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Powered-on flight is typically simulated via 1D boundary conditions (BC) at the engine entry
and exit planes of the computational domain. In this paper, we apply this standard approach
and two flow-coupled blade models based on an actuator disk (AD) and a body force (BFM)
model to an ultra-high bypass ratio turbofan at take-off condition. The results obtained with
the BC are compared to the two rotating engine representations at increasing angle of attack.
The AD calibrated from 3D CFD solutions exhibits a deficit of mass flow and fan stage total
pressure ratio impacting the prediction. In the investigated regime, the flow field obtained is
generally homogeneous between BC and BFM, since no inlet stall has developed. The exhaust
flow shows the largest differences, due to the non-uniform work input and mass flux generated
by the coupled blade models, mainly due to the pylon backpressure. Engine characteristics
are qualitatively captured in the AD, although influenced by the integral metrics deviation.
Code-to-code comparison between Ansys Fluent and DLR TAU solver with the BC model
indicates close agreement.

I. Introduction

Computational simulations of full aircraft configurations represent nowadays a viable and widespread method to
obtain valuable information about the aircraft aerodynamics and estimate the propulsive performance of the powered
vehicle. The progress in viscous Reynolds-Averaged Navier-Stokes (RANS) solvers, mesh generation, and experimental
techniques has allowed researchers to gain increasing confidence in the numerical results and disclose several effects
related to the interaction between the turbofan and the airframe [[1H5]]. In this specific field, numerous efforts have been
put in the last years to analyse and improve the installation effects that characterise in particular the large size Ultra-High
Bypass Ratio (UHBPR) engines envisaged to be adopted on a medium-term basis to reduce the environmental impact of
the civil aviation sector [6].

In many numerical solutions of propulsion integration aerodynamics, the aircraft turbomachinery is excluded from
the computational domain and represented by setting 1D Boundary Conditions (BC) on the fan face and nozzles entry
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planes. This way, the mass flow rate, the Fan Nozzle Pressure Ratio (FNPR) and the Core Nozzle Pressure Ratio (CNPR)
can be easily controlled to match the thermodynamic design specification coming from cycle analysis. In this approach,
the engine operating point is decoupled from the external aerodynamics. The mass flow rate at the fan inlet is fixed. The
mass flow through the bypass and core nozzles can only vary if they are not choked, but no conservation from the fan
inlet to the nozzle outlet is automatically achieved if not explicitly enforced. In addition, the boundary distributions are
evenly set. This representation, although very practical from a numerical point of view, gives only a one-dimensional
static and decoupled representation of the turbomachinery, which can be a good approximation near the design condition
and with uniform inflow and outflow conditions.

If one of these factors are not met, i.e., off-design operation is considered or either the fan inlet flow or the nozzle
backpressure are distorted, the engine will shift its operating point in order to restore, from an integral point of view,
the balance of mass, momentum and energy. Clearly, this can only be captured in the numerical environment with a
more complex model that actually reproduces the basic behaviour of a blade row. Different options have been devised
to include the effect of the compression row in the numerical domain without having to simulate directly the whole
three-dimensional cascade. Among these, one of earliest approaches was the Actuator Disk (AD) method, which
is based on the blade element theory of Glauert and was originally conceived for propellers. The concept has been
extended to more complex cases, like axial transonic fans, as a way of improving the flow field prediction where the
fan/airframe interaction is relevant [[7H10].

Tackling an alternative representation with a low computational cost, throughflow methods have also been developed.
Among them, the Body Force Model (BFM) approach replaces the solid blades with a force distribution amounting to
the same momentum and energy exchange of the blades onto the fluid, in a circumferential average meaning [[11]. BFM
can be thought of as a non-axisymmetric throughflow, where viscous losses and blockage effects can be accounted for,
reaching close match of time-averaged unsteady RANS (URANS) simulations of full-wheel configurations [[12H14].

In this paper, we aim to compare the three aforementioned methods for the simulation of an ultra-high bypass ratio
turbofan with a flight model nacelle and pylon in isolation. During take-off and high incidence operation, the rotation of
the streamtube from the freestream to the engine axis introduces a nonuniform inflow condition that cannot be completely
eliminated by the intake. Similarly, the backpressure on the nozzle exit sections can be uneven because of incidence
effects or exposed high-lift devices, changing the turbofan operating point when the nozzle is unchoked. For this reason,
assessing the impact of the modelling approach in this flight phase appears useful to determine whether the standard
practice is sufficient to estimate the aerodynamic performance, or whether it deviates from the more faithful engine
representations. This is particularly important for UHBPR turbofans, whose airframe integration needs to be tightened
because of their large diameters making the underwing accommodation more challenging over several aspects. By
analysing the isolated nacelle with pylon configuration, the differences between the models can be attributed solely to the
engine representation method, making their comparison fair and more clearly comprehensible. The paper thus addresses
the computational simulation of the isolated nacelle and pylon using one-dimensional Boundary Conditions (BC),
Actuator Disk (AD), and Body Force Model (BFM) to represent powered-on conditions and evaluate the differences
between the three models. Moreover, it provides a code-to-code comparison between the DLR TAU solver and the
commercial solver ANSYS Fluent in the case of BC.

The paper is organised as follows: the Case Study section presents the geometry employed in the analysis. Numerical
methods and details of the engine representation models are given in section Methods. Finally, the results of the
computational simulations are discussed in section Results.

II. Case Study

The test case considered for the analysis is an UHBPR turbofan engine representative of a state-of-the-art geared
architecture for low specific thrust and fan pressure ratio. The turbomachinery is installed in a flight model nacelle
designed to be mounted under the NASA Common Research Model (CRM) [15] wings at the Aerodynamic Design
Point (ADP) condition of Mach number M = 0.85 cruise at an altitude of 10668 m. The geometry was drawn from
indications reported in the open literature and a preliminary design space exploration and features a short and compact
cowl to reduce the overall drag. It was used as a baseline configuration for successive improvements of the installed
performance in a complex multilevel optimisation procedure within the IVANHOE project [16H18]. Starting from
thermodynamic specifications of the engine cycle at the ADP, an UHBPR fan with OGV bypass stage was designed.
The blade geometries were necessary for the application of the two modelling approaches, as described in the next
section. The operating conditions of the study are summarised in Tab. [T]and pertained to the take-off phase with low
speed and increasing angle of attack.



Table 1 Operating Conditions.

Quantity Value
Altitude [m] 0
Mach Number 0.26
Temperature [K] ISA+15

Angle of Attack [deg] 0,6, 12, 16

II1. Methods

A. Computational Model

The computational model for the simulations had been developed throughout the IVANHOE project by combining
data from axisymmetric nacelle validation test cases and indications coming from the Drag Prediction Workshops
(DPW) series promoted by the ATAA [19], where different meshing strategies for the NASA CRM were compared
to provide gridding guidelines [3]. The model comprised the UHBPR nacelle geometry with the pylon, inserted into
a rectangular block whose farfield boundary was located 100 highlight radii far away. The hybrid mesh, made up of
an anisotropic structured boundary layer with y* < 1 and tetrahedral cells in the external flow region, featured nested
refinement blocks surrounding the nacelle to capture the streamtube diffusion and the jet expansion. A cut view of a
coarse grid illustrating the topology is depicted in Fig. [I] Validation of the computational approach and grid sensitivity
analyses for the isolated and installed configurations can be found in previously given ref. [16] [17].

The nacelle geometry was delimited by the engine characteristic planes, where boundary conditions were specified
in the BC approach: the fan face plane, set as a pressure outlet with a target mass flow; the bypass nozzle inlet, set as an
inflow boundary with total pressure and temperature specification; the core nozzle inlet, set as the same type of bypass
nozzle inlet. The internal engine region, not present in the BC simulations, was filled with the bypass stage mesh in the
AD and the BFM models described in the next sections. The structured block was connected to the external domain
via a numerical interface. This way, the same mesh for the nacelle was retained equal for the three approaches, thus
eliminating any potential influence on the results. The computational fluid dynamics simulations were carried out using
two flow solvers. The AD model was implemented into the DLR TAU solver [20], while the BFM was implemented into
the commercial solver Ansys Fluent [21]]. The k — w SST turbulence closure was selected, based on the validation of the
NASA CRM data. As anticipated, the BC simulations were run with both solvers, providing a reference to compare the
coupled engine models with.

Fig. 1 Example of a coarse grid around the nacelle and pylon.

B. Actuator Disk model
Actuator-disk (AD) methods were initially conceived to model propeller flows [22]]. The procedure replaces the
blade row with an infinitely thin disk, through which a discontinuous pressure jump is realised, but the velocity remains



continuous. According to the blade element approach, the lift and drag forces exerted by the blades on the fluids are
estimated using look-up tables of lift and drag polars obtained for different isolated blade sections at varying incidence.
The forces are thus redistributed along the disk surface using the local incoming flow direction. In the present application,
a finite volume version of the model that adopts a conservative flux formulation [23]] implemented into the DLR software
TAU was used. The calibration data are extracted from RANS solutions of the blade row [[10] and are interpolated
on each cell of the CFD grid to supply the forces that drive the flow through the disk. Therefore, the model relies on
blade-to-blade CFD solutions of rotor and stator and necessitates a detailed knowledge of the geometry. The local blade
angle of attack is computed neglecting radial components and used to derive the lift and drag coefficients taken from a
lookup table. Data are given at a limited number of span sections from hub to shroud and then radially interpolated in
the intermediate positions. Force blanking was adopted near the endwalls. The full velocity vector is employed to find
the dynamic pressure to compute the forces from the non-dimensional coefficients.

In the current implementation, according to the blade element theory, lift and drag coefficients were taken directly
from quasi 2D streamwise flow sections along the span of 3D blade computations of fan and OGV blades. Variation
of the incoming incidence was obtained by considering the full speedline of the stage, from choking to stall. In this
way, radial effects occurring along the blade span could be incorporated in the extracted polar. A possible drawback of
such approach is that the incidence range of the polar might not completely cover those found locally when the stage is
installed in the nacelle, as it will be highlighted in the Results section.

C. Body Force Model

As mentioned in the introduction, the body force method relies on the replacement of a solid metal blade row with
a distribution of forces that represents the circumferential-averaged effect of the cascade on the fluid. This way, the
volume swept by the blades is simulated by adding momentum and energy source terms to the right-hand side of the
RANS equations, that generate the compression and the suction of the turbomachinery. The forces can be decomposed
into a flow-normal and a flow-parallel component, the first one responsible for the flow turning, the second for the
increase of entropy and the loss generation. Different BFM formulations have been developed in the last years, providing
semi-analytic models of these two components [24-H27]]. The inclusion of a blockage factor accounting for the blade
thickness improves the prediction of transonic flows, by adding additional source terms to the equations [28].

The model employed in the study derives from the Lift/Drag method of Thollet [26]and has been used in other
researches related to UHBPR nacelles [29] 130]. Details of the current implementation and experimental validation
are given in [31]]. The BFM represents a local formulation of the AD, where lift and drag are given along the blade
mean camberline, rather than lumped on the blade element chord. As in Fig. E], the flow normal (f;,) and parallel (f},)
force components, relative to the velocity W, are expressed as a function of local flow variables, local blade geometry,
and local calibration coefficients that are extracted from a standard 3D single passage steady simulation of the solid
blade row. The force field is computed for each cell inside the blade region and the corresponding source terms in the
RANS equations are calculated and added during the flow solution, including the metal blockage effect. Like in the AD
approach, this BFM version requires the knowledge of the cascade geometry since it is instructed from higher fidelity
simulations.

Fig. 2 Body force model concept. Forces exerted by the blade are decomposed along the flow normal and flow
parallel direction and injected into the volume swept by the blade without modelling the solid row. Adapted from
[31].



IV. Results

The results of the take-off simulations at increasing angle of attack with the three engine models and two flow solvers
are here presented in terms of flow field and fan stage status. It must be kept in mind that unlike the BC approach,
with the AD and BFM the engine mass flow for a given rotational speed depends on the coupling between the blade
models and the external solution. For this reason, and also given the fact that the boundary distributions are not uniform,
the mass flow can deviate from the 1D prescription and be different from the one initially obtained in the decoupled
simulation. The magnitude of this deviation is by itself an indication of the approximation of the BC model and the
input data used.

A. Flow field

Among the different angles of attack, solution data are here examined at the highest incidence only. In fact, the same
features that will be discussed at 16° were present also at lower angles, due to the attached field spectrum. A main
observation is a reduction of mass flow and fan pressure ratio with the AD model, that impacted all obtained flow fields.
Such feature was inherent to the AD, being present at all angles of attack, and will be further explained in Sec.

With this premise, the Mach number contours on a vertical plane cutting the engine axis at @ = 16° is illustrated in
Fig. E]for the two BC simulations, the AD, and the BFM model. On the intake side, due to the high angle of incidence,
a strong acceleration past the lower lip can be observed. In Fig. a lower overspeed region is present in the AD due to
the reduced mass flow. On the exhaust, TAU and Fluent BC present similar jet characteristics. The Mach number in the
fan stream of the BFM appears lower in the shown section, which comes from a more non-axisymmetric expansion
due to the nonuniform nozzle entry status caused by the pylon, as it will be discussed later. In the AD, the fan stage
operates with a lower mass flow and pressure ratio, resulting in a lower acceleration of the jet. Another observation is
the influence of the pylon in the upper half core exit channel, through which the flow experiences higher acceleration in
comparison to the lower half channel.

The uneven distribution of stagnation parameters achieved with coupled models can be better appreciated in Fig. [
showing the equatorial plane for the same angle of attack. The inlet flow appears uniform in both inboard and outboard,
due to geometrical symmetry of the nacelle and no sideslip angle. In the BC, Fig. Baldb] the discharge flow is also
completely symmetrical because of the 1D boundary specification. For the AD model, Fig. the upper side exit
flow in the figure has a mildly higher velocity than the lower side, whereas the BFM model of Fig. fid/has an opposite
distribution. However, this planar cut view parallel to the engine axis can magnify some features in the jet, since its
boundaries are not axisymmetric and slightly differ between the models.

Surface pressure distribution around the nacelle is shown in Fig. [5|for @ = 6, 12, and 16°. Lines with higher suction
peaks correspond to the keel section and lines with slightly lower suction values to the crown section, on the vertical
symmetry plane. Increase in suction peak with respective growth in angle of attack can be clearly seen. BFM and BC
exhibit good overlapping, which is due to the equivalence of the inlet mass flow rate, as reported later. The AD has a
qualitatively similar behaviour, though influenced by the lower flow rate, that reduces the suction peaks around the
leading edges. Moreover, in the internal engine duct, it can be observed the diminished compression achieved compared
to the BFM. The largest difference occurs on the bypass nozzle. The portion from the BC plane to the pylon leading
edge falls in x/I = [0.65,0.7]. There, the BEM curve does not match the BC, but the initial and final values are close.
The AD has a higher static pressure, because of the reduced total pressure rise imparted. On the keel section, the bypass
nozzle is clean and the outer wall pressure coefficient from x/I = 0.65 to x/I = 1.0 is closer between the three models.
The BFM and AD curve shapes are similar, while in the BC a higher concavity is present. This comes from the fact that
the boundary layer is fully developed in the blade models, whereas the flow has just entered the computational model
in the BC. Moreover, the nozzle entry plane distribution is not even in the AD and BFM, owing to the pylon and the
modest inlet swirl caused by the high incidence, resulting in a non-uniform work input from the rotor.



(a) TAU Engine BC (b) Fluent Engine BC

(¢) TAU Actuator Disk (d) Fluent Body Force Model

Fig. 3 Flow characteristic through the nacelle. Vertical symmetry plane at o = 16°.
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Fig.4 Flow characteristic through the nacelle. Horizontal symmetry plane at o = 16°.
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B. Engine operating conditions

The engine operating conditions predicted by the AD and BFM models are here compared to analyse the difference
in terms of integral performance metrics previously reported. As mentioned before, the AD mass flow rate and total
pressure rate were computed to be lower than the expected fan stage performance. Figure[6]illustrates the normalised
total pressure ratio before OGV in the BFM and AD and after the OGV for all models. In the first section, the top left
part of the circle in Fig. [6b]shows a larger total pressure, coming from the potential effect of the pylon propagating
upstream and shifting the fan operating point towards higher work input and lower mass flux. The AD in Fig. [6a]also
presents a moderately higher compression on a region extending from top left to bottom right. However, the effect
is less pronounced and the distribution is symmetric. In fact, the implementation of the AD model into TAU solver
was done with the fan blades devised to rotate in the opposite direction, compared to the BFM, due to the model sign
convention. Past the OGV, Fig. the total pressure distribution remains substantially unaltered, especially in the
AD. On the same section, boundary values were specified in the BC approach, thus appearing as uniform in Fig.

From the shown figures, the lower compression of AD can be readily recognised. A summary of average integral
metrics of the fan stage is given in the bar charts of Fig. [/} All data are normalised by the corresponding BC value at 0°
of incidence. The Fluent solution of BC is reported, since no difference with TAU could be appreciated. The mass flow
rate of the AD is 90% of those set in the BC and given from thermodynamic cycle analysis, Fig. Conversely, the
UHBPR fan stage, built to meet the cruise aerodynamic design point, closely matches the cycle prediction at take-off,
with a 1% lower stage Total pressure Ratio (TPR), Fig. [Tb] The AD produces a 2.5% lower compression and a 7% lower
Total Temperature Ratio (TTR). It appears to operate at an equivalent lower rotational speed, producing a proportional
reduction of all characteristic parameters. A possible cause of this mismatch might reside on a discrepancy of the AD
calibration methodology. In fact, some cells in the AD region near the endwalls were found to operate on the boundary
of the extracted blade element polars, which can compromise the overall accuracy of its prediction. This is because a
blade section in isolation has a larger operating range than the one achieved by the full span blade, which is limited by the
stall onset typically occurring at high span for a low aspect ratio fan. When running under installation, the combination
of ingested streamtube pre-rotation and non-uniform exit static pressure at the OGV outlet caused by the pylon can
induce locally out-of-range values in some cells for the incidence mapped in the lookup table. Therefore, in a future
implementation the calibration procedure will be revise to ensure that the full range of installed operating conditions is
covered. A relevant feature to observe is that both AD and BFM have a slightly varying trend at increasing incidence,
differently from the BC where all value are set fixed. In fact, the blade models react to the boundary conditions to
restore the mass and energy flux balance through the fan stage. Lastly, the Gross Propulsive Thrust (GPT) generated by
the propulsor is shown in Fig. The BC and BFM trend appear similar, but the latter has a 2% lower value. In the
AD, the thrust is only 80% because of the reduced mass flow and TPR. The trend of mild reduction at increasing « is
also present, though with a less negative slope, compared to the other data.

V. Conclusions

The UHBPR turbofan engine mounted on an isolated nacelle with pylon has been simulated at take-off conditions
with two flow solvers and three fan stage models. The main source of deviation was found in the AD not producing the
expected total pressure rise and mass flow rate. The reason for this was attributed to the adopted calibration procedure,
relying on 3D blade simulations, rather than blade-to-blade analysis. The flow field over the nacelle external cowl and
the intake is highly sensitive to the inlet mass flow rate. The equivalence of this parameter in the BC and BFM ensured
that the wall pressure distribution was closely matched, whereas the AD suffered from the lower mass flow, smoothing
the suction peaks past the leading edge.

The nozzle flow was more different between the BC and blade models, mainly because of the non constant distribution
of stagnation parameters along the radial and azimuthal direction. While the first coordinate accounts for the inherent
blade characteristic and the specified vortex distribution, the variation along the second coordinate results from the
reaction of the row to the non-uniform stage exit pressure imposed by the pylon. This feature was evident in the BFM
and qualitatively present also in the AD, though with lower amplitude. The engine gross thrust was around 2% lower in
the BFM, relative to the BC. The offset can be attributed to the 1% lower total pressure ratio of the fan stage. However,
the trend of slight reduction of gross thrust at increasing incidence was quite close between the two models, with
qualitative replication also in the AD.

Overall, when matching the average values on the boundaries, a good agreement in terms of flow field was found
between the BFM and BC, with no change from Fluent to TAU. Such result refers to an incidence range where the inlet
flow remains attached. At higher angles of attack, that can arise due to wing upwash in the maximum lift point, or
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in presence of crosswind, the deviations between the standard and decoupled models are expected to enlarge. Future
continuation studies will address the improvement of the AD calibration to match the integral metrics prescribed by
cycle analysis and the extension to more unfavourable regimes, also expanding the assessment in terms of propulsive
forces.
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