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Abstract

This work is dedicated to modeling a light propeller in isolated and installed configuration. The flow is modeled
using three approaches, a blade-resolved Chimera method that is used as reference, and two types of body-
force models based on the Blade Element Theory, one steady (RANS/BET) and one unsteady (actuator line).
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1. Introduction

Reducing the fuel consumption of airliners is an increasingly important area of research, particularly
to reduce greenhouse gas emissions. A way to do so is to improve propulsion system performance,
in particular by increasing the engine by-pass ratio. Open rotors thus are good candidates to replace
turbojets for mid-range airliners. Yet because of the absence of nacelle combined with the size of the
engine, the aerodynamic interactions between the propulsive system and the airframe are significant.
One of the challenges in developing this type of engine is to quantify the effects of propulsive integra-
tion on aircraft performance, i.e. to assess the impact of engine positioning on the flight envelope. It
is therefore important to be able to account for the interaction between the engine and the airframe
right from the design phase. To achieve this, numerical flow simulation methods are used, with more
or less detailed modeling of the propulsion system depending on the purpose of the simulation (air-
craft balance, aerodynamic forces computation, acoustic radiation). Today, two types of methods are
favored for studying installation effects:

» Blade-resolved simulations, which model the flow around the rotating blades by solving the
unsteady Navier-Stokes equations. This method provides an accurate description of the wake,
but its computational cost can be prohibitive during the design phase.

» Simulations that do not solve the flow around the blades, but in which the rotor is modeled using
source terms that are usually formulated as body-forces. This method significantly saves com-
putation time compared to a full blade-resolved simulation since it avoids meshing the blades.
However, this is gained at the cost of accuracy since the blade loads are computed using a
model instead of using CFD.

Different methods exist to compute the body-forces. An option is to view the propeller as a whole and
to compute the loads by considering the deviation and the losses in the flow through a blade row. Ini-
tially developed for turbomachinery [23], the model was recently adapted for propeller applications [9].
Another option to compute the body-forces is to express the loads of each isolated propeller blade
using the Blade Element Theory (BET). The paper will focus in the following on methods based on
the BET.

Steady body-force models, which average the rotor effects over a revolution in an actuator-disk-like
computation, are already widely used in the aircraft industry today [18]. However these models
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do not capture the unsteady aspects of the flow, such as the blade tip vortices. An unsteady body-
force model, the actuator line model, in which the source terms are placed in proximity of each blade,
was developed to model the tip vortices [22]. First developed in the wind turbine field, the model is
now being adapted to aeronautical needs, especially for helicopter applications [14]. Few propeller
applications exist, and most are either used with a prescribed loading [21] or with loads interpolated
from 3D blade-resolved computations [24], and not fully coupled with interpolations in a 2D airfoil
polar database as in the original actuator line model.

This paper aims to present a steady and an unsteady fully coupled body-force method for propeller
and open rotor modeling, based on the BET. The models are evaluated on a three-bladed propeller
in isolated and installed configuration. The results are compared to reference blade-resolved compu-
tations.

2. Configurations and Operating Point
2.1 Isolated Propeller

The propeller geometry studied in this paper is the ONERA HAD-1 Propeller [15] pictured in Figure[f]
It is a three-bladed light propeller with a radius R of 0.8m, a max chord length ¢,,,, of 0.124m, and a
hub-to-tip ratio of 0.15. Unless specified otherwise, a 45° blade pitch angle is chosen at 75% of the
propeller’s radius. The cruise operating point is detailed in Table [f]

Table 1 — HAD-1 cruise operating point

Parameter Value
7 Free flow Mach number 0.3
} Angle of incidence, ° 0

Air temperature, K 288.15
Air density, kg.m~3 1.225
Rotation speed, rpom 2031

Figure 1 — HAD-1 propeller.

2.2 Installed Configuration

The installed configuration geometry is made up of the HAD-1 propeller with a straight wing behind
it, as shown in Figures [2land [8] The wing geometry parameters are detailed in Table [2l The leading
edge is located 0.75R behind the rotation center in the X direction and 0.6R above the rotation center
in the Z direction. The wing is thus sufficiently long to limit the effect of the wing tip vortices in
the propeller wake, and close enough to the propeller so it interacts significantly with the propeller
slipstream. The operating point is the same as for the isolated configuration.

Figure 2 — Installed configuration.

3. Computational Methodologies

3.1 Blade-Resolved Approach

The blade-resolved computations are performed using the finite-volume solver elsA [1], considering
the unsteady Reynolds-Averaged Navier-Stokes (RANS) equations in compressible regime. The com-
putations rely on a Chimera approach [17] in which structured body-fitted meshes are immersed in a
background Cartesian grid (Figure[d). The hub mesh and the three blade meshes rotate at each time
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z

lj_ . Table 2 — Wing geometry
Parameter Value
; Airfoil NACA23012
—— Span, m 10.0
Chord, m 1.0
Pitch angle, ° 4.0

Figure 3 — Installed configuration — side view.

step. Conservative variables are passed from one mesh to the other by interpolation. The main com-
putational cost of this method comes from the interpolation coefficients that need to be recomputed
at each time step.

The blade meshes have 4 million cells each and the hub mesh 5 million cells. An 8 million-cell body
fitted wing mesh is added for the installed configurations. In both cases, the same background grid is
used. It contains 80 million cells to preserve the blade tip vortices accurately for at least 2.5 propeller
radii, where the cell dimension is equal to ¢,/ 15.

For the CFD computations, the convective fluxes are discretized using a second-order centered
scheme with scalar artificial viscosity [6] and Martinelli’s correction [11]. The time discretization relies
on a second-order three-time-level implicit backward-difference scheme. The time-step was chosen
so the propeller rotates half a degree at each iteration. The turbulence modeling relies on a k — @
Kok turbulence model with shear-stress transport (SST) correction [13].

(a) Axial slice in propeller plane (b) Longitudinal slice (c) Wake refinement

Figure 4 — Blade-resolved Chimera mesh.

3.2 Steady Body-Force Approach — RANS/BET Model

The steady body-force computations are conducted using the RANS/BET model as described by
Pantel et al. [16]. This method is based on a full coupling between CFD and the Blade Element
Theory (BET). The approach models the effect of the propeller by calculating body-forces using the
local flow from CFD and the BET approach. The body-forces are accounted for in the computation
as source terms distributed in a cylindrical volume centered around the rotation plane. The model
thus only computes the time-averaged component of the flow and requires a tip-loss correction. The
correction used in this paper includes an induced-velocities correction from Glauert [4] implemented
using an iterative procedure described by Shen et al. [19]. An additional calibrated correction directly
applied on the BET loads is also used, as described by Pantel et al. [16].

The computational mesh used for this approach is the same one as for the blade-resolved compu-
tation but without the body-fitted blades. Figure |5 shows the volume in which the source terms are
distributed and a slice of the computational grid of the installed configuration.
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(a) Volume in which source terms are injected (b) Slice of the RANS/BET Chimera mesh.

Figure 5 — RANS/BET body-force model setup.

3.3 Unsteady Body-Force Approach — Actuator Line Model

The RANS/BET method presented previously only computes the time-averaged flow field, meaning
that the resulting flow is smeared across the propeller disk. There are no blade-to-blade variations
such as individual blade wakes or tip vortices. As a consequence, the method cannot represent the
helical structure of the real wake. To overcome this limitation, an extended three-dimensional actuator
disc model was developed by Sgrensen and Shen [22], called the actuator line. In this model, the
source terms are distributed along the blade positions and they rotate in the background mesh. This
enables the study of the dynamic wake and of the tip vortices. The model was initially developed for
wind turbine applications, where having an accurate representation of the turbine wakes improves
the accuracy for wind farm analysis.

In the original model, velocities are sampled in the flow field computed by CFD on lines, called
actuator lines, located at the blade positions (Figure [6a). Blade loads are then computed on these
lines using BET, in the same manner as for the RANS/BET model. The main difference with the
steady model comes from the fact that the source terms are then distributed very locally in the close
proximity of each actuator line (Figure [6b). This is done using a 3D Gaussian projection kernel g:

(x—x0)*+ (y —y0)* + (z— 20)2>
82

gp(x,y,2) = ﬁexp (— (1)
where (xo,y0,20) are the actuator line point coordinates, (x,y,z) are the CFD mesh coordinates, and ¢
is the Gaussian smearing width parameter.

This model was reported in literature to consistently overestimate the loads at the tip of the blade,
because the 3D Gaussian spreads source terms beyond the rotor radius [8]. Indeed, this smears the
tip vortex over a larger volume and decreases the induced velocities at its center, leading to larger
angles of attack and higher BET loads at the tip. The model is also very sensitive to the choice of &,
which is critical to the stability of the computation and to the correct prediction of blade loads [20].
To curb the limitations described above, the present model proposes to distribute the source terms
using a 2D Gaussian at a constant radius to avoid smearing the loads over the propeller radius and
thus limit the over-prediction of loads at the tip. The velocities used for the BET computations are
also locally averaged using the same 2D Gaussian to avoid instabilities [3]. In these simulations the
Gaussian parameter ¢ is linked to the chord of the blade ¢, as suggested by Shives and Crawford [20].

(x—x0)%+(r6 — r90)2>
82

1
gw(’? ea-x) = meXP <_ (2)

where £/¢=0.3 (3)
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(a) Velocity sampling (b) Iso-surface of Gaussian distribution g;p

Figure 6 — Actuator Line method.

The computations are conducted on the same background mesh as for the blade-resolved and steady
body-force computations. This choice ensures that the differences observed in the wake velocity
fields are only due to the method used to impose the circulation in the fluid and not related to differ-
ences in the computational grid.

The source terms are injected in an additional Chimera cylindrical grid, as shown in Figure[7} This grid
has no movement, it is the source terms that rotate within the grid, so the actuator line computation
can be conducted without having to recompute the interpolation coefficients at each iteration, and
thus offers a significant cut in computation time compared to the blade-resolved computations. The
cylindrical grid has 360 cells in the azimuthal direction and the computational timestep is of one
degree so the actuator line points are always located on the grid cell centers. This cylindrical grid is
the direct support of the actuator lines, meaning that each cell with an actuator line going through its
center is an actuator line computation point. A non-uniform refinement is applied in the radial direction
to better capture the strong load variation near the tip of the blade, as well as the tip vortices. This
mesh goes down to the hub surface so source terms are injected down to the hub boundary layer.
This prevents vortices from developing between the hub and the root of the actuator lines which do
not exist in the blade-resolved computations.

(a) Axial slice in the actuator line plane (b) Longitudinal slice

Figure 7 — Actuator line mesh.

4. Results for the Isolated Configuration

This section is dedicated to the modeling of the isolated propeller configuration presented in section |
[2]1. Detailed results are first given for a 45° blade pitch angle, and propeller characteristics are then
presented for each modeling method.



Simulation of an installed propeller by means of steady and unsteady body-force modeling

4.1 Design Point

The results presented in this section were obtained with the isolated propeller configuration at the
operating point from Table[T] The integrated loads, obtained for each propeller modeling method, are
shown in Table[3] The RANS/BET model predicts the thrust and power quite accurately thanks to the
calibrated tip-loss correction. The actuator line model overestimates these quantities by around five
percent. The error is however consistent for thrust and power so the efficiency prediction is accurate.

Table 3 — Integrated loads for each approach

Modeling method Thrust [N] Power [kW] Efficiency
Blade-Resolved 1406 166.8 0.860
RANS/BET 1437 (+2.2%) 167.3 (+0.3%) 0.877 (+1.7pts)
Actuator line 1480 (+5.2%) 175.1 (+5.0%) 0.863 (+0.3pts)

Figure |8| shows the spanwise distribution of axial and tangential loads along the blade for each
method. For the thrust, both body-force methods give a good prediction on the inner part of the
blade and overshoot the loads near the tip. For the RANS/BET model, this shows that the calibrated
tip-loss correction could be further refined, but it still yields good results for the tangential loads. For
the actuator line model, the over-prediction at the tip is a common phenomenon [5, [12]. Its origin is
most likely linked to the Gaussian smearing of the source terms, as explained in section 3.3. The
results presented here indicate that the use of a 2D Gaussian is not enough to completely avoid the
overshoot. Literature shows that using a smaller Gaussian parameter can reduce the tip loads [7],
but it requires a finer mesh capable of correctly discretizing the smearing function [2]. Such meshes
were not investigated in this work as the extra cost due to the larger mesh would compensate the
cost saved by the body-force method.

1400 1200

b sTA N ¥
1200 F // Q¢ 1000 F
1000 F ;

800 '

[e2]
8
dF/dr [N/m]
(2]
3

dF,/dr [N/m]

N B
o o
o o
T T

o

1
L]
L}
L
1 [
MV EVENEANEN EFENENETEN ENRFETENE EFRTETIrE ITRTETIE STATATAT SIS 07\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\
03 04 05 06 07 08 09 1.1 01 02 03 04 05 06 07 08 09
t/R[-] rR[-]

Blade-resolved (—), RANS/BET (- ---), Actuator line (---)

o
of
N

Figure 8 — Axial and tangential spanwise blade loads computed by the three methods.

4.2 Propeller Pitch Variation

The actuator line model was used to evaluate propeller performance at different blade pitch angles,
using the setup described in section [3.3. The results are compared to the propeller characteristics
computed by Pantel et al. [16] using a blade-resolved and RANS/BET approach. The setups used
differ slightly from the ones from sections[3.ji and (no Chimera mesh and different hub shapes),
but the operating point and the RANS/BET model are identical.

The propeller thrust, power and efficiency as a function of blade pitch angle and thrust are plotted in
Figure [0l The thrust and power curves show that the 5% overestimation seen at a 45° pitch angle
is about the same for all pitch angles, leading to a very good prediction of propeller efficiency for all
pitch angles as well. This is important because the aim of the actuator line method developed here is
to study installation effects, in which the input is often the thrust rather than the blade pitch angle. As
a result if the propeller is trimmed for thrust, the propeller power will also be correct, and so will the
tangential loads that put the fluid in rotation. This would not be the case as much for the RANS/BET

6



Simulation of an installed propeller by means of steady and unsteady body-force modeling

model, which predicts the thrust and power more accurately than the actuator line model for a given
pitch angle, but is off on the efficiency characteristic by about one point.
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Figure 9 — Propeller characteristics.

5. Results for the Installed Configuration

This section presents the conclusions of the computations run on the installed configuration pre-
sented in section [2.2. The wing induces an up-wash in the propeller plane, leading to an unsteady
blade load over a revolution. Likewise, the tip vortices shed by the propeller periodically hit the wing,
inducing unsteady wing loads as well. The first subsection presents results that are time-averaged
and that allow a three-way comparison between the blade-resolved, RANS/BET, and actuator line
computations. The second subsection focuses on the unsteady flow and thus only compares blade-
resolved and actuator line results.

5.1 Mean Flow

The time-averaged propeller and wing loads are presented in Table[d] For the actuator line model, the
thrust and power overestimations are consistent with the results from the previous section. However
the RANS/BET method is not as precise as for the isolated configuration, indicating the model may
not account for the impact of the wing up-wash well. The variation of the blade load over a rotation
also leads to the appearance of an in-plane (1P) force that is displayed in Table 4| as a modulus
and a phase angle (angle between the 1P vector and the Z axis). The in-plane force is very well
predicted by the actuator line model. The RANS/BET largely overestimates the modulus despite
being accurate on the phase angle. The average wing lift and drag coefficients are all very close
because the perturbation created by the propeller tip vortices only affects a relatively small portion of
the wing.

Table 4 — Propeller and wing performance averaged over a full rotation

Quantity Prop off Blade-resolved RANS/BET Actuator line
Thrust [N] - 1492 1561 (+4.6%) 1562 (+4.7%)
Power [kKW] - 173.5 176.3 (+1.6%) 181.3 (+4.5%)
Efficiency - 0.878 0.904 (+2.6pts) 0.880 (+0.2pts)
1P Loads [N] - 54 74 (+37.8%) 56 (4.8%)

1P Phase [ - 14.4 13.2 (-1.2°) 13.4 (-19)
Wing Cl 0,45838 0,45828 0,458856 (+0.13%) 0,45822(-0.01%)
Wing Cd 0,01621 0,01686 0,016818 (-0.27%) 0,01685(-0.07%)

Figure [10| shows the azimuthal variation of blade thrust and power over a revolution for the three
methods. Both body-force methods reproduce the general blade-resolved trends accurately, including
the azimuths at which the maximum and minimum thrust and power are reached. The actuator line
thrust and power curves are offset compared to the blade-resolved results by around +5%. The
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RANS/BET model is less consistent, by overshooting and undershooting the loads depending on the
azimuth.
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Blade-resolved (—), RANS/BET (- - - -), Actuator line (—--)

Figure 10 — Blade axial and tangential loads over a revolution.

Details into the spanwise loads are given in Figures [T1]and[12] which show the axial and tangential
loading disks over a revolution. Just like for the isolated propeller case, both body-force methods give
a nearly perfect prediction on the inner part of the blade, at all azimuths. On the rest of the blade,
the actuator line model consistently overestimates the max tip load by around 5%. The RANS/BET
model is more accurate on the lightly loaded azimuths and less accurate when the blade is more
loaded.

dF/dr: 100 200 300 400 500 600 700 800 900 1000 1100 1200 1

(a) Blade-resolved (o) RANS/BET (c) Actuator line

Figure 11 — Distribution of blade axial loads over a revolution, in N/m.

dF/dr: 100 200 300 400 500 600 700 800 900 1000 1100

(a) Blade-resolved (b) RANS/BET (c) Actuator line

Figure 12 — Distribution of blade tangential loads over a revolution, in N/m.
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The results show that the actuator line method accurately follows all the blade-resolved spanwise
and azimuthal trends, indicating that the presence of the wing is correctly accounted for in the com-
putation. However the model consistently overestimates the blade tip maximum load by around 5%,
leading to an overestimation of blade thrust and power by also 5% for all azimuths. The explanation
for this is probably the same as for the isolated propeller case, ie. the smearing of the loads by the
Gaussian kernel which creates less induction at the blade tip.

The RANS/BET model, which was effective in the isolated configuration, does not predict the az-
imuthal load variation so accurately. This is most likely due to the tip-loss correction used. The
induced-velocities correction used here [19] was designed for axisymmetric flow, where the velocity
induced by the propeller can be obtained by subtracting the axial freeflow component from the field
solved by CFD. This correction can be easily adapted for propellers under incidence for which the
field to subtract to obtain the propeller induced velocity field is still well defined. This adaptation to
flows under incidence was already successfully made for the RANS/BET model [16]. However for
installed configurations, the flow used to compute the tip-loss correction does not only include the
velocity induced by the propeller, but also the velocity induced by the wing, thus distorting the correc-
tion and the loads at the tip of the blade. Since the velocity induced by the wing is not the same in the
blade frame at all blade azimuths, this explains why the load prediction accuracy is highly dependent
on the blade position. A RANS/BET tip-loss correction adapted to installed case will be investigated
in future work.

Despite the limitations described above, both body-force approaches give a very accurate prediction
of the average spanwise lift and drag of the wing, displayed in Figure[T3] The first thing to note is that
the RANS/BET model does give a wing loading that is similar to the time-averaged loadings of the
actuator line and blade-resolved approaches. Because of its direction of rotation, the propeller wake
creates an up-wash on the left side of the wing and a down-wash on its right side, thus explaining the
general shape of the spanwise lift curves. The slight amplitude overshoots by the actuator line model
are caused by the propeller tip vortices which are stronger because of the overestimated blade loads.
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Figure 13 — Wing spanwise lift and drag averaged over a revolution.

5.2 Unsteady Flow

This section focuses on the unsteady aspects of the blade-resolved and actuator line computations.
Figure [14| shows Q-criterion iso-surfaces for a time step where a blade tip vortex hits the blade, for
the blade-resolved and actuator line computations. The vortex-systems seem very similar.
Figure[15)shows the total wing lift and drag as a function of a reference blade position, 0° correspond-
ing to a blade aligned with the Z axis (defined in Figure [2). The loads are 120 °-periodic so the study
only focus on a third of a revolution. The curves for the two modeling methods are in phase, but the
actuator line amplitude is slightly higher due to the overestimated blade loads.

Figures |16| and |17| show spanwise wing loads, focusing on the area most affected by the propeller
wake. Figure shows the wing lift at timesteps for which the lift is the highest and the lowest.
Figure 17| shows the wing drag at timesteps for which the drag is the highest and the lowest. For
all cases, the actuator line model is able to capture the correct trends with a great precision, even
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Figure 14 — Iso-Q-citerion for the blade-resolved (left) and actuator line (right) computations,
colored by pressure.
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Figure 15 — Wing lift and drag as a function of blade azimuth.

though the loading profiles can vary significantly in time (especially for the drag). A reason the
body-force model seems to work so well also comes from the blade-resolved solution: the viscous
wakes shed by the blades cannot be fully conserved until they reach the wing, this would require an
unreasonably large mesh. As a result, even in the blade-resolved simulation, mostly the potential
effects are captured. The actuator line model is incapable of modeling the viscous wake because no
boundary layer is formed without the blade surfaces, so only the potential effects are modeled with
this approach as well. This can be seen on Figure [T4 where the blades’ viscous wakes can only be
seen in the blade-resolved simulation, and are mostly dissipated before they can reach the wing.
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Figure 16 — Wing spanwise lift distribution for azimuths where integrated lift
is maximum (left) and minimum (right).
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Figure 17 — Wing spanwise drag distribution for azimuths where integrated drag
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6. Conclusions

This work is dedicated to modeling a light propeller in isolated and installed configuration. The flow is
modeled using three approaches, a blade-resolved Chimera method that is used as reference, and
two types of body-force models that rely on a coupling between the Blade Element Theory and CFD.
The body-force approaches include a steady model, called RANS/BET, that averages the propeller
effect on a whole revolution, and an unsteady actuator line model that distributes the source terms in
proximity of each blade position.

In the isolated configuration, the RANS/BET model predicts propeller thrust by around 2% and power
by less than 1%. The actuator line model overestimates both by 5% because of an overloaded blade
tip. These differences stay constant with blade pitch angle variation. In the installed configuration, the
accuracy of the RANS/BET prediction of the blade loads varies with the azimuth, whereas the actuator
line model consistently overestimates blade loads by 5%, regardless of the azimuth. However, both
body-force models are able to evaluate the wing load very precisely, whether it is the average loads
for the RANS/BET model and the actuator line model, or the unsteady loads for the actuator line
model.

Future work will include a more in-depth investigation into the RANS/BET model tip-loss correction
for installed configurations, to better predict the azimuthal variation of the blade loads. An actuator
line computation in which the propeller is trimmed for thrust will also be studied, to see if this can
remove the slight differences in unsteady wing loads that remain.
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