (22) in the frame relative to the center of

(a) k = 1 - Bladed (b) k = 1 - Bodyforce

(c) k = 2 - Bladed (d) k = 2 - Bodyforce

(e) k = 3 - Bladed (f) k = 3 - Bodyforce

FIGURE 8: Harmonic content of generalized aerodynamic forces
distribution on camber surface for mode 1F.

the vortex.

vt =
Γ

2π

r
r2 + r2

c
(22)

The circulation Γ is chosen at 50 m2/s and the radius of
the non-dimensional vortex is r∗c = rc

D = 0.22 where D is the fan
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FIGURE 9: Harmonic content of generalized aerodynamic forces
for the first nine harmonics.

diameter. The distortion is imposed through a subsonic injection
boundary condition at the inlet.

For the separation case, the distortion is imposed through a
mixed boundary condition, which consists in switching between
a subsonic injection condition and a subsonic outlet condition
according to the characteristic eigenvalues positiveness. Figure
10b shows the negative axial velocity isosurface which describes
the recirculation zone.

In these two cases, the flow is not axisymmetric and there-
fore causes an unsteady load on the blades. Fig. 11 represents the
frequency content of the G f

a f obtained for these two distortions.
The appearance of the spectra is similar for the three modes and
the two distortions: the amplitude decreases as a function of the
harmonic. It should be noted that the relative amplitude between
the two distortions is very different depending on the mode. In-
deed, the levels are similar for the 2F mode while the vortex leads

(a) Vortex case (non-dimensional total pressure)

(b) Flow separation case (iso-surface of negative velocity along x
axis)

FIGURE 10: Illustration of bodyforce computation with distor-
tion near ground

to levels much lower than those caused by the separation in the
case of the 1F mode and the 1T mode. The proposed method thus
allows to rank distortions at low cost.

CONCLUSION, DISCUSSION AND PERSPECTIVES
In this paper, a methodology to compute the unsteady aero-

dynamic loading of a fan due to the presence of distortion has
been proposed. This method is a body force approach allowing a
drastic reduction of the computational cost compared to the clas-
sical approach which consists in performing an unsteady compu-
tation of whole fan stage. Indeed, on the one hand the body force
mesh is relatively light because the blades are not meshed, and on
the other hand the problem becomes steady which simplifies its
resolution. A factor of 70 is observed on the CPU time. The force
field resulting from the body force calculation is post-processed
in order to get the loading applied on the camber surface of the
blade during its rotation. The projection of this loading on the
deformation modes, also expressed on the camber surface of the
blade, allows to obtain the temporal content of the generalized
aerodynamic forces. These forces can then feed a linear dynam-
ics calculation leading to the vibratory levels.
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|Ĝ
f a
g|

vortex

separation

(c) mode 1T

FIGURE 11: Harmonic content of generalized aerodynamic
forces.

The method has been evaluated on a case of boundary layer
ingestion on a fan representative of a UHBR configuration. Al-
though the local distribution of the forces differs significantly
between the body force method and a classical calculation with
a blade, the amplitudes of the frequency content of the general-
ized aerodynamic forces are relatively well captured for the three
modes studied. The discrepancies in the distribution are particu-
larly noticeable at the blade tip, where the compressible effects
are most pronounced. The failure of the body force models in
these areas with shock have already been highlighted [15]. Im-
provements of the body force model in this direction would al-
low a more accurate computation of the generalized aerodynamic
forces.

The method was then used to compare two types of distor-
tion that can occur during the takeoff phases: the ground vortex
and the inlet separation. The comparison of the amplitude of fre-

quency content shows that the inlet separation leads to higher
levels than the ones induced by the ground vortex on the 1F and
1T modes, and similar levels for the 2F mode. This illustration
shows the interest of this method in the design phases. Moreover,
the body force model used requires almost no calibration, which
is a very important point in the design phase.

The method explained in this paper allows to obtain an es-
timation of the aerodynamic forcing due to an aerodynamic dis-
tortion but does not allow to estimate the aerodynamic damping
caused by the vibration. This parameter has a determining impact
on the vibration levels obtained at a frequency coincidence. The
estimation at low computational cost of the aerodynamic damp-
ing remains an open subject today.
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