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Abstract: Three-dimensional throughflow models represent a turbomachinery cascade via a force
distribution without the need for detailed geometric modelling in the numerical solution, saving
consistent computational resources. In this paper, we present the application of a body force method
on an axial transonic fan implemented into an in-house tool for axisymmetric throughflow simula-
tions. By a systematic comparison of local and integral quantities with a validated numerical solution,
the capabilities and limitations of the model are discussed for different operating regimes. The im-
plementation is first validated at the peak efficiency calibration point, providing a good duplication
of blade flow variables and radial profiles. The design total pressure is matched with a 0.6% absolute
difference and a slightly higher slope of the characteristic towards the stall. The isentropic efficiency
curve is penalised after the choking mass flow rate calibration, presenting an absolute difference close
to 2%, although with a consistent off-design trend. In general, the model provides a satisfactory rep-
resentation of the flow field and the outflow spanwise distributions, with locally larger discrepancies
near the endwalls. Finally, the method is applied to simulate the fan and outlet guide vanes installed
into an isolated turbofan nacelle. The onset of intake stall at a high angle of attack is compared
between the body force and a boundary conditions-based approaches, highlighting the importance
of adopting fully coupled solution methods to study fan/airframe interaction problems.

Keywords: body force model; fan/airframe interaction; transonic fan; NASA/GEAE R4; throughflow
methods; UHBPR nacelle

1. Introduction

In the pathway of civil aviation towards carbon neutrality by the middle of the cen-
tury, one of the pillars of the global strategy to reduce the energy demand per flight and
abate emissions envisages important progress in aircraft and engine technology [1]. Among
them, future advancements in thermodynamic cycles and major changes in propulsion ar-
chitecture are expected to contribute significantly to the improvement of fuel efficiency, fore-
seeing a 30% reduction compared to the upcoming generation of single-aisle airplanes [2].
In terms of propulsive layout, the general trend clearly depicts a progressive tighter inte-
gration of the powerplant into the airframe, either in the case of podded engines with ultra-
high bypass ratio (UHBPR) and in more revolutionary concepts such as boundary layer
ingestion (BLI) or distributed electric propulsion [3,4]. In such a scenario, the modelling,
design, and simulation of aircraft propulsors becomes more challenging due to the complex
physics originating from the coupled flow field arising between the embedded engine and
the airframe [5]. Even for traditional configurations with underwing-mounted turbofans,
a closely coupled mounting position combined with the enlargement of the engine size and
the use of more compact nacelles enhance the installation effects, exacerbating the mutual
interference between the propulsor and the airframe aerodynamics [6].

In this context, the need to devise appropriate design and analysis tools that adequately
capture the engine/airframe interaction appears essential, since decoupled approaches
cannot inherently predict the real working point of the engine as a response to non-uniform
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boundary conditions in space or time [7]. When the inflow state is not statically supplied but
is a function of the solution itself, as in the scenario of BLI propulsion or at specific off-design
conditions for a podded engine, e.g., at high incidence or during crosswind, the turboma-
chinery operation is fully coupled with its installation. The aeropropulsive performance
is thus determined by the combination of the mass flow and thrust of the propulsor and
the interaction of the captured and ejected streamtube with the airframe.

Modelling this flow physics requires capturing the spatial and temporal scales of the
coupled turbomachinery flow by employing unsteady Reynolds-averaged Navier–Stokes
(URANS) simulations. However, in this field, their extensive use appears unaffordable
due to the excessive computational time. For this reason, in the last twenty years, several
classes of simplified approaches for the approximate representation of axial cascades have
been devised, following early ideas on blade models and exploiting computational fluid
dynamics (CFD) capabilities. Regardless of their accuracy and complexity, they are all
based on replacing the metal blades of the cascade with a force distribution corresponding
to the average overall reaction exchanged. In this way, the effect of the blades on the flow
is reproduced without a detailed geometric modelling, thus enabling their use for complex
installed simulations or at the design level.

Three-dimensional throughflow, more often called body force models (BFM), are
a formal extension of axisymmetric methods, where the prescribed force distribution
is redistributed over the full annulus as a space-varying function. In this way, although
mathematically derived from a circumferential-averaged flow field, they can be used
to study three-dimensional phenomena that are obtained by superimposing point-by-point
an axisymmetric solution. In the literature, several formulations for axial fans developed
to study fan/airframe interactions can be found according to the expression of the local
force. Gong [8] derived an explicit relation for the force responsible for flow turning
based on a pressure balance for a two-dimensional staggered flat plate cascade and a cross-
passage momentum balance. Calibration coefficients from experimental data were used for
proper scaling.

Peters [9] improved Gong’s model by adding several modifications to the force defini-
tion, extraction, and calibration. The model was devoted to study short intakes for a low-
pressure ratio fan and was extensively compared to URANS, showing a good agreement
with the higher fidelity approach [10]. Hall [11] proposed a modified Euler model with flow
turning based on geometric and flow variables only, with no need for calibration, showing
that the dominant source of flow redistribution for non-uniform fields occurring in BLI
engines is inviscid and was captured by its BFM [12]. Akaydin [13] employed Hall’s model
on a NASA R4 SDT fan and TF8000 propulsor installed on the D8 BLI aircraft, finding qual-
itative agreement with experimental data. Thollet provided one of the most comprehensive
evaluations of different BFM versions, comparing Peters’ with Gong’s models and showing
the influence of metal blockage and pressure force terms [14–16]. He proposed a variant
of Hall’s model that was used to assess fan operation under inlet distortion [17,18] and
a new formulation based on a lift/drag analogy. This model, called L/D, was employed
in different studies pertaining to fan/airframe interaction, such as crosswind [19], nacelle
intakes [20–22], and installation effects [23].

In semi-explicit formulations, explicit equations are supplied with interpolation-based
data to improve the accuracy of the calibration, as in [24–27]. Recently, Pazireh [28]
employed an artificial neural network (ANN) interpolating data for momentum thickness
obtained with MISES to express the viscous blade loss without the need for calibration.

Implicit models employ a time-evolved differential equation to compute the magni-
tude of the force. Cao [29] proposed a so-called immersed boundary with smeared geome-
try (IBMSG) method, where the relative velocity is constrained to be parallel to the local
wall surface that is virtually represented by the blade mean camberline. The model was
employed to study inlet-fan interaction with a short intake by Cui [30].

Body force models have been shown to replicate some mechanisms of distortion
transfer, flow redistribution, and nonuniform work input into the fluid in fans, providing
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a two-order-of-magnitude faster response compared to URANS [31–33]. However, accord-
ing to the specific variant considered, the qualitative and quantitative agreement can be
different, making it more difficult to judge in advance their real fidelity without a complete
validation. Moreover, comparisons are often limited to integral metrics. In this paper, we
discuss the capabilities of the L/D model of Thollet applied to a transonic fan, illustrating
the implementation process and the reproducibility of reference data obtained through
3D CFD. Compared to other explicit BFMs, the L/D requires a simpler calibration, can
be easily included in flow solvers, and has been proven to provide good accuracy and
resolution. In the article, we included the BFM into an in-house axisymmetric flow solver
developed to study throughflow methods and present a validation against 3D CFD and
experimental data, examining local and integral variables to illustrate the quantities and dis-
tributions that are naturally duplicated and the aspects in which it is still deficient. Finally,
we show an application to engine/airframe coupling in the case of an isolated turbofan
nacelle operating at high-incidence to highlight the significance of capturing the physical
interaction between the fan and the airframe and the potentially large discrepancies arising
with decoupled engine models.

2. Methods

As mentioned in the introduction, the throughflow approach consists of replac-
ing the turbomachinery blades in the computation with a force distribution that rep-
resents the momentum and energy transfer between the fully three-dimensional flow and
the circumferential-averaged field. In an axisymmetric body force simulation, therefore,
source terms are added to the Navier–Stokes equations to produce a solution that resembles
the pitchwise-averaged three-dimensional field obtained in a standard blade row simu-
lation. The exact correspondence depends upon the force formulation and the neglect
of higher-order terms in the averaging process [34–36]. In the paper, we compare BFM
predictions of single-passage 3D CFD simulations by examining the reproducibility of blade
flow quantities over the operating range of a high-bypass transonic fan.

The BFM solution was obtained by solving the axisymmetric Navier–Stokes equations
with source terms:

∂U
∂t

+∇ · (Hc −Hv) = F + B (1)

where U = {ρ, ρuz, ρur, ρuθ , ρe} is the conservative variable vector. Hc, Hv are the con-
vective and diffusive flux tensors. F is the blade force vector, whose expression depends
on the model employed. B collects the terms related to the metal blockage b, which accounts
for the reduction of the passage area caused by the blade, and it is a purely geometric factor.
It is defined as:

b =
θss − θps

2πZ
(2)

where θss and θps are the suction and pressure side circumferential angles of the blade,
respectively, and Z is the number of blades in the row. It ranges from 1.0 outside the merid-
ional blade projection to lower than one on the blade region and is needed to correctly
reproduce the choking mass flow rate in the transonic regime [14,37,38]. In an axisymmetric
flow solver, an additional source term S can appear after applying the divergence theorem
in cylindrical coordinates. The complete form of the equations and the source terms is given
in Appendix A and is further discussed in [39].

2.1. Body Force Model

The aim of the body force modelling is to provide an equation for F, which can
be expressed as a normal and a parallel component in the relative velocity field [40].
The normal component is responsible for the turning of the relative streamline, whereas
the parallel component acts to increase entropy, as seen in Figure 1.
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Figure 1. Blade geometric parameters and forces acting on the axisymmetric flow field. The normal
component turns the streamlines, the parallel component increases entropy and adds losses.

In the L/D model of Thollet, the forces take the following equations:
fn =

2πσ

h
(

β− β0
n
)
W2

fp =
Kp

h
W2

(3)

They both scale with the squared relative velocity magnitude W. The normal force fn

is proportional to the deviation of the local relative flow angle β = atan
(

wθ

wz

)
from a refer-

ence angle β0
n. The parallel force depends on the loss coefficient Kp:

Kp = K0
p + 2πσ

(
β− β0

p

)2

It forms a loss bucket around a reference angle β0
p equal to the distribution of β

at the peak efficiency point. In this way, the minimum loss is set by K0
p. The calibration

requires computing the local fields β0
n, β0

p, and K0
p in the blade region. The additional

geometric quantities involved are the staggered spacing h and the mean camberline angle κ:

h =
2πσrcos(κ)

Z

tan(κ) = r
∂θm(z, r)

∂z

with θm(z, r) being the surface describing the mean camber in the meridional plane and
σ being the blade solidity equal to the chord-to-pitch ratio. The application of the model
requires, therefore, the complete knowledge of the blade geometry to derive these quantities
and the metal blockage b. In addition, the calibration coefficients must be externally
supplied. They are derived by inverting the force expressions at the peak efficiency point,
with their value to be computed according to the force extraction method. Once calibrated,
Equation (3) is employed on a cell basis inside the blade region to calculate the fn and
fp magnitude.

2.2. Force Reconstruction

Figure 2 summarises the workflow developed to obtain the force distribution on the
blade and consequently the model input parameters. The blade is first simulated using
a standard 3D single-passage steady approach. The solution is then circumferentially
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averaged and reduced to a bidimensional field on the meridional plane, whose support
is a background mesh. In our implementation, a pre-processing module automatically com-
putes the required blade geometric features and smoothly interpolates them from the back-
ground to the meridional body force mesh. The blade forces are isolated from the source
terms of Equation (1), and finally, the model equations are inverted locally to obtain the un-
known calibration fields. This procedure is only employed in the blade region, i.e., no force
is applied in the tip clearance.

Circumferential
average

Interpolation on BF 
meshForce extraction

Meridional plane

BF region

Figure 2. Force extraction work flow.

In the BFM solution, conversely, fn and fp are calculated on a local basis and sup-
plied to the flow solver as source terms. Such decomposition comes from the 2D airfoil
cascade theory, and in a three-dimensional solution, the parallel direction is uniquely
defined, but the normal is not. The radial component can be set using the lean angle
as − fn,θtan(lean) [16,38], as in the original L/D version. However, this decomposition
alters the total force magnitude.

In our implementation, fn is treated as a three-dimensional vector and applied
normally to W on a plane that is also normal to the local camber surface, preserving
the modulus given by Equation (3). The side of the normal is determined from the sign
of fn, and the turning force points towards the blade concavity when positive to curve
the streamlines.

With the calibration coefficients computed from the force reconstruction approach,
the BFM has an explicit form that can be supplied as a source term in the balance. In our
research, we developed a stand-alone tool to study throughflow methods for compressors
that is called ANTARES (A Navier–Stokes Tool for Axisymmetric Rapid Engine Simulation).
The flow solver employs an unstructured cell-centred second-order finite volume approxi-
mation and explicit time stepping. A high-resolution limiter is employed for convective
fluxes [41], reconstructed via Roe [42] or HLLC [43] Riemann solvers. Diffusive fluxes
are computed via a corrected centred approach [44] with least-square gradient reconstruc-
tion [45]. Local time-stepping and implicit residual smoothing are used for steady-state
acceleration. RANS axisymmetric BFM simulations used the Spalart–Allmaras turbulence
model [46,47].

2.3. Validation Test Case

The L/D model of Thollet implemented in ANTARES was validated for the NASA/GEAE
R4 transonic fan rotor. This geometry represents a modern high-bypass fan design that
has been studied in a large series of experiments for the source diagnostic test (STD)
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aeroacoustic programme collecting a valuable set of wind tunnel data [48–50]. The same
configuration has been used by other authors, and in particular by Thollet to develop
its BFM [16], allowing for a direct comparison. The rotor and outlet guide vanes (OGV)
characteristics are summarised in Table 1.

Table 1. NASA/GEAE R4 characteristics.

Fan OGV Baseline

No Blades 22 54
Aspect Ratio 2.0 3.51

Hub/Tip ratio 0.30 0.50
Chord (mm) 91.694 39.878

Solidity 1.73 1.52
Stagger (deg) 37.10 10.29

tmax/c tip 0.028 0.0698

In order to obtain the reference 3D solutions to be post-processed to extract the
circumferential-averaged flow field and the force distribution, a CFD model for the NASA
R4 turbofan was first validated. The analyses were carried out using the commercial
software ANSYS CFX [51], a node-centred finite volume solver with shape function so-
lution reconstruction. The blades were meshed with a structured multi-block topology.
A sample grid of the ducted rotor case is shown in Figure 3. The mesh selection was
derived from a sensitivity study on its size based on three levels of refinement using
the grid convergence index (GCI) [52] to monitor the convergence of performance metrics.
All the finest grids with 2.7M nodes per passage was used to simulate the fan, having
a GCI21

f ine � 0.1% on the isentropic efficiency. It featured a resolved boundary layer
with y+ < 1 and a wall-normal growth rate below 1.16. Solutions were obtained with
the Spalart–Allmaras turbulence model [46] using second-order flux reconstruction with a
high-resolution Barth and Jespersen [53] limiter for advective terms.

Figure 3. Ducted rotor mesh sample.
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The characteristic maps obtained with the CFD for the rotor alone configuration
at the design rotational speed are shown in Figure 4 together with the NASA 9×15 ft wind
tunnel data. The abscissa m∗ indicates the mass flow rate normalised with the design value
ṁ/ṁdesign. The CFD is able to adequately duplicate the experimental curves, with a close
agreement of isentropic efficiency ηiso and a slightly underpredicted total pressure ratio
(TPR) towards the stall.
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(a) TPR and TTR
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Figure 4. Rotor-alone characteristic maps for CFD and experiments.

The simulation of the complete fan with OGV stage is compared with experimental
data in Figure 5. The rotor maps in Figure 5a show that the TPR is predicted with an almost
constant –1% value, whereas at a lower mass flow rate, a 0.5% positive offset of efficiency
is present. Downstream of the OGVs, Figure 5b, ηiso is conversely 1% higher than in experi-
ments, whereas a smaller error in TPR is present at design mass flow. The reason for such
discrepancies is attributed to slightly different inflow profiles generated by the experimental
inlet that were not reproduced in the ducted computational configuration.

0.95 1 1.05
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1.45

1.5

1.55

1.6
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R
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0.9

0.95

2
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(a) Rotor
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R
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0.86

0.88

0.9

0.92

2
is
o

Exp.
CFD

(b) Stage

Figure 5. Fan and OGV stage characteristic maps a Nc = 100%.

Among wind tunnel experiments, in fact, the stage was tested when installed in a flight
model nacelle exposed to a freestream flow. The same condition was replicated in the nu-
merics, simulating a single point at take-off, for which spanwise profiles and laser Doppler
velocimetry (LDV) data had been collected. Table 2 summarizes the simulation and wind
tunnel data, showing a close agreement for all reported parameters.
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Table 2. NASA/GEAE R4 fixed-nozzle take-off operation. Comparison of CFD result and wind
tunnel measurements.

ṁ [kg/s] TPR TTR ηiso

Exp. 44.09 1.511 1.136 91.7 %
CFD 44.07 1.510 1.1357 92.1 %

The circumferential-averaged spanwise profiles of total pressure, total temperature,
and isentropic efficiency downstream of the rotor blade for this operating point are depicted
in Figure 6 for the CFD and two wind tunnel data, collected in the NASA 9×15 ft and W8
facilities using total pressure and total temperature rakes. Figure 6a proves a good match
to the experimental profile for both datasets. The reported experimental uncertainties
for the W8 tunnel are ±0.7% on pressure rise and ±3.5% on adiabatic efficiency. The nu-
merical isentropic efficiency distribution in Figure 6b falls within the uncertainty band,
confirming a sufficiently accurate estimation.

0 0.5 1
span

1.35

1.4

1.45

1.5

1.55

1.6
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R 

[-
]

1.1
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R 
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]

CFD
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(a) Total Pressure and Total Temperature ratio

0 0.5 1
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0.75

0.8

0.85

0.9

0.95

1

2
is
o

CFD
Exp. 10x15
Exp. W8

(b) Isentropic efficiency

Figure 6. Comparison of experimental and calculated circumferential-averaged spanwise profiles
downstream of rotor blade for fan+OGV single-point take-off operation.

The shock structure on a constant radius section at 89% of the span is illustrated
in Figure 7. The experimental visualisation based on laser Doppler velocimetry (LDV)
presents a detached bow shock that emanates normally along the passage from the suction
side at mid chord and is curved in front of the next blade’s leading edge. The maximum
Mach number of about 1.35 is reached after the suction side expansion from the leading edge.
The shock structure is reproduced in the CFD, with the bow shock stand-off and the passage
shock impingement location close to the experimental one. Overall, the combination
of global and local quantities in the comparison validates the CFD method for the single-
passage simulations that were used as a data source to build the body force model.
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Figure 7. Comparison of CFD and experimental relative Mach number distribution on a constant
radius section 263.1 mm from the axis for single-point take-off operation.

3. Results

The BFM implemented in ANTARES for the NASA/GEAE R4 fan is here discussed,
presenting the correspondence with the reference CFD data at different operating points
along the design speedline. In the comparison, the evolution of local flow quantities along
the blade region is assessed for the circumferential-averaged 3D field and the axisymmetric
BFM prediction. Ideally, these two solutions should be equal, but in practice, they differ due
t possible data loss or errors introduced in the interpolation and averaging procedures and
the lack of higher-order terms accounting for turbulent mixing and aerodynamic blockage.

3.1. Peak Efficiency Calibration Point

The first analysis was conducted at peak efficiency, which is the calibration point where
the unknown fields β0

n, β0
p, and Kp are extracted. The agreement between the BFM and

the averaged CFD indicates the validity of the force extraction and inclusion of the source
terms into the flow solver. Figure 8a depicts the blade contours of axial velocity. The spatial
distributions are a good match, with only a slightly higher acceleration before the smeared
shock predicted by the BFM. This could be due to insufficient blockage, as only the metal
one is modelled, but the boundary layer growth caused by the impinging shock, that
produces aerodynamic blockage, is only partially included as a deviation effect on the β0

n
factor but not as a true reduction of the flow capacity. The radial velocity field, depicted
in Figure 8b, also presents very similar features that were obtained thanks to the three-
dimensional normal force decomposition, giving a more consistent result compared to set-
ting the radial component as − fn,θ tan(lean).

The absolute circumferential velocity uθ is illustrated in Figure 9a, whereas the relative
flow angle β is shown in Figure 9b. The absolute tangential velocity turning is an indicator
of work input and is correctly applied in the BFM. The tip and hub trailing edge corner
structures are clearly visible in the body force swirl velocity contours. The close prediction
of β is very important in order to supply the flow with the correct force magnitude,
as the model equations are heavily based on this flow parameter. This makes sure that
most aerodynamic and thermodynamic variables can be accurately reproduced across the
blade region.
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Figure 8. Velocity contours on the blade for reference CFD solution and baseline body force model
at peak efficiency.
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Figure 9. Absolute circumferential velocity and relative swirl angle contours on the blade for reference
CFD solution and baseline body force model at peak efficiency.

Overall, the blade flow quantities so far compared prove that the L/D model was able
to reproduce quite accurately the circumferential-averaged flow field obtained from the
single-passage 3D CFD simulation in the calibration point. It is also important, however,
to examine the bulk effect and in particular the distributions downstream of the cascade
that contain the full history of the external work applied to the fluid by the rotating blades
through the body forces. The spanwise profiles of TPR and TTR downstream of the
rotor blade are reported in Figure 10. The curves are well overlapped with the reference
solution and show that they qualitatively replicate endwall phenomena. At the tip, TTR
is overpredicted as a result of excessive flow turning and higher work input. The efficiency
profile of Figure 10b confirms a good point-to-point correspondence far from the endwalls.
Here, its value is overestimated over a portion close to the hub where the CFD losses
are higher.
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Figure 10. Spanwise distributions downstream of rotor blade for reference CFD solution and baseline
body force model at peak efficiency.

3.2. Off-Design Performance

After validating the implementation and the model capabilities at the peak efficiency
calibration point, the off-design performance was assessed. In its derivation, Thollet found
that despite the use of a metal blockage, its L/D model overpredicts the choking mass flow
rate due to an excessive normal force magnitude variation. As a remediation, he proposed
to modify the normal force coefficient β0

n according to the rule: fn =
2πσ

h
(

β− C(s∗) β0
n
)
W2

C(s∗) = max{1 + C0(1− 2s∗), 1}
(4)

where s∗ is the streamwise coordinate going from 0 at the leading edge to 1 at the trailing
edge. The C(s∗) linear term therefore reduces the difference

(
β− β0

n
)

and thus the normal
force in the first part of the blade. The offset constant C0 must be found in order to match
the choking mass flow rate. This modified version of the BFM will be referred to as
calibrated, as opposed to the baseline, i.e., without the β0

n modification.
Figure 11 illustrates the characteristic maps for the NASA R4 rotor-alone case obtained

with the baseline and the calibrated body force model. Without the normal force mod-
ification, the total temperature and total pressure are slightly overpredicted at the peak
efficiency point, whilst the efficiency is quite close. Conversely, the choking mass flow
rate is 3% larger than the CFD calculation. The calibration procedure greatly improves
the choking flow rate matching and brings the TTR and TPR closer to the reference curves
and the experimental points. However, a known drawback is that the efficiency curve
is shifted vertically by around 2%.
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Figure 11. Fan characteristic maps using baseline and calibrated BFM vs. CFD reference solution and
experimental data.

The choking mass flow calibration, despite improving the prediction of the integral
characteristic parameters, alters the original force distribution over the blade along the en-
tire speedline, thus also changing the work input and the losses introduced. Figure 12
illustrates the blade contour of the axial velocity near the choke for the reference CFD
solution, the baseline, and the calibrated body force model. The smeared shock in the BF
solution has a higher intensity compared to the CFD, especially at mid-span, and the result-
ing exit velocity is larger. The normal force calibration further magnifies the shock strength,
with a larger velocity jump past mid-chord, where the shock appears, and a reduced exit ve-
locity. The net effect is a lower axial momentum that amounts to a decreased mass flow rate.
However, the correspondence occurs only in integral terms. Figure 13a reports the spanwise
distribution of absolute (α) and relative (β) swirl angles downstream of the rotor, indicating
an offset of around 5◦ in α above 50% of the span and a larger overturning near the tip, with
a slight effect of the choking calibration that is more evident in the near-tip β distribution.
The TPR profile of Figure 13b highlights a large overprediction of the total pressure rise
from 40% to 95% of the span, with a worsening near the tip after the calibration. A similar
effect appears in the efficiency curve that replicates only qualitatively the reference solution
but overestimates the tip region losses.
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Figure 12. Axial velocity contours at near-choke for reference CFD solution, baseline, and cali-
brated BFM.
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Figure 13. Spanwise distributions downstream of rotor blade at near choke for CFD, baseline, and
calibrated body force model.

Opposite to the choking condition is the near-stall point. The characteristic maps
of Figure 11 indicate that the body force model overpredicts the TTR and TPR curves
slope towards the stall, regardless of the choke calibration. Figure 14a reports the absolute
tangential velocity uθ contours for the CFD and the calibrated BF model. In the first, a large
tip structure trace is evident, with a high tangential velocity region that is not present
in the latter. The BF values at the trailing edge are shifted towards the tip compared
to the reference solution, but the profile is generally similar. The total pressure ratio
distribution in Figure 14b presents an analogous behaviour, with a qualitative agreement
but a larger compression for the BFM above 80% of the span.
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Figure 14. Blade contours at near-stall for reference CFD solution and calibrated BFM.

Constant span cuts of work coefficient ψ = ∆H0/U2
tip, shown in Figure 15a, further re-

veal a consistent streamwise variation predicted by the BFM. The work coefficient in the first
50% of the chord at 90% of the span is lower than the CFD, showing a kink that is not
found in the BF, where the exit value is slightly larger for all span sections. The relative
tangential velocity wθ distribution at the same locations, Figure 15b, confirms a good match
of the flow angles, seen also in the previous working points analysed.
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Figure 15. Streamwise profiles at near stall for reference CFD solution and calibrated BFM.

Spanwise profiles downstream of rotor blade are depicted in Figure 16. The total
pressure ratio of Figure 15a presents a close match up to the mid-span, apart from a local
minimum near 5% of the span coming from the peak efficiency force distribution and lost
in the CFD solution. On the upper half of the blade, the total pressure shape is almost
linearly offset until reaching a peak, despite having a greater value that occurs in the correct
position. The total temperature profile, in the same figure, is less close and smoother than
the CFD one, with a good match in the tip region. The TPR and TTR discrepancies are well
visible on the isentropic efficiency profile of Figure 15b. The shape differs from the CFD,
and also its integral falls slightly below, as already reported in the maps of Figure 11b.
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Figure 16. Spanwise profiles downstream of rotor blade at near-stall for reference CFD solution and
calibrated BFM.

Overall, also at near-stall, some flow parameters are captured in both shape and
magnitude on a region of the blade, such as the flow angles and the work coefficient, whilst
other are only approximately reproduced. It must be considered that either the choke
calibration somehow arbitrarily alters the force distribution, affecting the leading-to-trailing
-edge evolution of the flow, and it is unlikely that the body force model is able to closely
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capture the force change from peak efficiency to this troublesome operating point, where
the tip treatment is also likely to have an influence.

A general overview of the axisymmetric BFM flow field for the rotor alone compared
to the circumferential averaged CFD solution across the speedline is presented in Figure 17
in terms of absolute Mach number. At peak efficiency and choking, the smeared shock wave
is strengthened in the BFM by the normal force modification, especially at the highest mass
flow, where the spanwise profiles downstream of the blade are also not closely matched.
At near-stall, the CFD averaged solution features a shock region close to the leading edge,
which is absent in the BFM. The outflow distribution, as in the peak efficiency point, appears
to be better reproduced.
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Figure 17. Mach number contours for ducted rotor-alone case at different operating points.

The sensitivity of the body force model to an axisymmetric change of inflow conditions
was also assessed by imposing a pre-swirl of +5° and −5° to the incoming flow. Table 3
summarizes the performance index results obtained near the design point. A negative swirl
drives the fan towards the stall due to an increased incidence, and vice versa, a positive swirl
generates a lower incidence and shifts the operating point towards choking. The difference
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between the BFM and CFD is of the same magnitude as for the axial inflow case previously
described for the positive swirl, while a larger discrepancy is found for the negative swirl,
especially in terms of isentropic efficiency. A closer inspection of the results reveals that
local deviations persist in terms of outflow profiles. Figure 18 compares the spanwise
distribution of the flow and work coefficient downstream of the rotor blade between
the CFD and BFM solution. Confirming the integral results, the flow coefficient φ is better
captured for a positive swirl, whilst for the negative swirl, a higher velocity region is found
between 80% and 90% of the span. In both cases, the work coefficient is overpredicted
in the upper half of the blade, with a noticeable overshoot on the tip.

Table 3. Swirl flow calculations near peak efficiency.

Model Swirl [deg] ṁ [kg/s] TPR TTR ηiso

BF +5 47.465 1.478 1.133 0.890
CFD +5 47.276 1.474 1.129 0.906

BF −5 44.653 1.452 1.123 0.916
CFD −5 44.476 1.448 1.119 0.934

0 0.2 0.4 0.6 0.8 1
span

0.2

0.25

0.3

0.35

0.4

A

0.2

0.3

0.4

0.5

0.6

?

CFD
BF

(a) Swirl +5°

0 0.2 0.4 0.6 0.8 1
span

0.2

0.25

0.3

0.35

0.4

A

0.3

0.35

0.4

0.45

0.5

?

CFD
BF

(b) Swirl –5°

Figure 18. Spanwise distributions downstream of rotor blade of work and flow coefficient for pre-
swirled flow near peak efficiency.

3.3. Fan+OGV Stage

As a final comparison case, the body force model previously described was built
for the complete fan with OGV stage. The same procedure developed for the rotor was
applied to the stator, i.e., extracting force data from the minimum loss point of 3D single-
passage row simulations to obtain the calibration coefficients. The only difference involved
the normal force modification, which was used only for the rotor.

The engine was simulated with a choked nozzle to reproduce a cruise condition.
The single-point operation Mach number is depicted in Figure 19, where a similar dis-
tribution for the two models can be appreciated. The local differences in the fan blade
are due to the normal force modification already discussed. In the stator blade region,
the CFD circumferential-averaged solution highlights the presence of hub corner separation
at the trailing edge, seen by the sudden growth of the low-Mach region on the endwall
before the blade exit. The velocity deficit begins in the second part of the chord at low
span and continues downstream, up to the nozzle restriction where the flow reacquires
its full velocity distribution. This feature is also present in the BFM field, although with
a different development. In fact, it originates earlier and has a higher thickness. By ex-
amining the angle distribution downstream of the OGVs, shown in Figure 20a, it can be
noticed that the stator has a large underturning near the endwalls, with a residual swirl
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of about 2.5◦. Whilst the tip underturning is well-matched by the BF model, the hub is not
as a consequence of a lower axial and circumferential velocity, with the difference in α
being up to 1.5◦. The effect of this behaviour can also be seen in the TPR and TTR profiles
downstream of the OGV, reported in Figure 20b. At up to 40% of the span, the total pressure
predicted by the BFM is below the reference solution of about 2.5% in absolute value, whilst
it is slightly above at a higher span. Overall, the curve shape is well-replicated. The situ-
ation for the TTR, entirely depending on the rotor, is symmetric, with the tip overshoot
already seen.

In terms of integral quantities, the single-point operation results are summarised
in Table 4. The mass flow rate predicted by the BF computation is 0.2% higher relative
to the CFD calculation. TPR and TTR are also closely matched. However, the slight
difference results in an efficiency underprediction by 1.4% in absolute terms.

CFD

0.2 0.4 0.6 0.8

Mach

BF

Figure 19. Mach number distribution for fan+OGV stage with CFD (left) and BF model (right).
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Figure 20. Outflow radial profiles for fan+OGV stage.

Table 4. Integral performance indexes of fan+OGV stage for CFD and BFM models.

ṁ TPR TTR ηiso

(BFM-CFD) 0.091 −0.001 0.002 −0.014
(BFM- CFD)/CFD [%] 0.20 0.068 0.177 −1.55

3.4. Installed Engine Operation

In this section, an applicative example of the use of the BFM to study fan/airframe
interactions is presented. As outlined in the introduction, a purpose of these methods
is to enable coupled flow simulations where the interaction is modelled in a physically
consistent way, as opposed to decoupled approaches. In the latter, the fan operates irre-
spectively of the flow past the inlet and exhaust, which can lead to inaccurate prediction
of aeropropulsive performance at severe off-design conditions or in tightly integrated
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configurations. In this example, an isolated nacelle of an ultra-high bypass ratio turbofan
is simulated using a boundary conditions (B/C)-based approach and a BFM representation
of the fan with the OGV stage. The two models are compared at take-off with M = 0.25
and an angle of attack α = 12◦ and 24◦. In the B/C solution, the fan face was represented
as a mass flow outlet, and the bypass and core nozzle inlet planes as pressure inflows,
with stagnation parameters specified. The domain included the complete turbofan with a
nacelle cowl, exhaust, and pylon and the freestream region delimited by a farfield bound-
ary. The BFM was implemented in the commercial software Ansys Fluent [54] to solve
the three-dimensional problem. For the B/C, only half of the domain was simulated,
exploiting the geometric symmetry, whereas the full shape was needed for the BFM due
to the non-axisymmetric engine response. Further details of the computational set-up
are given in [55], where different nacelle geometries are examined. Here, the focus is on
illustrating the different solutions obtained with a standard and a flow-coupled approach.

At α = 12◦, the Mach number distributions reported in Figure 21a appear well-
resembling. The flow past the external cowl is duplicated by the inlet mass flow matching.
The moderate incidence allows for an attached flow over the intake. On the exhaust,
the stage radial profiles in the BFM respond to the inflow and outflow conditions, pro-
ducing an uneven distribution of stagnation parameters. Despite the apparent goodness
of the kinematic similitude, the net thrust delivered by the turbofan was measured to be
2.18% higher in the B/C relative to the BFM as a result of a slightly different wall force
distribution. In fact, the match occurred only on average, since the inflow and outflow
parameters were specified as even fields. When facing a more severe condition beyond
the maximum wing Cl at α = 24◦, Figure 21b illustrates a totally different situation: the in-
take was deeply stalled in the B/C, whereas the flow remained attached in the BFM.
It is well known, in fact, that the effect of the fan is to react to a nonuniform incoming
pressure field and impose an upstream flow redistribution attenuating the lip separation.

In the B/C model, the mass flow at the fan inlet is set as a boundary condition.
Therefore, it is equally achieved for a converged simulation regardless of the incoming
distribution. This means that the upper part of the fan inlet receives a huge mass flux
to compensate for the detachment on the lower part, giving rise to a much higher velocity
inside the inlet duct. Equivalently, the discharged flow is insensitive to the fact that the rotor
is operating with a prohibitive distortion, and the stagnation parameters remain the same
as the previous angle of attack.

In the BFM simulation, the solution is fully coupled between the fan stage and the air-
frame flow, and no separation is produced on the lip. Both the static pressure at the fan
face and the distribution of the stagnation parameters and velocity on the bypass nozzle
inlet are the result of this coupling, where the final mass flow depends on the equilibrium
point reached along the iso-speed characteristic curve. In fact, despite the degraded flow
in the B/C, the predicted net thrust was 8.95% higher than the BFM. The reason is that
as α increased, all boundary values remained unchanged as if the engine were operat-
ing in a clean condition; therefore, the mass flow did not reduce, the nozzle continued
to produce the nominal thrust, and the intake stall altered the surface forces.

The example clearly demonstrates that when the physical interaction of the airframe
and the propulsor becomes relevant, traditional approaches can provide deceptive, yet
convergent, solutions that are likely to give rise to noticeable errors on the prediction
of the aerodynamic and propulsive performance.
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(a) α = 12◦

(b) α = 24◦

Figure 21. Mach number distribution for isolated nacelle case at M = 0.25 and two angles of attack
with boundary conditions (left) and body force (right) engine modelling.

4. Conclusions

The lift/drag body force model has been implemented into the developed compu-
tational tool ANTARES and investigated for the NASA R4 transonic fan. Through a sys-
tematic comparison of the BFM predictions with the circumferential-averaged solution
from validated 3D CFD simulations, several features of the model have been highlighted.
The good match achieved with the baseline version at the peak efficiency point in terms
of local and global predictions proves the validity of the calibration procedure and the force
application.

The analysis of performance metrics along the speedline after the application of the
choking mass flow rate modification shows a good representation of the total pressure rise
characteristic, with a 0.6% absolute difference at peak efficiency and a moderately larger
slope towards the stall. On the contrary, the isentropic efficiency was penalised, resulting
in an almost constant error close to −2%, despite a consistent curve shape.

The procedure of altering the normal force to match the choking mass flow is an evident
weakness of the model, but it is necessary to restore a satisfactory integral agreement.
This occurs at the expense of a less precise local correspondence. Because of this and
the dependency upon local calibration coefficients that are a function of the blade geometry,
the model appears to be suitable for analysis purposes only. On the other hand, even with
this limitation, it has shown to be able to provide a sufficiently accurate flow field with
a good resolution of the spanwise distributions, particularly for lower-than-designed mass
flow rates. Local higher discrepancies have been highlighted in the endwall regions that
are more sensitive to the force application due to the presence of the boundary layer and
secondary flows, especially in the tip area, where, in general, an enthalpy rise overshoot
was present.

Overall, the model appears to be a suitable tool to generate middle-fidelity simulations
without the cost of URANS. Despite its limitations in providing an accurate estimation
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of the efficiency level and the presence of some larger errors in the outflow profiles close
to the endwalls, the body force solution reaches the consistent equilibrium point where
the engine is driven to work as a result of the full coupling between the inlet, the engine, and
the nozzle flow. Therefore, it achieves a substantial improvement and a much more physics-
based representation compared to classic decoupled approaches, such as the boundary
conditions-based method described for the powered nacelle, that are only valid for a truly
independent operation of the propulsor components.
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Nomenclature
The following abbreviations are used in this manuscript:

BFM Body force model
CFD Computational fluid dynamics
OGV Outlet guide vanes
RANS Reynolds-averaged Navier–Stokes
SLC Streamline curvature
TPR Total pressure ratio
TTR Total temperature ratio
α Absolute circumferential flow angle, angle of attack
β Relative circumferential flow angle
b Blade metal blockage
c Blade chord
ηiso Isentropic efficiency
e Specific total energy
fn Normal force
fp Parallel force
M Mach number
ṁ Mass flow rate
µ dynamic viscosity
p Static pressure
p0 Total pressure
r Radial direction
θ Circumferential direction
ρ Density
T Static temperature
tmax Blade maximum thickness
U Conservative variable vector
u Absolute velocity
w Relative velocity
φ Flow coefficient
ψ Work coefficient
z Axial direction
Z Number of cascade blades
Ω Rotational speed
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Appendix A

The BFM solution in ANTARES is obtained by solving the following axisymmetric
Navier-Stokes equations:
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where U = {ρ, ρuz, ρur, ρuθ , ρe} is the conservative variable vector. Fc, Gc are the convective
fluxes along the axial and radial direction and Fv, Gv are the diffusive fluxes along the same
respective directions. Several source terms appear:
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Sc and Sv come from the application of the divergence theorem in cylindrical coordinates.
Ω is the rotational speed of the machine. Sn and Sp are the body forces representing
the effect of the blades on the fluid, whose expression depends on the model employed.
b is the metal blockage parameter.
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