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A numerical framework for multi-parametric optimization of
distributed electric propulsion™

Paolo Comunian T, Jacopo Serpieri * and Gioacchino Cafiero
Department of Mechanical and Aerospace Engineering,
Politecnico di Torino, Corso Duca degli Abruzzi 24, Turin, Italy, 10129

We investigate the interaction of tractor propellers in a distributed propulsion configuration
with a lifting surface. An optimization framework is constructed based on genetic algorithms.
An aero-propulsive model for propeller-wing systems in a tractor configuration is developed
based on a vortex lattice method lifting-line for the aerodynamic lifting surfaces, coupled
with a blade element momentum theory model to describe the propellers. We define the
optimum based on different figures of merit, namely the lift, the propulsive efficiency, and the
aerodynamic efficiency. Configurations with a number of propellers ranging from 2 to 12
are explored, showing that a 10% increase in lifting capabilities is achievable with the use of
distributed propulsion on a wing representative of a regional transport aircraft. By using a
data-driven optimization scheme, a quick assessment of a vast number of conditions becomes
possible, enabling to tackle the problem from a multi-objective optimization point of view. This
opens a discussion that is not necessarily centered on the value of the optimized metric, but
on the combination of parameters and physical relations that constitute an optimized case.
We conclude by extending the numerical model into a panel code to assess the implications of

distributed propulsion on the horizontal tail of an aircraft.

Nomenclature
Symbols
CL = lift coefficient
Cp = drag coefficient
E = aerodynamic efficiency
= thrust [N]
0 = torque [Nm]
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T. = thrust coefficient T/(% pVinRz)
0. = torque coefficient Q/ (% pronR3)
n = efficiency

\%4 = velocity [m/s]

J = advance ratio V/(nD)

N, = number of propellers

R = radius [m]

n = rotational frequency [1/s]

b = wing span [m]

c = chord [m]

AR = aspect ratio

o = angle of attack

B = blade pitch angle

Jol = Pearson correlation coefficient
WF = washed fraction

eqDL = equivalent disk loading

A = variation

erryq = relative percentage error on y
Abbreviations

DEP = distributed electric propulsion
VLM = vortex lattice method

LBM = lattice Boltzmann method
RANS = Reynolds-averaged Navier-Stokes
VPM = vortex particle method

FVW = free vortex wake

ST™M = stream tube model

BEMT = blade element momentum theory
DBS = down-going blade side

UBS = up-going blade side

MDS = multidimensional scaling
Subscripts

P =

propeller
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I. Introduction
ISTRIBUTED electric propulsion (DEP) aircraft concepts have gained attention due to them being suitable candidates
Dfor electrification, contributing to the reduction of direct CO, emissions [1]]. For the last fifty years, turbofans
have been the standard for aircraft propulsion, with this sector nowadays pushing towards larger engines [2]. Meanwhile,
sustainable aviation fuels (SAF) [3]] are also being tested to mitigate the environmental impact of aviation [4} 15]].

Propellers have been widely adopted for DEP as the interaction between the propeller’s slipstream and the wing in
a tractor configuration has been shown to bring an increase in lifting capabilities [6]] and aerodynamic efficiency [7],
opening the possibility for battery or fuel-cell powered aircraft. This is achieved by leveraging the aero-propulsive
coupling between the propulsion system and the lifting surfaces [8} 9]. Examples of this are NASA’s X-57 program
[LO] or the Electra EL-2 Goldfinch [11] aircraft. However, hybrid-electric or fully electric architectures are generally
associated with a higher overall weight [[12]], mainly due to the energy storage, such as batteries or hydrogen reservoirs
[L3]. These kinds of aircraft are unlikely to achieve ranges similar to those of long-range, wide-body airliners in the
near future [[14,[15]], in particular at the same maximum take-off weight.

Nevertheless, future technological developments are expected to make DEP a viable solution. The effectiveness of a
DEP architecture depends on multiple interlinked factors [12}[16], ranging from the power-to-weight ratio of the various
components, the propeller’s position, or the blade’s geometry.

The complexity and the multidimensionality of the problem can benefit from a holistic approach that allows for the
concurrent consideration of multiple factors. We present an optimization framework based on genetic algorithms to
search for optimal DEP configurations that improve lift and aerodynamic efficiency. This novel approach is of interest as
it can lead to a faster time in defining an optimal condition from the aerodynamic perspective.

Modelling propeller-wing interaction is essential to designing DEP architectures. Several numerical approaches
are found in the literature in the context of DEP. High to mid fidelity CFD simulations that capture the full physics of
the problem are achieved using the Lattice Boltzmann Method (LBM) [17]] or the Reynolds-averaged Navier-Stokes
equations (RANS) [} [18]], while mid to low fidelity simulations, albeit with less computational power, use Vortex
Particle Method (VPM) [[19-21]], or Free Vortex Wake (FVW) approaches [22]. However, the computational cost of
these approaches makes them unsuitable for multi-parametric (optimization) studies, where many iterations, and thus
simulation runs, are needed. Analytical or semi-analytical models allow for a fast computation of the aerodynamic

coupling between the wing and the propulsive system [23].



Most examples of fast numerical approaches found in the literature are commonly based on momentum theory,
as proposed by Patterson et al. [24]. Applications are found in DEP aircraft concept design [12] 25| 26]], design
optimization [27], or trajectory optimization [28]]. Although numerically inexpensive, this simplified approach neglects
the effects of the swirl induced by the propeller and, to some extent of the spanwise location of the propeller, making it
impossible to evaluate a proper spanwise load distribution for a wing with propellers, specifically relevant for tractor
configurations. In addition, this approach does not consider the characteristics of the propellers in use, but is rather
limited to the thrust coefficient, which can be an insufficient parameter from a design perspective.

Within the developed framework, a numerical aero-propulsive model is included, which is capable of estimating
the lift and drag distribution over a wing due to the interaction of an array of propellers in tractor configuration. This
model is based on the blade element momentum theory (BEMT) method, which was used to estimate the propeller
forces, and on the vortex lattice method (VLM) to describe the wing, accounting for the effect of the induced swirl by
the propellers; similarly to the work of Naderlof et al. [29].

Leveraging on the developed numerical framework, a study was conducted over different configurations featuring
different numbers of propellers for a wing representative of a regional transport aircraft with distributed propulsion. This
not only yielded optimal configurations, in terms of propeller’s spanwise positioning and operating conditions, leading
to a maximum lift augmentation of 10 %, but also allowed to elucidate which characteristics of a DEP configuration
based on tractor propellers are associated with the high lift or high aerodynamic efficiency.

Finally, the aerodynamic model was extended to a three-dimensional panel code. This allowed us to assess the
implications of the increased lifting capabilities on a secondary lifting surface located downstream the propeller-wing
configuration. The paper fist discusses, in section[[I} the numerical framework employed, describing the propeller-wing
modelling and the optimization framework, as well as presenting a validation of the model. Sections [ITI|and [[V]present
the case study and results of this paper. Finally, section[V|presents a 3D panel code as an extension of the presented

framework. The main conclusions, limitations, and outlooks of this work are discussed in section [V1]

II. Numerical framework

A. Propeller-wing modelling

The modelling of the interaction between the propeller and the wing is based on a combination of the VLM
formulation of a lifting line and the BEMT (described in detail in appendix [A). The implemented BEMT model
also allows for asymmetric inflow conditions. As such, the thrust and torque of the propeller can also be estimated
considering non-zero angles of attack and sideslip.

The interaction between the wing and the propeller’s slipstream is modelled in terms of the wing velocity and angle

of attack variation for the wing sections, along the span, washed by the propellers’ slipstream, and neglecting any



contraction of the propellers’ slipstream. The interaction among propellers is also neglected, as this is only relevant
when propellers are at less than a propeller radius distance from each other [30]. Although this interaction is known to
cause changes to the performance and the slipstream with respect to an isolated propeller case, this change is rather
small, limited to a 1.5% reduction of propulsive efficiency [31]. Finally, also the effect of the wing on the propellers was
not included, being a second-order effect with respect to the propeller slipstream effect on the wing. Radial and angular
distributions of induced axial and tangential velocities are computed for each propeller using the BEMT model. These
values are then translated into the wing’s reference frame and summed to the incoming flow velocity, leading to an
effective velocity V. rr and angle of attack a,ry (Figure E[) along the wingspan, which are then used as input for the

VLM.

Fig. 1 Effective velocity V., and angle of attack a. s s due to the propeller induced velocity V.

The washed area of the wing is schematically indicated as “interaction zone” in Figure[2] This is assumed to be
the projection, along the free stream direction, of the propeller onto the wing. This approach does not consider the
contraction of the slipstream or its deformation over the wing [32H34]], and assumes that the center of the propeller’s

disk is placed along the chord line. Nederlof et al. [29] included this effect via a stream tube model (STM).
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Fig. 2 Schematic representation of the numerical model.

The down-going blade side (DBS) and the up-going blade side (UBS) induce downwash and upwash in the wake,



respectively, as shown in Figure[3] In addition, if the propeller is positioned with a relative angle of attack with respect
to V., the propeller disk will see a non-uniform loading. As a consequence, the induced velocities will be different

between the UBS and the DBS.

Fig. 3 Schematics of the considered configuration representing a propeller in tractor configuration. The
incoming flow velocity and the propeller-induced velocity are shown together with the considered reference frame.

The numerical model allows for the computation of the lift and drag distributions along the wingspan, as well as the
induced drag. The drag distribution, consisting of pressure and skin friction drag, is obtained by assuming the local
value of the friction drag associated to the wing sections’ polars obtained with XFoil 6.9 [35]. The polars are evaluated
for a range of Reynolds numbers and stored in a database, which can be queried once the section lift distribution is
known. The induced drag is calculated from the lift distribution using the Trefftz-plane method [36].

The implemented optimization framework considers six variables related to the propeller position, characteristics, and
operating conditions. For each one of the N, propellers, denoted with the subscripts ‘i’, the variables are the propeller’s
thrust (7;), span-wise position (y, ;), radius (R, ;), rotation direction (7ot ;) (inboard-down or inboard-up), pitch
relative to the chord line (i, ;) and the blade root pitch (3, ;). The last one represents the fixed blade pitch variation for
the entire blade. The blade characteristics, such as the airfoil’s geometry, the chord, and the twist radial distributions are
fixed and equal for all propellers. Other variables included are the chord (¢) and the wingspan (b) of a rectangular

wing, the wing’s airfoil, the wing’s geometric angle of attack («), the sidewash angle and the inflow velocity (V).

B. Optimization framework

The goal of the current study is to obtain optimized DEP configurations in terms of lift and aerodynamic efficiency
enhancement. To this end, only five of the six variables for each propeller were considered. The propeller pitch (i),)
was not included as an optimization variable, as it was found that a negative pitch would always yield an increment in
effective angle of attack, and, as a consequence, of the lift coefficient. In addition, an excessively large propeller pitch
goes against the hypothesis that the wing is completely immersed in the propeller slipstream. To avoid falling into cases
that cannot be properly described by the implemented numerical framework, i, ; was kept equal to zero for all propellers

during the optimization, as otherwise the optimization algorithm might find results that are not representative of reality.



Any given configuration is reasonably assumed symmetrical with respect to the wing’s centreline, and, as such,
just half of the variables are needed. The total thrust is fixed and equal to a fixed predetermined value. In the cases
discussed in this work, this was set to the drag assuming a Cp equal to 0.025, representative of the desired optimization
condition, which was horizontal flight. In addition, to have a constant total thrust, one of the propeller thrust values
(Tp,i) is determined by all the others. Therefore, the total number of variables is (SN, /2 - 1).

As a part of the optimization, a series of constraints were enforced. In particular, the propellers must not overlap,
their centre must be within the wing’s total aperture, the rotational speed n,, ; must be limited to avoid falling into a
transonic condition, and the thrust of each propeller must be positive, given that this is the logical scope of a propulsion
system in cruise flight. If these conditions are not satisfied, a penalty score is assigned as output of the optimization
function. Instead, if the constraints are respected, the numerical framework then computes the wake characteristics for
each propeller using the implemented BEMT and then evaluates the loading distribution using the VLM lifting line
wing model.

To maintain a constant total thrust for each configuration, the thrust (7}, ;) of each (N/2 — 1) propeller was used as
an optimization variable. Nevertheless, the propeller thrust is an output given by the BEMT, which instead requires the
propeller rotational speed (n,, ;) as input. To solve this, a look-up table of corresponding n,, and 7}, was constructed
prior to the optimization, also using the implemented BEMT code. This was done for multiple propeller sizes and
pitches to account for the possible variation range of these variables.

The optimization objectives that were chosen are the wing’s lift coefficient (Cy,), the aerodynamic efficiency (E),
and the the global equivalent propulsive efficiency (77,,4). This was done at fixed conditions, meaning fixed free stream
velocity (Vs ), angle of attack (@) and geometry. The equivalent propulsive efficiency (eq. |1)) is defined as the sum of

the propeller efliciency (17, ;) weighted with the power required by each of the N, propellers.
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By this definition, the total power needed to operate the distributed propulsive system (Z -1 Ty Voo ) is equal to the

i=1 np
total thrust (va” Tp,i) multiplied by the velocity (Vi) divided by the equivalent propulsive efficiency (17,,.4), giving a
unique definition of propulsive efficiency in DEP.

The optimization was performed using the genetic algorithm optimization tool available in the MATLAB suite

[37]. With this, an optimization function f(X) (eq. [2)) was defined whose outputs are the wing’s lift coefficient, the

aerodynamic efficiency and the equivalent propulsive efficiency.



FX) = [CL.Enp eq]

X =[y,.R,.Ty.rot,,B,|

@)

A genetic algorithm approach (e.g [I38],[39]) was chosen because it can be applied without having an explicit expression
of the optimization function f(X). Other approaches, as gradient descent [40], require an explicit expression of f(X).
This is then used to compute the gradient of the optimization function relative to each optimization variable, to then
update the current best value for each constituent of X. Although genetic algorithms do not have this limitation, they
are usually slower to converge. This means that more iterations, generations in the context of genetic algorithms, are
needed, stressing the need for an optimization function with a low computational cost.

Two different optimization approaches were used: single-objective and multi-objective optimization [41]. The
former optimization strategy was used to obtain the configurations that maximized each of the three objectives indicated
in eq. J]independently. Then, with the multi-objective optimization approach, a space of optimal solutions, represented
by the Pareto front [42], was found. For this last step, the resulting configurations from the single-objective optimization
were included in the initial populations set to the genetic algorithm as a starting point.

macro:

macro:

The optimization outputs were assessed in terms of the relative increment, in percentage, with respect to an isolated
wing configuration, namely, ACy, q, and AE¢,, and defined as for the generic variable y as,

X — Xiw
Xiw .

Ayxq, = 100 3)

where the subscript ;,, identifies the isolated wing. Although the comparison against a twin propeller configuration
would be more appropriate, using the isolated wing as a reference provides a metric that is independent of the propeller
configuration and operating conditions of a reference of choice. The developed framework can be downloaded from a

dedicated GitHub repository[]

C. Methodology validation

To validate the BEMT solver, experimental results taken from [43] were used, featuring a two-bladed propeller,
with a 150 mm diameter, operating in forward flight conditions and at 7000 revolutions per minute (rpm). The blade
geometry and experimental setup characteristics are indicated in [43]]. The direct comparison is reported in Figure [4]

showing that the developed BEMT correctly predicts the performance of the propeller. The relative percentage error

*https://github.com/enricoamico97/FCG_repository/tree/d5770£7705e38120390b0536bacac2dfe7a66lcf/Script/
Matlab/DEP_Optimization_DEP_VLM
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between the experimental measurements and the numerical prediction for a generic variable y is defined as:

| Xnum — Xexp|

4)
|Xexp |

erry q, = 100

For the tested conditions, the average relative error with respect to the experimental measurements is 5.17% for O,
4.59% for T, and 1.65% for 7.

The implemented VLM was compared with the experimental results reported by Veldhuis [44] of the lift distribution
over a wing, as a consequence of the interaction with a propeller slipstream. The reference experimental case is comprised
of a rectangular wing measuring 640 mm in semi span (b/2) and 240 mm in chord (c), based on a NACA64,A015
airfoil. The propeller is 4-bladed and has a 236 mm diameter; it is positioned at y/(b/2) = 0.47. The specific blade
distribution can be found in [44]. The comparison was made at 0° and 4° angle of attack and a freestream dynamic
pressure of 2500 Pa, corresponding to a Reynolds number based on the chord of 8 - 103. The propeller operates at
J = 0.85 with a blade twist equal to 25° at 75% of the blade radius. The blade twist and chord radial distribution can be
found in [44]]. To numerically reproduce the experimental setup, a full wing with a span of 1.28 m was used, while the
symmetry, experimentally provided by the wind tunnel’s wall, was achieved by including a second counter-rotating
propeller positioned at y/(b/2) = —0.47. In total, 101 spanwise segments were used to describe the wing, while the
propeller blade is divided into 100 elements in the BEMT implementation. Two cases were used for comparison:
inboard-up rotation and outboard-up rotation. The results are reported in Figure[5} showing an average relative error of
5.57%, with a minimum of 0.04% and a maximum of 16.74%, in the estimated cC; with respect to the reported value
for the cases at an angle of attack of 4 degrees.

A second comparison (Figure[6) was made with numerical results obtained with OpenVSP [45]]. A rectangular wing
with a NACA 3214 airfoil was used, as it was deemed representative of an airfoil used for regional transport aircraft.
The wing geometry and the free stream conditions are indicated in table[I]and correspond to wind tunnel conditions.

Four APC 8x6x3 propellers at an advance ratio J = 0.78 were considered. The OpenVSP simulation was conducted

Table 1 Open VSP comparison test conditions

b[m] AR a[?] Cp VelIm/s] N,
375 2 0025 30 4

using a VLM approach and corresponds to the average calculated over 11 complete propellers’ full rotations. Each
revolution is resolved in ten time steps to allow for enough downstream propagation of the propeller’s wake. The wing
is discretized in span-wise elements of length R,,/6 and 16 chord-wise elements. The propeller’s blade is resolved
with 20 elements in the radial direction and 10 elements in the blade’s chord direction. The results are similar, and the

lift distribution computed with the developed code captures the effect of each propeller. The Cy, ;,, computed with



OpenVPS is 1.5% larger with respect to the implemented VLM, while for the case with propellers, the developed code
estimated a Cr, that is 2.5% larger. By using the developed framework, the computation time is significantly lower than
for OpenVSP, one second in contrast with the two hours needed for the OpenVSP simulation. It is worth noting that

both results were obtained using the same machine.

0.8}
0.6}
s
< 04
&~ P
)
0.2}
——BEMT
—e-Grava et al.
0 "

0.2 0.3 0.4 0.5 0.6
J

Fig. 4 BEMT results (solid lines) for the thrust coefficient (7;), the torque coefficient (Q.) and the efficiency ()
compared with the experimental results (dashed lines) reported in [43]].
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Fig. 5 Lift distribution from the developed numerical model (continuous lines) against the experimental results
reported by Veldhuis [44] (diamonds: inboard-up, circles: outboard-up).

II1. Case study
The parameters used for the optimization are indicated in table[2} The same airfoil used in section[[l, a NACA 3214,
was selected. The lift coefficient of the isolated wing at the assigned angle of attack is Cr. ;v = 0.306. The propellers

are all based on a 5868-9 five-bladed propeller [46], featuring ClarkY wing sections.

Table 2 Fixed parameters of the case study

b[m] AR «|[°] Cp Voo [m/s]
24 12 35  0.025 100
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Fig. 6 Aerodynamic load distribution along the wingspan, computed with the developed BEMT+VLM code and
with OpenVSP.

We conducted a preliminary exploratory work [47], where all variables were free to change independently and the
number of propellers was fixed to four. The results showed a distinction between inner and outer propellers. The former
reached a similar optimal condition, while for the outer a different combination of variables was obtained. In addition,
the outer propeller was always located at the wing tip as a result of the optimization. Furthermore, the inboard-up
rotation direction was deemed optimal in most cases, as it is documented in the literature [48]].

The mentioned results were enforced in the present study to minimize the number of optimization variables. All
propellers were made inboard-up and inner propellers differed only by the spanwise location, but not by geometry, thus
making a clear distinction between the (N, /2 — 1) inner propellers and one outboard propeller. This allowed to reduce
the total number of variables to (N, /2 + 5).

Compressibility effects were also taken into account through the use of the Prandtl-Glauert correction [49] when
estimating the polars used for the BEMT. The critical Mach number was included in the airfoil polars database. With
this, it is possible to evaluate if a given set of operating conditions and design variables leads to a transonic flow, for
which the Prandtl-Glauert correction loses validity. To account for this, a last constraint was enforced to the optimizer.
In particular, a propeller for which the station at 75% of its radius sees a relative Mach number equal to its critical Mach
number was discarded.

A total of six cases were studied, with an increasing number of propellers, namely N, equal to 2, 4, 6, 8, 10, and 12.
For each case, the optimization objectives are Cr, E, and 17, 4. The discussion will mainly focus on the optimized Cr,

and FE results.

IV. Results
The optimized configurations are plotted in a ACy, q, - AEq, plane, as shown in Figure m Each data point belongs to
the Pareto front for each respective N, case. The color coding indicates the global propulsive efficiency (77, ¢4), and the

size of the coloured markers corresponds to the equivalent disk loading (from here on indicated as eqD L), defined as the
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total thrust divided by the total propeller disk surface. It can be seen how configurations with a greater increase in lift
(right side of the chart) correspond to a larger disk loading (larger markers) and how the propulsive efficiency is smaller
for these configurations. For the optimized AEq, configurations, the disk loading is smaller. Another observation drawn

from Figure[7)is that the number of propellers is linked to a larger lift augmentation and larger aerodynamic efficiency.

Mp.e
=0.93
2 Optimized F
NF
1 0.92
R *3N ¢
c )
0
°® 0.91
Optimized Cp,
-1
. . . . 0.9
4 6 8 10
ACL,%

Fig. 7 Optimized configurations: the colour coding corresponds to the equivalent propulsive efficiency 7, .,
while the disk’s dimension indicates the equivalent disk loading (egDL).

0 0.5 10 0.5 10 0.5 1

y/(b/2) y/(b/2) y/(b/2)
Fig. 8 c(C; distribution for optimized E, cases with N,, equal to 2, 4, 6, 8, 10, and 12.

The resulting spanwise lift distributions are reported in Figures[8land[9] The plots correspond to cases where the
optimization target is the aerodynamic efficiency (Figure ) or the lift coefficient (Figure[9). It can be seen how the
lift distributions, corresponding to the configurations where E is optimized, are closer to the case without propellers.
Conversely, the optimized lift cases are generally farther apart from the isolated propeller case, since the lift augmentation
is linked with a drag increase and a reduction in aerodynamic efficiency (AEq, < 0) for most of the optimized lift cases
in Figure[7]

A more quantitative discussion can be made analysing Figures[I0} The outboard propeller size, indicated as the

ratio between its radius and the wing’s chord (R, /c), is larger for the optimized E configurations with respect to

12
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Fig. 9 cC, distribution for optimized C7, cases with N, equal to 2, 4, 6, 8, 10, and 12.

the optimized Cy, case. For the latter, however, there is less difference between R;;,/c and R,,;/c. The thrust is
distributed towards the wing tip, as it can be inferred from the value of 7, /(T;,;/2) in Figures and . Large
AEq, configurations feature a greater fraction of thrust assigned to the outer propeller with respect to the large ACy, g,
configurations. All of the optimized configurations show that, for increasing N, the thrust is more evenly distributed
among outer and inner propellers. For the optimized C, case with 12 propellers, 21% of the total thrust is assigned to
the outer propeller, which means that each inner propeller is responsible for 5.8% of the total thrust. Conversely, for the
8 propeller optimized Cr, case, the outer and each inner propeller are accountable for 35% and 5%, respectively.

Another interesting finding from the results shown in Figure [I0]concerns the blade twist (8). The outer tip propeller
has a much larger g than the inner propellers, for all configurations. The reason for this is that only the up-going
blade side interacts with the wing, and therefore, the effect of the induced upwash behind the UBS is exploited for lift
enhancement, which can be appreciated in the lift distributions in Figure[9] For the inner propellers, this cannot be done
as the induced downwash from the DBS gives a negative contribution to lift augmentation.

Figure @ shows the Pearson correlation coefficient (o) between the optimization objectives (ACy, o, AEq,, 1,,) and
relevant configuration parameters. A positive correlation between lift enhancement (ACy, q,) and thrust coefficient
(T¢,our and T, jny,) is found, which is also directly linked to the equivalent disk loading. In fact, for the same
variables, the correlation with AEq, is negative, pointing to the conclusion that configurations that increase lift do
not necessarily increase aerodynamic efficiency. The correlation between the thrust assigned to the outer propeller
Tour and both ACy 4, and AEq, is negative, suggesting that distributing the propulsion is beneficial; however, the value
P(ACL g0, Tour) = —0.79, suggests that this is more so for the lift increase. The relation between T, 17,,, ACr o, and
eqD L, previously discussed, can also be observed with this approach. The lift enhancement is achieved by operating
propellers at a higher disk loading, which corresponds to higher thrust coefficients. However, a propeller that induces a

higher speed to the flow is usually less efficient than a propeller that achieves the same thrust by moving a larger mass
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Fig. 10 Distribution of thrust, propeller size, and blade twist among optimized configurations for the C;,
optimized configurations: («) and (b); and for the optimized E cases: (c) and (d).
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Fig. 11 Pearson’s correlation coefficient (o) between the optimization objectives (ACy q, , AEq, , 7, .4) and
relevant configuration parameters.

flow at a slower speed. All of this explains the negative correlation between lift augmentation and propulsive efficiency.
Lastly, there is a strong positive correlation between the washed fraction (WF) and AEq,, related to the larger propeller
radii, as seen from Figure[T0} and to the lower eqDL in Figure[7l WF corresponds to the fraction of the wingspan

washed by the slipstream of the propellers, corresponding to the “interaction zone” indicated in Figure[2]

Multidimensional scaling
Multidimensional scaling (MDS) [50] is a dimensionality reduction algorithm that allows to map a multidimensional

space to a more interpretable representation, for instance, on two or three dimensions. The optimized solutions found
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Fig. 12 Maps for (a) ACy 4, (b) AEq, (€) 17,4, (d) equivalent disk loading (eqDL), (e) fraction of the wing
washed by the propellers slipstream (W F) and (f) thrust center of forces along the semi-span (y;;,) in the MDS
coordinates (). The isolines represent the number of propellers N,,.

are represented by a series of parameters, such as the optimization objectives (ACy o, AEq, 17 c4) as well as by the
configuration characteristics that allow for those values (e.g. T, R),, among others). Using the MDS algorithm, the
level of similarity of the optimized configurations can be evaluated, thus allowing for a lean interpretation of the results.
This allows to gain an understanding on how each optimization variable contributes to the optimization objectives. Each
configuration is described by the following parameters: N, ACr g0, AEq, Np eqs Np,inns Mp,out> Rpinns Rp outs Te inns
Tc.out» WF, eqDL, and y,p,, defined as the sum of propeller’s span-wise position weighted by their respective produced
thrust force.

Each of the variables used for describing a configuration can be interpreted as a scalar two-dimensional field
described by the coordinates ¢, and ¥ obtained from the MDS mapping. Figure [T2] shows how the optimization
relevant parameters are mapped in the MDS coordinates. It is interesting to see how the maximum of each variable is
located at different (y1,¢2), showcasing how different objectives require a different mix of parameters. As discussed,
the maximum lift augmentation is found at a larger number of propellers as well as for the maximum aerodynamic
efficiency. Figures[T2p and[I2p are different from each other, further indicating that optimizing lift and aerodynamic
efficiency might not be achievable simultaneously.

As discussed, a higher lift augmentation is achieved by having a higher disk loading, as it can be deduced from
figures [I2p and [T2d. However, the latter indicates that the number of propellers and the value of the disk loading are
uncorrelated, as the isolines are generally perpendicular to each other.

For N, equal to 12, WF reaches 64% of the wingspan when E is being optimized (Figure @). However, when
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optimizing the Cr, also for N, equal to 12, this value is 49%, indicating that larger propellers are associated with greater
aerodynamic efficiency. Comparing Figures[I2b and Figure 12k it can be inferred that a larger washed fraction is related
to a higher aerodynamic efficiency, as the color maps resemble one another, supporting the previous discussion based
on the Pearson correlation. The centre of the applied thrust force (y;,) moves inboard for a higher number of propellers
(Figure[I2f) and in particular for the optimized AC q, cases. Nevertheless, the thrust weighted center is placed between
70% and 95% of the semi-span across all optimized DEP configurations, which is still further outboard with respect to

the conventional placement at 30-40% in twin turboprop aircraft [44].

V. 3D panel code

As already mentioned, one of the key constraints in the development of the VLM+BEMT model was to keep
the computational cost as low as possible. This, however, can come at a cost in terms of accuracy and capability to
capture the interaction with non-lifting surfaces. Therefore, we also implemented a 3D panel model. Due to the greater
computational time and, as it will be shown, the little differences between this and the VLM+BEMT approach, the 3D
panel model was not embedded in the optimization loop.

The effect of the propellers on the wing was included employing a methodology equivalent to the one described in
section[l] the difference being that in this case the whole propeller disk is considered. The evolution of the propeller
slipstream is not modelled, nor is its deformation due to the interaction with the wing.

A comparison between the lifting line method and the panel code approach is shown in Figure[I3|for the optimized
ACyr g, and N, = 8 case. The percentage relative difference in estimated lift, calculated as the estimated panel code Cr,
minus the Cr, calculated with the lifting line approach, normalized by the latter, is equal to —0.9%, suggesting that both
approaches produce comparable spanwise loading distributions.

0.5

0.4+

0.3+

cC

0.2+

01t Lifting line
——Panel code
0 L L L L
0 0.2 0.4 0.6 0.8 1

y/(b/2)

Fig. 13 Comparison between the panel code (black line) and the lifting line method presented in the previous
sections (gray line) for the 8-propeller configuration, optimized for maximum lift coefficient.

The greater lift obtained with DEP can have an impact on the stability characteristics, as the wing loading contribution

to the pitching moment might increase, as well as the induced downwash to a downstream horizontal tail. To evaluate
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this, a comparison is made between the 12 propellers DEP configuration for optimized lift and a reference twin
turboprop. The reference configuration has two five-bladed inboard-up rotating propellers with a 3.96 m diameter and,
a centre-to-centre distance of 8.1 m. The blade geometry is the same used for the optimization cases. The propeller
operating point was chosen to match the total thrust of the DEP configuration while optimizing 7, resulting in an
advance ratio equal to 1.17 and an 86% efficiency. The wing geometry is the same used in section[[V] A horizontal tail
was added, reproducing a typical configuration of a regional aircraft. The horizontal tail’s airfoil is a NACA 0015 and it
is positioned 11.5 m downstream of the wing and 3.8 m above it, in a T-tail configuration. Its geometry is reported in

table 3] The plane centre of mass was placed at 40% of the mean aerodynamic chord.

Table 3 Horizontal tail geometry

root chord [m]  tip chord [m]  span [m]
1.76 1 7.3

The trim condition (i.e. null pitching moment calculated with respect to the imposed location of the centre of
gravity) was found for both cases by changing the horizontal tail pitch angle.

The pressure coefficient (C,,) distribution over the wing obtained with the panel code is shown for both cases in
Figures [I4p and [T4p. The fuselage is not part of the vortex lattice, and its influence on the flow is neglected. The
spanwise lift coefficient distributions for both cases are shown in Figure[T5] and the wing’s lift coefficient associated
with the considered DEP configuration is 15% higher than the wing’s Cr, in the reference case. To obtain a balanced
condition for the DEP configuration, the lift produced by the tail had to be increased by 7.3% with respect to the
reference configuration.

Although this is a single test case with limited generalizability, these considerations can serve as an example of the

impact of DEP for the design of two lifting surfaces configurations.

VI. Conclusions

An optimization framework, based on genetic algorithms, is developed to search for optimal distributed electric
propulsion (DEP) configurations based on tractor propellers. The spanwise load distribution and other main aerodynamic
performance indicators are estimated with a purposely build fast numerical aeropropulsive model, based on the blade
element momentum theory (BEMT) and on the vortex lattice method (VLM). This approach keeps the computational
cost low while describing more complex physics than standard approaches purely based on momentum theory, generally
employed in the literature.

The goal of a low computational time was successfully achieved, as equivalent results, obtained with the industry
standard panel code OpenVSP used for similar purposes, were obtained in a significantly lower time. In addition, both

the BEMT and VLM were validated against experimental results found in the literature.
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Fig. 14 Contour of the pressure coefficient (C,,) distribution for the twin propeller reference configuration (a)
and for the 12-propeller DEP configuration (b), obtained optimizing the lift coefficient.

I —DEP ||
H-Tail ——Reference
Ok ; 10 . 1 .
0 0.2 0.4 0.6 0.8 1
y/(b/2)

Fig. 15 Comparison between the span-wise lift coefficient distributions on the wing and the horizontal tail. The
reference case refers to the twin-propeller configuration. In the insert, the cC;. on the horizontal tail is shown.

A case representative of a regional transport aircraft was analysed, as this aircraft type has been identified as a good
target for electric propulsion. Different sets of DEP configurations were found by optimizing the lift coefficient Cy, the
aerodynamic efficiency E, and the equivalent propulsive efficiency 7, .4 through the developed framework. The former
two were assessed in terms of the relative increment with respect to an isolated wing configuration, namely: ACr .,
AEq,, for which maximum values of 10% and 2% were found.

Across all optimized configurations (from 2 to 12 propellers), a propeller positioned at the wing tip was always
found beneficial, in agreement with previous literature. Configurations that optimized E showed outer propellers with
greater radii with respect to those that optimized ACy, ¢,. For the latter, a strong correlation was found with the thrust
coefficient (7,) and the equivalent disk loading. However, a negative correlation was found between ACy ¢, and the

thrust assigned to the outer propeller.
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Multidimensional scaling (MDS) proved useful to understand how each optimization variable contributes to the
optimization objectives. The configurations that lead to the greatest increase in lift are not the ones that lead to a higher
aerodynamic efficiency, indicating that optimizing the Cy, and the E might not be achieved simultaneously.

The model itself has some limitations, as discussed in section [[Il Some aspects as slipstream contraction and
propeller-propeller interference, are not included. Some of these limitations could be surpassed by additional corrections
to the model as done in [29] for the slipstream evolution. Other limitations instead are peculiar to the chosen numerical
model itself (BEMT and VLM), and would require other numerical modelling techniques, for instance VPM (e.g.
[21,151]) for mid-fidelity or other CFD approaches if higher fidelity is required (e.g. [17,52]]). However, the developed
numerical framework proved numerically inexpensive, which was an essential requirement to perform multi-parametric
optimization.

The presented optimization framework could easily be used for a different optimization objective, or modified to
account for other relevant aspects related to power requirements or to the estimated weight, for example. A possible
extension could be addressing the sizing and conceptual design, building on the work of De Vries et al. [12], for instance.

Finally, a 3D panel code was implemented, showing a relative difference in the obtained lift coefficient with respect
to the BEMT+VLM approach within 0.9%. The implementation of a 3D panel code opens the path towards other
studies, focussing for instance on the impact of DEP on the flight stability characteristics of an aircraft, which could also

be included in the optimization framework.
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A. Blade element momentum theory

Description

Blade Element Momentum Theory (BEMT) is a low order numerical method that allows for good estimates of the

performance of propellers requiring low computing time. It considers the blade’s airfoil and the distribution of both

twist B8 and chord c along its radius. The main insight behind BEMT is to consider both momentum conservation and

blade element theory. An expression for thrust (7") and torque (Q) is found with both approaches, subsequently, the
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Fig. 16 BEMT reference frame.

expressions obtained from the two formulations are equated. The outputs are the local distribution of forces in the
propeller disk, as well as the induced axial velocity and swirl.

A BEMT model capable of considering a non-perpendicular inflow velocity is presented. The main insight behind
the numerical model is based on the works [53] and [54]]. In Figure[T6] the circle represents the propeller disk. u is the
main inflow velocity, normal to the propeller plane. v is the inflow velocity along the y axis and w along the z axis.

The elementary thrust d7 and torque dQ, corresponding to a small section of propeller disk located at coordinates

(r, @), can be calculated considering the momentum conservation associated with the elementary mass flow dri.

dT = dm (uy, — Ueo)

dQ = dn'1v,yw

u,, and v, ,, are the wake axial and tangential velocities corresponding to a (r, 8) point on the propeller disk. Physically
the presence of the propeller produces an increase in the axial velocity behind the propeller disk, as well as an induced
swirl velocity. This velocity increment can be described through two parameters a and a’. These are the axial and

tangential velocity induction factors at the propeller disk plane.

Ug = Ueo(l + a)

Ve = Qra’

The elementary thrust dT and torque dQ corresponding to a (r, 8) point are calculated from momentum conservation

(eq. [5]and [6) and from Blade Element Theory (eq. [7]and [8).
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Momentum theory

dT =2pu*,Fa(l + a)rdrdd (5)
dQ =2pusFa' (1 +a) (Qr +vsin@ — wcos 0) r>drdo (6)
Blade element theory
1 do
dT = ch—pW2cr—dr @)
2 2nr

1 do
dQ = cZ*B—szcr

2PWea A ®)

In equations[5|and[6] F is the Prandtl correction factor for tip losses [55]] and ¢ is the angle between the propeller disk
plane and the velocity vector W (Figure[I7) seen by the blade.

©))

F(r)= %cos_1 [exp (—B(R i) )]

2r| sin ¢ |

In equations [7]and[8] ¢, and ¢+ are the decomposition of the lift and drag coefficients along the x and z* directions
indicated in Figure[I7} By equating equation [5| with [7]and [6] with [8] two equations are found. The term indicated as o’ is
the local solidity, which corresponds to the ratio between the blade element surface and the corresponding elemental
annular surface. It is calculated as the local chord times the number of blades divided by the circumference given by the

local radius.

T (10
o'cy
1
a' = 4F sin ¢ cos ¢ 1 (11)
o’cx +

The problem has three unknowns, a, a’, and ¢. A third equation for ¢ can be found from the definition of tan ¢.

sing Us(l + a)
cos¢ (Qr+vsind—wcosf) (1—a’)

(12)

Solution methodology
Given the non linearity of the system of equations described by equations [I0} [TT]and[I2} an iterative procedure must

be implemented. This is achieved by defining a residual function res(¢) obtained by modifying equation The steps
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Fig. 17 Forces and velocities in the blade’s reference frame.

to follow to compute the residual are then:

W= \/uZQ+(Qr+vsin67—wcost9)2
_pWce
u

a=p-¢

Re

¢ =ci(Re,a)

cqg =cq(Re,a)

Cx =C]COS¢ — CcgSing
C+ =cCy8ing + cg4cos ¢

F =seeeq: [

a = see eq: [I0]

a’ = see eq: [T

/

1—
res(¢) =sin¢ (Qr + vsind — w cos 0) ( 7 +a )—cos¢
a

The lift and drag coefficients (¢; and c4) are procured from a look-up table of polar curves for the given airfoil,

previously obtained with XFOIL. The Prandtl-Glauert correction can be applied to the coefficients to include the effects

of compressibility.

The solution is found by minimizing res(¢). After solving the system of equations, the local forces per unit surface

at coordinates (r, 0) are calculated according to equations [13|and The total thrust and torque forces can then be
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found by integrating the local forces across the entire propeller disk plane. In addition, the in-plane forces can also be

evaluated.

B

ST(r,0) = cxpW? -2 (13)
4r
, Bc

00(r,0) = cprpW*—r (14)

4r
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