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ABSTRACT
This research aims to provide an iterative propeller design approach for distributed electric propulsion

(eDEP) systems with the example of improved cooling characteristics. This is achieved due to increased outflow
velocity near the hub where a heat exchanger is placed. For this purpose, the in-house tool RAPID (Research
Algorithm for Propeller Identification and Design) is presented. Its propeller design algorithm is based on the
Blade Element Momentum Theory with Betz’ optimal displacement velocity ratio. Patterson’s approach for
prescribed axial velocities is used for the modified cooling characteristics. The propeller design with modified
near-root velocity distribution is presented for an eDEP propulsion unit of a 50 pax regional aircraft class. In
the following, the on- and off-design performance of the design is shown. Subsequently, the improved cooling
performance is discussed by applying an analytical fin heat exchanger model in the propeller outflow. It can
be shown that the modifications result in a significant reduction in the required heat exchanger size of up to
3.86%. At the same time, the impact on propeller efficiency remains below 0.44% at take-off while it inreases up
to -2.41% at cruise.

INTRODUCTION
The conversion of aviation propulsion from aero gas turbines to electrically driven systems requires a revision

of the design concepts used in the development stages of future propulsion units. The main advantages of electric
propulsion are high efficiencies over a broad operating range, the possibility to use distributed propulsion due
to the uncoupling of energy source and the propulsor and a variety of possible power sources such as batteries
or fuel cells. Thorough investigations on the placement and synergetical interaction of DEP systems are given
by Borer et al. (2017). Electric propulsion is currently only conceivable for short-haul regional aircraft. Their
cruising speed and altitude are in a range where propeller-driven aircraft have their main advantages. The de-
grees of freedom gained have to be fed back into the design process of the drivetrain components such as electric
motor, power electronics and the propeller. The design of a propulsion unit including propeller, electric motor
and power electronics is the main focus of the EProRef (Electric Propulsors for Regional aircraft) project. The
project goals of the consortium are the investigation and development of a distributed electric propulsion unit
including propeller, electric motor and power electronics. The requirements are obtained from a regional aircraft
for 50 PAX and a range of 1000 km. These requirements represent the ATR42-500 aircraft which is powered
by two Pratt & Whitney P127E turboprop engines rated at P ≈ 1790 kW continuous power. By replacing the
engines with an electric powerplant of the same power, electric losses would increase drastically and the use of
superconductors become mandatory. To avoid this, a distributed electric propulsion approach (eDEP) is used
in EProReF. A discussion and an overview on onboard electronics of more-electric and all-electric aircraft are
given by Schefer et al. (2020) and examples for compact mobile applications of drive inverters can be found in
Langmaack et al. (2019). Additionally, initial studies have to be carried out to determine the number, orientation
and position of the propulsors with respect to the wing which are suited best for the reference aircraft. These

This work is licensed under Attribution 4.0 International (CC BY 4.0)
See: https://creativecommons.org/licenses/by/4.0/legalcode

https://www.gpps.global
https://orcid.org/0000-0003-1696-1300
https://orcid.org/0000-0002-1279-1933
https://orcid.org/0000-0001-9948-2860
https://creativecommons.org/licenses/by/4.0/legalcode


Inflow baseline outflow
modified outflow fin heat exchanger
electric components nacelle

Figure 1 Schematic of propulsor setupwith base-
line and modified outflow velocity distribution in
front of downstream heat exchanger.

Table 1 Fullscale and scaled DEP propeller boundary condi-
tions.

ATR42-500 DEP 6 scaled DEP 6
dP rop in m 3.96 1.0 0.8
dhub in m 0.65 0.40 0.33
N in min−1 1212 4800 6000

TEoF in N 19800 3300 2112
Matip 0.732

J 0.713

Table 2 Scaled DEP 6 design requirements at 4 operating points.
Take-Off HHA ToC Cruise

Treq in N 2112 2112 352 277
Vinf in m/s 57 57 118 128
h in m 0 3048 6000 6000

Ploss in kW 14 14 2.9 2.3

simulations will be carried out using CFD with the actuator disk approach as a reduced order model to substitute
the propeller (Raichle et al. (2007)) in the scope of EProRef. Subsequently, propellers are designed using the
in-house tool RAPID (Research Algorithm for Propeller Identification and Design) which is described later in
this paper. Since cooling of electric motors and power electronics at low temperature gradients can be an issue,
especially at harsh hot day and high altitude conditions at take-off, further investigations regarding the cooling
concepts are scheduled and a design approach is presented in this study.

PROPELLER DESIGN REQUIREMENTS
The design of the propeller for the present case is oriented towards the most critical point of the mission,

which is the end of field with one engine inoperative (EoF) scenario. At this point of the project, no considerations
regarding redundancy and possible failures have been conducted. Therefore, the required thrust at this mission
point is adopted from the reference aircraft. The derived requirements are presented in tab. 1. In order to
accommodate the propulsion unit in the test section of a wind tunnel and to minimise side wall effects, the
propeller diameter dprop has to be scaled to a diameter of dprop = 0.8 m. This ensures a distance from propeller
tip to the side walls of 1 · d. Scaling is done by keeping the disc loading P/A as well as the rotational speed
N constant. The requirements and boundary conditions are given in tab. 2 at the considered operating points:
take-off, hot day high altitude take-off (HHA), top of climb (ToC) and cruise. For the current design, a setup of
six propulsors (DEP6) per wing will be used as input for the design process. Preliminary studies have shown that
a design of the propeller for the cruise operating point leads to designs that can not fulfill the thrust requirement
at Eof. In addition to the propeller design, another focus of the project is the cooling system of the propulsion
unit. In order to achieve a compact packaging, value is placed on using the propeller slipstream for cooling. A
thermal analysis for heat exchangers with a flow inside the nacelle has been conducted by Schnulo et al. (2017)
but it requires an extensive internal fluid flow structure. Additionally, the systems presented are in a range of
≈ 15 kW with thermal losses of up to 220 W. These values are far below the aim of EProRef and therefore,
further investigation will be conducted. Since the propeller is designed with the optimum condition of Betz, it
has a low near-root velocity, resulting in a low cooling potential. One possibility for improvement is to modify the
flow in the near-root region. This approach will be presented in this paper by prescribing a velocity distribution
in particular areas of the propeller near the root. A schematic drawing is shown in fig. 1. In addition to the
homogenous inflow, the outflow velocity distribution is shown. In the near-root region, a fin heat exchanger is
placed downstream of the propeller.
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Figure 2 Flowchart of the RAPID propeller design work-
flow.

After introducing this main concept, this pa-
per aims to investigate the central research ques-
tion: how can the performance of a local heat ex-
changer downstream of a propeller in an eDEP
setup be improved by manipulating the local
propeller design velocity? To do so, and with
the scope of the EProRef project presented, the
RAPID design process is depicted. Afterwards,
the modification of the standard design process
by using the approach of Patterson is given. For
the subsequent evaluation of the design, a brief
introduction of the heat exchanger model and its
simplifications are given. In the following, results
for propeller design of baseline and modified ap-
proach are given during on- and off-design opera-
tion based on the BEMT. Finally, heat exchanger
performance improvement is discussed.

METHODOLOGY
The superordinate design process for pro-

pellers at IFAS is depicted in fig. 2. It starts with
the specification of geometrical boundary condi-
tions and thrust or power requirements 1⃝. These
are used in the classic methods of the Blade Ele-
ment Momentum Theory (BEMT) 2⃝.

The propeller design algorithm used herein is
the one presented by Adkins and Liebeck (1994).
It is based on the work of Glauert (1935) and aims
at designing a propeller of optimum efficiency ac-
cording to the formulation of constant displace-
ment velocity ratio ζ by Betz (1919). This is
based on the assumption that the propeller wake
has the lowest loss of energy if the vortex sheet
moves axially downstream and has the shape of a
rigid screw surface. The algorithm has been im-
plemented in MATLAB 2021 for the subsequent
propeller design according to the algorithm of Ad-
kins and Liebeck with the optimum Betz criterion.
The condition is met by iterating the displace-
ment velocity ratio ζ for the entire span of the
propeller blade until a constant ζ is achieved for
all blade elements. Supplementary airfoil section
data in form of airfoil polars providing lift (CL)
and drag (CD) is obtained for the requested airfoil
at each section using XFOIL (Drela (2013)) with
Ncrit = 4.5 and stored in a database. To avoid
program errors when leaving the polar range, all
polars are extended by scaled NACA0012 polars
(Critzos et al. (1955)) to a range of -180◦ to +180◦.
Even though realistic designs should not have any
operating points outside of the previously gener-
ated polar, this approach greatly improves the sta-
bility of the iterative process. (Approaches in Lit-
erature for 360◦ polar extension: Morgado et al.
(2013) Traub (2016)). The evaluation of the air-
foil database is performed using linear interpola-
tion for queried angle of attack α, Re and Ma
during the algorithm.
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Figure 3 Flowchart of the workflow for modified propeller
design.

A subsequently conducted independency
study for the propeller of Adkins has shown that
for the entire range of Re and Ma occurring along
the propeller blade, a grid of at least 100 po-
lars on an evenly spaced grid of 10x10 Re x Ma
should be used to avoid additional discretization
uncertainties.To evaluate the propeller of the gen-
erated propeller design, the results of the afore-
mentioned design process (chord length c, twist
angle β, airfoil, radial position) and boundary con-
ditions from tab. 2 are used as inputs for the cal-
culation of off-design operating points 3⃝. Perfor-
mance maps for a 3D operating space over a range
of advance ratios J , pitch angles Φ and altitudes h
are calculated subsequently by iterating the axial
and rotational velocity induction factors a and a′.
While various works deal with solution approaches
for the BEMT (Ledoux et al. (2020), Liu and
Janajreh (2012), Winarto (2004)), a conventional
iteration scheme with an under-relaxation factor ω
is used: ai+1 = ai +ω(ai+1 −ai). As suggested by
Filippone (2012) and Maheri et al. (n.d.), a factor
of ω = 0.5 should be used while exceeding 0.56 will
lead to extensive oscillations of the solution. Dur-
ing the solution process in this work, it was found
that the best compromise between convergence
performance and speed is achieved with an under-
relaxation factor of ω = 0.01. This is particularly
necessary in regions of the polars with large gradi-
ents in the off-design. While not relevant for the
propeller design, stall delay models by Dumitrescu
and Cardos (2007), Snel et al. (1993), Gur and
Rosen (2005) and Corrigan/Schillings have been
implemented. These approaches are specific to
propellers or wind turbines and extend the 2D
polars by taking into account rotational effects
caused by the centrifugal forces. Subsequently,
stall will be shifted to higher angles of attack.
In order to validate the implementation of Adkins
algorithm, validations have been carried out using
the propeller design provided by Adkins as well as
that of Park et al. (2018). For both designs, airfoil
section data as well as all operational point data
is available. Design points for both propellers can
be matched in terms of thrust and power coeffi-
cient as well as efficiency. During the validation
the advantage of using 360◦ polars becomes evi-
dent: even above stall, RAPID is able to iterate
operating points robustly without troubleshooting
due to exceeding the polar range. However, the
significance of such operating points is limited be-
cause a propeller would usually not be operated
above stall. Furthermore, the momentum theory
is not valid for flight velocity of Vinf=0 m/s. Sub-
sequently, equations for static thrust can be used
(Gudmundsson (2014)). In addition to the valida-
tion with literature, the Adkins propeller has been
redesigned using JavaProp by Hepperle (2020).
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Table 3 Heat exchanger dimensions

·Rhub(%)
fin height hfin 17.93
fin width tfin 2.25
gap width tgap 4.6
no. of fins (-) 100

Q

lreq
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Figure 4 Schematic of heat exchanger.

The results are in agreement throughout a realis-
tic operating range. Subsequently, a 3D geometry can be generated using standard CAD software and used for
CFD analysis 4⃝. In the scope of EProRef, DLR Tau-Code is to be used for 2D actuator disk (AD) CFD in order
to determine the propeller location in relation to the wing. 3D high fidelity RANS and uRANS CFD will be used
for detailed aerodynamic analysis such as propeller wake-wing interaction. The 3D CFD flow field is then used
to determine acoustic characteristics using DLR PIANO code 5⃝. Additionally, structural (FEM) and dynamic
investigations (FDM) can be conducted using finite element method (FEM) 6⃝. Ultimately, manufacturing in
carbon fibre composite material terminates the propeller design workflow 7⃝.

While the previously described workflow gives the overall framework for the propeller design, a different
approach is used in order to improve the overall cooling characteristics of the propeller outflow in a downstream
heat exchanger. In contrast to the previously described design with minimal induced losses, a different approach is
presented by Patterson, Borer and German (2016) with the goal of achieving a uniform axial velocity distribution
behind the propeller. The main purpose herein is providing a uniform inflow for the wing of a distributed electric
propulsion aircraft (NASA X-57). However, the propellers designed by this approach do not have the objective
of thrust generation. Their task is much more the generation of a uniform and amplified axial inflow velocity
towards the wing. They are subsequently called high lift propellers since they operate only during take off and
landing. Thrust is generated by a set of additional wing tip propellers.
The algorithm proposed by Patterson, Derlaga and Borer (2016) is based on the same overall equations used
in Adkins and Liebeck (1994) but instead of iterating a constant ζ, the induced velocity factors are predefined
for the high lift propeller configuration. It will now be used to prescribe the outflow’s velocity for the near root
section of the propeller. This is achieved by inserting the process depicted in fig. 3 into 2⃝ in fig. 2.

In the process presented in this paper, the optimum propeller design is coupled with the process by Patterson
to achieve an optimum propeller performance according to Betz criterion along most of the span. The section that
is altered for cooling performance improvement is modified using Pattersons’ approach. In the near root region
(r∗

mod) where the heat exchanger will be located downstream, Va is modified to increase the outflow velocity by
10% over the baseline design 1⃝. Other distributions of Va(r∗) are possible but are not presented for the sake of
simplicity. From the initial design, a is used to calculate a′. Subsequently, the corresponding inflow conditions
Φ and W can be established 2⃝. From that point, the airfoil angle of attack α, CL and CD can be determined
by either specifying a design lift coefficient or by iterating for the optimum lift-to-drag ratio ϵ. The coefficients
are obtained from the database previously discussed. Since the geometry of the blade is the result of the design,
chord length c and blade twist angle β are then calculated 3⃝. Since the Reynolds Number is going to change
with every change of the chord c, an inner loop is executed until it has converged to a constant Re. Ultimately,
the thrust dT of every blade element of the modified propeller is calculated and integrated to obtain the overall
thrust 4⃝. Ultimately, the induced axial velocity in the modified region is compared to Va,Design and a(r∗

mod) is
iterated 5⃝.

Since altering the axial velocity leads to an increased thrust, the initial thrust requirement for the optimum
design process is iterated using Newton’s method 6⃝. The new a(r∗) distribution for the unmodified region is
taken from the iterated Adkins design while the Va,Design distribution for the modified region is held constant
according to the pre-definition for this region. Iteration converges if the thrust of the modified propeller matches
the thrust requirement. Convergence is usually achieved after 5 iterations of the loop.

Heat exchanger calculation
The performance of the fin heat exchanger around the circumference of the nacelle downstream of the

propeller is estimated using a model for flat gap heat exchange. The calculation workflow is depicted in VDI
e. V. (2013). More specific, equations for the Nusselt number Nu in the turbulent regime are obtained from
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Gnielinski (1975). The influence of temperature dependency of the gas thermal properties on heat transfer is
considered by a correction for gasses Nu = Num · (Tair/Twall)n with n = 0.45

Nuturb =
ξ·Re·P r

8

1+12.7
√

ξ
8

(
Pr2/3 −1

)
[

1+
(

dh

l

)2/3
]

·
(

Tair

Twall

)0.45
(1)

where
ξ = (1.8 · log10(Re)−1.5)−2 (2)

The main simplifications that were made are the assumption of a uniform inflow velocity perpendicular to the
front face of the heat exchanger as well as a flow parallel to the wall. The inflow velocity is calculated by averaging
the propeller outflow velocity over the height of the fins. At the present state, no upstream effects like blockage
or pressure perturbation due to the cooling fins are fed back into the design process. Furthermore, recirculating
cooling liquid is assumed to achieve a uniform wall temperature of Twall = 331.15 K for the entire length of the
heat exchanger and mass flow continuity is assumed. The geometrical boundary conditions of the heat exchanger
are given in tab. 3 as multiples of the hub radius RHub. The resulting Reynolds number in the gap related to
the hydraulic diameter is in the range of 6 · 104 < Re < 1 · 105. Heat is discharged from the electric components
at an estimated rate of 14 kW for a system power of 200 kW, electric motor efficiency of η = 96% and power
electronics efficiency of η = 97%. Other losses are neglected and heat transfer outside the scope of the fin heat
exchanger is assumed as ideal. Subsequently, the required length lfin is calculated to ensure the dissipation of
all losses generated by motor and power electronics.

PROPELLER DESIGN AND PERFORMANCE RESULTS
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Figure 5 Design results.

For simplicity, the FX63-100 airfoil with a constant CL = 0.8 along the radius was used as design input. The
Prandtl tip and root vortex factor formulation is applied to account for losses caused by the vortex system within
the mommentum equation. The prescribed velocity in the near-root area over the height of the heat exchanger
was increased by 10% compared to the baseline design. A larger increase of the axial velocity can not be achieved
for the highly loaded propeller without exceeding the physical limit of a′ = 0.5 which is almost reached by the
baseline design already. In the proximity, a transition to baseline velocity over 10 blade elements is enforced.
Fig. 5(a) shows the resulting geometry of the modified propeller design. The modified region clearly stands out
with an increase in chord length by up to 51% and 15% in blade angle compared to the baseline geometry of
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Figure 6 Propeller design performance for three pitch angles Φ and altitudes h from tab. 2.

equivalent design thrust. The corresponding velocity distributions behind the propeller are depicted in fig. 5(b)
for operating points from tab. 2. The modified prescribed velocity distribution in the wake near the root area is
clearly visible between 0 < r∗ < 0.116. While the impact at the design point is obvious, the modification leads to
a further increase of the velocity at sea level take-off up to 36% and up to a factor of 3.5 at cruise.

In the next step, the design is evaluated for further off-design conditions at altitudes labeled in tab. 2. In
addition, a series of positive pitch angles Φ is shown and the operating points are highlighted in fig. 6. While not
shown in fig. 6, operating points of the baseline design are overall located at higher efficiencies. Fig. 6(a) shows,
that all operating points can be reached by the current design and differences between baseline and modified
design are negligible. As seen in fig. 6(b) all operating points are either below or above the J of optimum efficiency.
It has to be investigated, whether fixed pitched operation strategy is feasible for electric distributed propulsion.
In contrast to gas turbine driven propulsion, the electric motor provides high efficiencies over a broad operating
range. The trade-off in mechanical complexity and weight against propeller efficiency needs to be addressed in
the future.

The reduction in heat exchanger length is presented in fig. 7. The modified outflow leads to an average
reduction in heat exchanger length of up to 3.86% at the critical HHA operating point. In contrast, only 0.44%
of efficiency degradation are predicted by the BEMT for this scenario. Almost the same result is predicted at
sea level take-off. This gain however comes with a significant penalty in cruise efficiency of up to -2.14%. If one
would use these results for the heat exchanger design, a length of 2.65 ·RHub or 42.53 cm would be required. The
HHA operating point is of most interest here, because cooling is challenging due to low density and temperature
gradients. The required length is almost 2.5 times the length required at sea level and should therefore be used
as the critical reference in the future.

CONCLUSIONS AND OUTLOOK
A design process for propellers with extended capabilities for predefined axial velocity has been presented in

this paper. The workflow of the required tools in the overall design process of RAPID has been pointed out. For
the detailed BEMT workflow, two approaches known from established literature were merged. Most important
boundary conditions for the algorithm have been laid out and are believed to aid the general implementation
approach for such project. The main goal of the newly developed process is to answer the question on how the
performance of a local heat exchanger downstream of the propeller can be improved by manipulating the design
velocity distribution. An application case in form of the EProRef project for electrically driven regional aircraft
has been introduced and will be pursued in the following years. Based on the boundary conditions, an application
case for the model has been generated and a design study was conducted. The axial induced velocity near the
blade root was increased by 10% compared to a minimum induced loss design while thrust was held constant.
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In combination with a fin heat exchanger, which is be placed on the outside of the nacelle, the performace of
the design has been evaluated. By modifying the propeller at the near-root region over the height of the heat
exchanger, a decrease in required length of up to 3.86% has been calculated. While the penalty on performance
at take-off and HHA is rather low, a substantial decrease in propeller efficiency by up to 2.14% is predicted at
the cruise operating point. Furthermore, a slight shift of operating points towards higher advance ratios can be
detected.
The aim of this work was the preliminary investigation of the cooling interaction between propeller and electric
motor. Especially high blade loading in the one engine inoperative scenario has to be reviewed with respect
to regulatory requirements and the reliability of electric machines compared to gas turbines. A loss of power
for an entire wing seems unlikely. It is emphasized that lower blade loading will enable higher increases of
the modified-to-unmodified velocity ratio near the root without reaching unphysical dimensions. Subsequently,
for smaller electric motors with less losses, modifications of the cooling system can become more significant.
Furthermore, the process of airfoil selection for distinct blade elements needs to be carried out, taking into
account aerodynamics as well as structural aspects and manufacturing. Subsequently, 3D CFD simulations of
the entire propulsion unit including heat exchangers have to verify if the approach meets real world performance
requirements (see fig. 2 4⃝). Especially the shape of the prescribed velocity field has to be studied in further
detail. The authors are aware of the fact that a sawtooth chord length distribution near the hub might cause
negative effects on the three dimensional flow. Additionally, the shape of the downstream heat exchanger’s fins
could be changed to that of a aerodynamic stator for optimized pressure recovery. From the 3D flow field, the
acoustic footprint of the design can be assessed (fig. 2 5⃝). Additionaly, modal analysis using FEM and transient
dynamic system performance simulations using FDM (e.g. Goeing et al. (2020)) are going to be carried out to
predict the drivetrain performance. Furthermore a trade-off in weight and mechanical complexity vs. propeller
efficiency needs to be adressed for the use of variable RPM systems compared to constant speed gas turbines.
It has to be established whether the omission of a variable pitch system can have a positive overall impact on
performance. Finally, wind tunnel tests of the developed propulsion unit are planned for validation of the project.
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NOMENCLATURE

RAPID Research Algorithm for Propeller Identification and Design
BEMT blade element momentum theory
DP design point
(e)DEP (electric) distributed electric propulsion
EoF end of field
FDM finite difference method
FEM finite element method
HHA hot day high altitude
PTF Propulsor Test Facility
(u)RANS (unsteady) Reynolds averaged Navier Stokes
ToC top of climb

α angle of attack
a, a′ axial and rotational induction factor
β blad twist angle
c chord length
CT = T/(ρ ·N2 ·d4) thrust coefficient
CL, CD lift and drag coefficient
d, dh diameter and hydraulic diameter
η efficiency
ϵ = CL/CD lift-to-drag ratio
F loss factor
h altitude
hfin fin height
J = V/(N ·d) advance ratio
l heat exchanger length
modified mod
N rotational speed
Ncrit transition criterion (XFOIL)
Ω angular velocity
P power
prop propeller
r, r∗ = (r − rhub)/(rtip − rhub) radius or nondimensional radius
req required
tgap, tfin gap and fin width
dT , T blade element and overall thrust
Twall, Tair wall or air temperature
Va, Vi, Vinf axial, induced and inflow velocity
ν viscosity
Nu, Pr, Re Nusselt, Prandtl, Reynolds number
Φ flow angle
W total velocity
ζ displacement velocity ratio
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