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Abstract
This paper presents a method for modeling ducted fan propulsion systems for hybrid-electrically driven small aircraft based 
on mean line flow analysis methods. Studies of the essential design parameters provide the basis for a discussion of potential 
advantages when compared to free propellers, as well as possible new fields of application for the ducted fan. A two-seater 
aircraft, equipped with two ducted fans powered by a combustion engine and additionally by a parallel hybrid electric 
start-boost drive, is used as a reference application case. The fan performance characteristics are described with the aid of 
aero mean line flow analysis methods and semi-empirical loss correlations. Physics-based methods are applied to assess 
the nacelle drag and noise emissions. The combustion engine and electric motor performance are described using maps. 
The ducted fan design variables are investigated to identify the main trade-offs and favorable designs for the target aircraft 
mission, with special attention to noise. The results show that the performance of fixed pitch fans benefits strongly from 
hybridization. Ducted fans can also operate considerably more quietly than is required by current certification standards. 
The physics-based design method presented here can be used for conceptual design and performance prediction of ducted 
fan propulsion systems, which may be especially interesting if low noise emissions are required.
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List of symbols

Symbols
ṁ	� Mass flow
�	� Isentropic exponent
�	� Fluid density
A	� Cross-sectional area
Cfg	� Gross thrust coefficient
FN	� Net thrust
HP	� Degree of hybridization
M	� Mach number
N	� Spool speed
P	� Shaft power

p	� Static pressure
u	� Blade circumferential speed
v	� Flow speed, absolute
w	� Flow speed, relative to rotor

Abbreviations
BPF	� Blade passing frequency
EM	� Electric motor
GA	� General aviation
ICE	� Internal combustion engine
ISA	� International standard atmosphere
SL	� Sea level
TAS	� True airspeed
TOC	� Top of climb

1  Introduction

Prompted by progress in the field of electric drive systems, 
numerous new small aircraft and propulsion system designs 
have been developed in recent years. Hybrid and electric 
propulsion systems are opening up design freedoms and 
enabling new aircraft concepts [5, 7, 33]. When installed on 
conventional aircraft, they are potentially useful in reduc-
ing fuel consumption and emissions. Additional secondary 
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advantages include noise reduction and increased opera-
tional flexibility.

Noise reduction is of great importance to ensure that 
future small aircraft can be operated and tolerated in urban 
environments. Aircraft, and hence propulsion noise, there-
fore needs to be considered early on, at the conceptual 
design stage. In this regard, the ducted fan offers potential 
advantages over the free propeller, typically employed in 
general aviation (GA) aircraft. This is due to the follow-
ing: non-propagation of rotor alone noise outside the duct; 
a variety of rotor blade and stator vane design features 
usable to minimize noise; noise shielding options; possible 
use of acoustic liners; and a stronger absorption of higher 
frequency noise. All of the aforementioned reduce noise 
compared to the conventional unrestricted radial emission 
of propeller noise [24, 35].

Previous GA aircraft with ducted fans include the Nor-
man Islander [12, 44], the Fanliner [2], the Fanjet [18], and 
a number of other prototypes [36]. However, no small GA 
aircraft in series production features ducted fan propulsion 
due, in part, to its adverse effect on efficiency, as well as 
nacelle integration problems. More recently, several new 
projects have been and are being pursued in this field [4, 
19, 22], among them the Airbus E-Fan [27] and the Silent 
Air Taxi [16].

A comprehensive overview of low-speed axial flow fan 
design methods and their state-of-the-art is given by Casteg-
naro [11] and Zhang and Barakos [46]. A widely used design 
tool is the Ducted Fan Design Code (DFDC) by Youngren, 
Drela, and Sanders [45]. Physics-based noise analysis meth-
ods have been developed and applied to ducted fans by Jaron 
[26] and Moreau [34], who in their studies concentrated 
on turbofan engines for airliners. Recently, these methods 
have also been applied to ducted fans for aircraft in the GA 
domain by Schade et al. [37].

The ducted fan has a different operating behavior from 
the free propeller. In particular, when high blade numbers 
are used, e.g., for noise reduction, it is difficult to incorpo-
rate a blade pitch control mechanism. This complicates the 
matching of a combustion engine and the fan: During cruise, 
the fan spool speed is much higher than at take-off. Hence, 
the combustion engine is forced to operate below its maxi-
mum speed at take-off when most engine power is required. 
A parallel hybrid propulsion system can solve this with an 
electric motor supplying additional shaft power at take-off.

A presentation of the conceptual design approach to such 
a parallel hybrid ducted fan propulsion system is given here, 
with particular attention to noise prediction. The design 
method is presented first, followed by the algorithms and 
physical models implemented to calculate propulsion system 
performance and noise. Fan stage design and performance 
analysis are based on mean line methods, which enable com-
prehensive design parametric studies that are necessary for 

acoustic optimization. Next, a propulsion system design for 
a reference application is developed. Finally, the influence 
of the ducted fan’s main design variables on performance 
and emitted noise are investigated in trade studies and the 
essential trade-offs of ducted fan design are discussed.

2 � Conceptual design method

The propulsion system under consideration in this publica-
tion is shown in Fig. 1. It can be divided into the ducted 
fans and the powertrain, which are modeled and analyzed 
separately.

2.1 � Powertrain design

The powertrain consists of an internal combustion engine 
(ICE) and an electric motor (EM), as well as the shafts and 
gearboxes necessary to transmit power to the fans. Power 
contributions can be varied in this hybrid powertrain, which 
offers operational flexibility. The operating behavior of its 
components, i.e., their operating limits and efficiencies as a 
function of torque, rotational speed, and ambient conditions, 
is included in the system simulation by means of component 
maps and transmission efficiencies.

At the conceptual design stage, different off-the-shelf 
ICEs can be chosen and basic design variables of the EM 
can be varied while studying the influence of these choices 
on the operating behavior of the propulsion system, includ-
ing operating strategy variations. In many systems, a reduc-
tion gearbox is placed between the engine and the propulsor. 
Since the main focus here is on the ducted fan, no more 
detailed design of these components has been conducted and 
no further design parameters of the powertrain have been 

Fig. 1   Parallel hybrid electric propulsion system architecture under 
consideration: battery, inverter, electric motor, fuel tanks, combustion 
engine, and power transmission to two ducted fans
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varied. As such, no in-depth physical models of the power-
train are required.

2.2 � Ducted fan design variables

The main design variables of the ducted fan are shown in 
Fig. 2. Only one fan is considered here, assuming that both 
fans can be designed identically and then show the same 
operational performance.

The fan can be regarded as a single-stage axial compres-
sor. Mean line flow analysis methods are used for its design 
and performance analysis. The mean line velocity triangles 
of the fan are characterized by five design variables: the 
stage loading; enthalpy reaction; flow coefficients of rotor 
and stator; and the mean line rotational blade speed.

Of these variables, three are implicitly fixed by the 
boundary conditions of the design task: Except for special 
operating conditions, the fan features uniform axial inflow 
and, ideally, also axial outflow to maximize thrust genera-
tion efficiency. It can therefore be designed as a repeating 
stage, with the simplifying assumptions described in Sect. 3, 
including constant axial flow speed. Furthermore, the rela-
tionship between flow and loading is determined by the noz-
zle characteristic, i.e., primarily its cross-sectional area. In 
this way, only two degrees of design freedom remain when 
designing the mean line velocity triangles.

The design variable choice can be adapted to suit the 
requirements of the study. Non-dimensional, universally 
applicable variables are often preferred, due to their general 
applicability, but a different approach is taken here: Blade 
tip speed and design shaft power are chosen as the main fan 

stage design variables. The blade tip speed has implications 
for loading, stresses and noise generation. The shaft power 
is provided primarily by the ICE with a performance char-
acteristic depending on spool speed which is different from 
typical turbomachines, since

This presents a challenge when designing ICE-powered fans 
without blade pitch adjustment, and this challenge can be 
more easily addressed when the propulsion system design 
starts off by choosing a fixed ICE operating point in its per-
formance map, which then sets the fan shaft power.

Additional design parameters of the fan are: the 
pitch–chord ratio and aspect ratio of the blades and vanes; 
rotor tip clearance; and the axial gap. These are often deter-
mined not solely on the basis of aerodynamics, but are also 
influenced by acoustics, structural mechanics, construction 
requirements, and other practical considerations.

2.3 � Design and analysis algorithm

The powertrain component design is driven by requirements 
of different flight mission operating points, as is normal for 
aircraft propulsion systems. A multi-point design algorithm 
is applied to meet the varying component demands, inspired 
by the GasTurb software [20]. This begins with the aero-
dynamic design of the fan stage, e.g., for optimum cruise 
efficiency with take-off and climb requirements as bound-
ary conditions. Next, the electric components are sized. In 
a boost application, these are operated for a short time only, 
e.g., take-off and initial climb, and transient heat soakage 
can be utilized to improve their power density. The ICE is 
considered in less detail. It is included in the calculation as 
an off-the-shelf component with a given performance map, 
i.e., torque and efficiency as a function of rotational speed 
and possibly also altitude, unless the engine is turbo-nor-
malized. The nacelle is designed for critical operating con-
ditions, such as take-off in strong crosswinds and in-flight 
engine shutdown. Since this is strongly linked to the aircraft 
design, it is only discussed briefly here. The overall design 
and analysis algorithm is visualized in Fig. 3.

2.3.1 � Ducted fan design point

In principle, the ducted fan design point calculation follows 
the flow channel, starting with the design point ambient con-
ditions and a given intake pressure loss. The fan stage mean 
line design is determined from uninstalled upstream condi-
tions and the following design variables:

(1)PICE ∝ NICE while

(2)PFan ∝ N3

Fan
.

Fig. 2   Ducted fan design variables
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•	 Fan hub and tip diameter
•	 Blade tip speed
•	 Design point shaft power
•	 Blade and vane pitch–chord ratio
•	 Blade and vane aspect ratio
•	 Nozzle/fan diameter ratio.

An initial estimate of the fan rotor flow coefficient is made. 
Being implicitly fixed by the nozzle characteristic, this is 
not an independent design variable, but serves as a design 
iteration variable to reconcile fan and nozzle mass flow. The 
fan efficiency is determined on the basis of loss correla-
tions which are described in Sect. 3. With a given exit duct 
pressure loss, it is possible to calculate the conditions at the 
nozzle exit. From the cross-sectional area of the nozzle and 
the exit static pressure, a mass flow can then be determined.

At first pass, the nozzle exit mass flow does not corre-
spond to the value of the fan mean line design, i.e., the fan 
mass flow as product of fan inlet axial flow velocity, density, 
and cross-sectional area. The difference between these two 
mass flow values is the design iteration target. A root-finding 
algorithm is applied to find the flow coefficient for which 
this mass flow error vanishes. As such, all mean line design 
variables are fixed.

A mixed vortex design, as described by Dixon and Hall 
[15], is used to determine the flow angles over the entire 
blade height. The numerical solution algorithm presented by 
Lewis [31] is adapted for this purpose. Based on the known 
flow angles, NACA 65-series profiles are developed in con-
formity with the Lieblein design method [32] for incidence 
free flow, as presented by Carolus [10].

Next, the nacelle pre-design is conceived. The nacelle 
cross section is prescribed by a number of non-dimensional 
nacelle design parameters, which—using empirical correla-
tions—determine the intake pressure losses and installation 
drag, as described in Sect. 3.

The powertrain design calculation is based on the number 
of ducted fans powered by one powertrain, the ICE speed at 
the fan design point, and the power transmission efficiency. 
These parameters determine the required shaft power and 
hence also torque of the ICE. This, in turn, defines the ICE 
operating point in its map and, therefore, efficiency and fuel 
flow.

With that, the design point calculation is complete. Its 
output comprises the fan blade and vane preliminary design, 
its efficiency and net thrust, as well as the transmission gear 
ratio, ICE efficiency, and fuel consumption at this operating 
point.

2.3.2 � Design of the electric propulsion system

The electric design point of the powertrain would typically 
be selected to reflect a high or the highest power demand, 
e.g., at maximum electric boost during initial climb. The 
design point calculation of the electrical system is based on 
an off-design calculation of the previously designed ducted 
fan and ICE propulsion system. Similar to the aerodynamic 
design point, this starts with a definition of the ambient 
conditions and intake pressure loss. A prescribed fan or 
ICE spool speed can set the operating point. Alternatively, 
instead of a fixed spool speed, a choice can be made to attain 
a predefined net thrust, for example.

Fan performance is again evaluated using mean line anal-
ysis methods, now based on the given spool speed and blade 
and vane geometry. The flow coefficient again serves as an 
iteration variable to reconcile fan and nozzle mass flows. In 
this way, the fan operating point and shaft power require-
ment are set. The degree of hybridization

reflects the shaft power share of electric motor. This sets the 
ICE operating point and fuel consumption and hence also 
EM shaft power, as well as EM electric power.

Further input parameters for the electric design point 
comprise the EM design speed and efficiency. Finally, an 

(3)HP =
PEM

PICE + PEM

1. Fan aero design calculation
2. Nacelle design
3. Selection of ICE
4. Selection of gear ratio Fan/ICE

5. Fan and ICE off-design calc.
6. Determination of EM-design
7. Selection of gear ratio Fan/EM

8. Fan, ICE and EM off-design calc.

Ducted Fan 
Design Point

Calc.

El. System 
Design Point

Calc.

Off-Design
Calculations 9. Optional: Fan noise calc.

10. Optional: Nacelle drag calc.

Fan and Nacelle Design
ICE Powertrain

Fan and Nacelle Design
Hybrid Powertrain (with ICE and EM)

Fig. 3   Algorithm of propulsion system design and off-design perfor-
mance calculations
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EM map reflecting the operating behavior of the machine 
type under consideration is provided, along with a scaling 
reference point in this map. The map is then scaled, so that 
the scaling reference point properties match the EM design 
point properties in terms of speed, torque, and efficiency. 
Afterwards, this scaled map can be used in off-design cal-
culations to describe the EM off-design behavior.

The output of the electric design point calculation cor-
responds to the design point output, extended by electrical 
system properties and power consumption.

2.3.3 � Off‑design calculations

Having completed the aforementioned design steps, all 
design parameters are then defined, so that arbitrary off-
design calculations can be performed. The required input 
parameters for each off-design point are: the ambient con-
ditions; power setting as spool speed or thrust require-
ment; degree of hybridization; and installation conditions, 
i.e., intake pressure loss and gross thrust coefficient. In so 
doing, all component operating points are fixed and the per-
formance of the propulsion system can be evaluated over a 
broad range of operating conditions.

It is likewise possible to calculate fan operating points 
under standard conditions, constant speed, and with gradu-
ally increased throttling, so an estimation of the fan map can 
be developed. To enable qualitative map width comparisons, 
a simplified approximation of the map operating limits is 
made here, based on the tolerated incidences of the mean 
line NACA 65-profile: The surge line is fixed by assuming 
that the stall angle of the airfoil equals the maximum pos-
sible rotor mean line incidence angle.

3 � Physical modeling

This section describes the physical modeling of the ducted 
fan, with the emphasis on loss mechanisms and noise gen-
eration. The station nomenclature is shown in Fig. 4. For the 
performance calculation, homogeneous flow is assumed in 
all station cross sections, unless otherwise specified.

The fan stage is analyzed using mean line methods. To 
simplify matters, the hub, tip, and mean line radii are con-
sidered constant for pre-design purposes, which can be justi-
fied on account of the low pressure ratio of the fan. Later, 
detailed designs can feature modified end wall contours, for 
example, to improve stability. For the purpose of this pub-
lication, it is estimated that such modifications only have a 
minor effect on how the operating characteristics are influ-
enced by the main design parameters.

Off-design operating points of the fan are established 
on the assumption that the flow angle at the trailing edge 
coincides with the design flow angle. For fans featuring 

pitch-chord ratios beyond one and operating at high inci-
dence, this is not necessarily the case. The deviation reduces 
flow turning, hence stage loading, so a correction to the trail-
ing edge flow angle needs to be made. This is performed 
using the A-factor given by Traupel [42], which is based on 
potential theory applied to the flow through an infinitely thin 
cascade of flat-plate airfoils.

Blockage factors are applied to the cross-sectional areas 
considered for mean line design and a discharge coefficient 
is applied to A8 when calculating ṁ8 . The usual simplifica-
tion of the ambient pressure p8 equaling p0 is not utilized, 
since—given the low pressure ratio of the ducted fan—the 
nacelle flow field substantially influences p8 . There is a slip-
stream contraction downstream of station 8 towards station 
∞ , where p∞ = p0 , and this contraction is assumed to be 
constant for all operating conditions. The nozzle exit static 
pressure is then implicitly given by the nozzle exit total pres-
sure and M8 in

The net thrust of the ducted fan is evaluated as

where all losses of the flow through the ducted fan are 
accounted for as total pressure losses and so are included 
in Eq. 5. This, for example, includes duct friction, which is 
not regarded as a force that counteracts thrust, but instead 
as total pressure loss which minimizes thrust indirectly. All 
changes in the momentum of the flow around the nacelle 
result in drag and are accounted for separately. This is in 
line with common practice for thrust and drag accounting 
of turbofan engines; see, for example, [28, 38].

The gross thrust coefficient Cfg is approximated analyti-
cally utilizing the radially non-uniform axial velocity distri-
bution at station 8, which follows from the applied mixed 
vortex design. The momentum of this non-uniform flow is 

(4)A∞

A8

=
M8

M∞

⎛⎜⎜⎜⎝

1 +
� − 1

2
M2

8

1 +
� − 1

2
M2

∞

⎞⎟⎟⎟⎠

� + 1

2(� − 1)

.

(5)FN = A8(p8 − p0) + Cfgṁ8v8 − ṁ0v0,

1 80 ∞32

Fig. 4   Station nomenclature
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set in relation to the momentum of an equal mass flow of 
equal kinetic energy with radially uniform axial velocity, 
which would be ideal in terms of propulsive efficiency. This 
results in

3.1 � Ducted fan losses and efficiency

The intake total pressure losses between station 0 and 2 are 
calculated on the basis of empirical correlations, taking into 
account lip losses with inner intake lips of elliptical shape 
according to Blackaby and Watson [3]. These losses are 
most significant for ambient Mach numbers below 0.1, that 
is, when the inflow stream tube contracts strongly in front 
of the ducted fan and flow separations are to be expected 
in the intake. Wall friction losses in the intake diffusor are 
accounted for as well, with the method described by Seddon 
and Goldsmith [38]. All friction coefficients are approxi-
mated with flat-plate values from correlations provided by 
Böswirth et al. [6].

To assess the fan isentropic efficiency, axial compressor 
mean line loss correlations are used. The losses associated 
with the flow through the fan can be attributed to a num-
ber of loss mechanisms: profile; trailing edge; end wall; tip 
clearance; secondary; and incidence losses. These are taken 
into account in the calculation by means of loss coefficients, 
which are determined depending on stage geometry param-
eters and the mean line velocity triangles. The coefficients 
of the individual losses are added up to the total loss of the 
blade and vane row. Due to their broad applicability, the 
physics-based loss correlations given by Denton [14] are 
used for this purpose. Secondary loss is accounted for with 
a correlation given by Watzlawick [43]. Shock losses are 
not considered, since they do not occur at the low blade tip 
speeds investigated.

Nozzle duct pressure losses are calculated on the basis of 
end wall friction and central body boat tail drag. This drag 
depends on the central bodies taper ratio, which is captured 
by an aft body drag correlation given by [23] and converted 
into a total pressure loss.

3.2 � Nacelle drag

The nacelle drag is assessed to allow for a more compre-
hensive evaluation of the results of parametric studies into 
the ducted fan geometry, e.g., studies of fan diameter. Due 
to the complex interaction with aircraft aerodynamics, only 

(6)Cfg =

∬
A8

�v2
8
dA

√
∬
A8

�v8 dA∬
A8

�v3
8
dA

.

an initial estimation can be attempted here, mainly includ-
ing the contributions of additive, friction, and aftbody drag.

Stanhope [39] derived an empirical correlation for the 
nacelle drag from a series of experiments, which—in this 
work—is used in the form described as ‘fan cowling drag’ by 
Torenbeek [41]. This entails the outer nacelle front featur-
ing an NACA 1-series geometry. The correlation includes a 
number of non-dimensional geometric parameters and thus 
allows for an optimization of intake geometry, primarily of 
intake lip thickness. A thinner lip offers lower drag at high 
flight speeds, while a thicker lip offers less crosswind sen-
sitivity and lower additive drag rise in case of a propulsion 
system in-flight shutdown.

The aftbody drag of the nacelle is difficult to predict in 
the preliminary design, because, to the authors’ knowledge, 
there are no empirical correlations in the literature that fit 
the application at low flight Mach numbers. The work of 
Decher et al. [13] leads to the conclusion that the boattail 
drag coefficients are approximately constant in the range 
M0 = 0.3−0.6 . It is therefore assumed that the correlation 
presented by Torenbeek [41] is, to a limited extent, transfer-
able to the low flight Mach numbers under consideration 
here. From this, the base pressure drag coefficient of the 
nacelle can be estimated to be in the range of 0.005–0.015.

3.3 � Fan noise prediction

An analytical approach is applied to predict the noise emit-
ted by the fan, which, for this purpose, is considered to oper-
ate in an infinite hard-walled duct with constant radius. This 
simplification can be justified, if the fan case and nacelle 
have sufficient length compared to the fan diameter and if 
the fan is sufficiently distanced from the inlet and the nozzle 
exit. Noise caused by the pressure field of the rotor alone is 
unable to propagate within this duct. It decays within a short 
distance inside the duct [35]. Noise generation is mainly 
caused by rotor–stator interaction and can therefore be ascer-
tained using the method presented by Moreau [34].

As a basis for noise prediction, unsteady-flow perturba-
tions are calculated over the entire blade height, in line with 
the results of the flow calculation described above. The wake 
shape development is computed on the basis of the trailing 
edge boundary layer state. The potential field is determined 
from blade lift and thickness. Both of these together deter-
mine the velocity fluctuations at the rotor blade trailing edge 
and stator vane leading edge, which can, respectively, be 
decomposed into a number of sine-shaped velocity perturba-
tions by Fourier analysis. On the basis of the velocity defi-
cit frequency and amplitude, the unsteady rotor and stator 
lift which cause noise generation can be calculated. This 
approach takes into account both tonal and broadband noise 
and is described in more detail by Koppelberg et al. [30].
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A major share of the noise is generated at the blade pass-
ing frequency (BPF) and its harmonics. For certain combi-
nations of blade and vane numbers, noise of the first BPF, 
and possibly also of the second BPF, cannot propagate in the 
duct. This marks a cut-off design.

For the evaluation of the noise perceptible to the human 
ear, an A-weighting filter [1] is applied.

4 � Design studies

Studies have been conducted to identify the trade-offs when 
choosing the primary design variables of the ducted fan pro-
pulsion system. This section presents the key trade-offs iden-
tified. For the purpose of these studies, the design method 
and propulsion system model described above have been 
implemented in Matlab R2018b [40].

A number of requirements were determined as a starting 
point for the design studies: The propulsion system (Fig. 1) 
should be optimized for a specific application, which—in 
the example given here—is a two-seater aircraft with a 
maximum take-off mass of 1000 kg and a cruising speed 
of 140 kt true airspeed (TAS) at an altitude of 10 kft. This 
choice of parameters has been made on the basis of a stand-
ard GA aircraft, but is otherwise arbitrary. Defining a fixed 
maximum take-off mass, instead of payload, helps avoid cas-
cading effects of interacting propulsion and aircraft design 
that would otherwise occur if payload were chosen to be 
constant. Since the focus of this publication is on ducted 
fan performance and noise emissions, no attempt is made to 
establish an optimum overall aircraft and propulsion system 
design, and propulsion system masses are not considered.

A number of thrust requirements can be deduced from the 
requirements given above. To this end, a reference aircraft 
preliminary design has been developed, based on aircraft 
performance equations and the design of aircraft for similar 
missions, as described by Brüning et al. [9] and Gudmunds-
son [21]. It features a wing area of 20 m2 , an aspect ratio of 
30, a minimum drag coefficient of 0.0086, and an optimum 
L/D ratio of 50. The resulting thrust requirements are listed 
in Table 1. The take-off thrust requirement is estimated on 
the basis of a ground run of 210 m. The initial climb thrust 
requirement is determined from CS-23 Amdt 5 [17], which 
prescribes a climb gradient of no less than 8.3%. A 600 ft/

min climb rate at cruise conditions yields the top of climb 
(TOC) thrust requirement. The cruise thrust requirement at 
identical ambient conditions is then easily fulfilled. How-
ever, at this point, efficiency should also be optimized.

4.1 � Baseline design

The reference aircraft could be powered conventionally by 
a propeller and a 100 kW combustion engine. For the pur-
pose of the following studies, this aircraft will instead be 
equipped with the propulsion system of Fig. 1, featuring two 
ducted fans powered by a common motor and augmented by 
a parallel hybrid electric start-boost drive. As a reference for 
the studies, a baseline design for the ducted fan propulsion 
system was determined that fulfills the above requirements. 
A Rotax 915 iS A engine was chosen as the key component 
of the powertrain. It is turbocharged and offers full take-off 
power up to an altitude of 15 kft. Its performance data are 
publicly available [8]. The max take-off power of 104 kW 
can be delivered at 5800 RPM for 5 min. The max continu-
ous power is 99 kW at 5500 RPM. The EM map has been 
adapted from the Matlab Qss Toolbox [29]. It is generic and 
can be scaled to match any power demand. Since only take-
off and initial climb are electrically boosted, the operating 
points in the map are not widely distributed and its topology 
plays a negligible role in the analysis presented here.

The main design variables presented in Table 2 were cho-
sen as the baseline design for the ducted fan. No variable 
pitch mechanism is used for the fan blades.

The design point is set at cruise ambient conditions and 
107 kt airspeed. Following the design algorithm, the blade 
profile is determined for incidence free flow under these 
conditions. The design airspeed is 33 kt below cruise speed, 
which could likewise have been chosen, to reduce the stag-
ger angle and, in turn, incidence at take-off to a tolerable 
extent. This is at the expense of a slightly negative incidence 
at cruise.

Table 1   Propulsion system thrust requirements

Op.-point Ambient cond. Airspeed Thrust-req.

Take-off SL ISA+0 K 39 kt (TAS) 1620 N
Init. climb SL ISA+0 K 62 kt (TAS) 1100 N
TOC 10 kft ISA+0 K 140 kt (TAS) 841 N
Cruise 10 kft ISA+0 K 140 kt (TAS) 429 N

Table 2   Baseline design parameter selection

Design variable Value

Fan tip diameter 0.600 m
Fan hub diameter 0.180 m
Blade tip speed 135 m/s
Design pt. shaft power 27 kW
Blade aspect ratio 2.00
Blade pitch-chord ratio 2.00
Vane aspect ratio 1.67
Vane pitch-chord ratio 1.00
Nozzle/fan diameter ratio 0.90
Fan design pt. ICE speed 4680 RPM
e-Boost shaft power 46 kW
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The design features 7 rotor blades, 11 stator vanes, and 
an annular cross section resembling the one shown in Fig. 1. 
The lower pitch–chord ratio and hence the higher blade 
count of the stator, compared to the rotor, was chosen to 
minimize deviation and thus wake swirl, which does not con-
tribute to thrust generation. The resulting blade/vane number 
combination is favorable, but not optimal for reducing noise 
emissions, as will be demonstrated in Sect. 4.4.

The ducted fan is connected to the powertrain with a gear 
ratio of 1.0891. By increasing design tip speed or reducing 
fan diameter, it would be possible to achieve a gear ratio of 
1, but this offers negligible benefit, since the mechanism 
necessary for distributing power to two fans can incorporate 
a transmission at no additional expense.

The thrust which this ducted fan and powertrain combina-
tion delivers can be compared to the requirements described 
in Table 3. The fan can deliver the required take-off thrust 
only with an electrical boost. Once airborne, however, all 
thrust requirements can be fulfilled without this e-boost. 
With a design shaft power of 46 kW, the EM is oversized 
regarding thrust requirements. However, this helps take full 
advantage of the boost effect described in the next section. 
Under initial climb conditions, the thrust requirement is 
hence far exceeded, which translates into a 19.8% climb gra-
dient, i.e., a climb rate of 1240 ft/min. This can be advanta-
geous for reducing noise emissions reaching the ground. The 
initial climb thrust requirement can also be fulfilled without 
e-boost, which may be advantageous from a certification 
point of view. The most difficult requirement to meet is the 
TOC thrust. To limit battery mass, no e-boost is available at 
TOC. A great deal of ICE power is therefore required and 
the ICE must be operated at the highest possible speed at 
TOC to deliver this. This determines the gear ratio.

4.2 � Dual effect of the e‑Boost

Although the 46 kW of power contributed by the EM is 
much less than the maximum that the ICE can provide 
(104 kW), the e-boost increases thrust by roughly 70% in 
the two operating points where it has been investigated 

(Table 3). This disproportionately high increase in thrust 
by the e-boost occurs, because the combustion engine can 
only deliver its maximum power at its maximum speed. ICE 
speed, under many ambient conditions however, is con-
strained by the fan to values far below the maximum speed. 
The e-boost, which increases the fan and engine speed, then 
allows the ICE to deliver more power. Because of this dual 
effect, larger than expected gains in thrust can be achieved 
with a small e-boost under certain ambient conditions, pri-
marily at low ambient velocities.

Using the ICE map (Fig. 5) and fan map (Fig. 6), this can 
be explained as follows: Since the gear ratio is fixed, and 
there is no variable blade pitch, under each set of ambient 
conditions, there is exactly one operating line for the ducted 
fan in each map. In the ICE map, it is parabola-shaped, since 
fan torque is roughly proportional to fan speed squared.

The operating line intersects with the map limit of the 
ICE the further to the right, the higher the intake ram pres-
sure is. This is because a rising intake total pressure, in com-
bination with the fan pressure ratio, increases nozzle total 
pressure and mass flow. As a result, the fan is less throttled, 
which shifts its operating line in the fan map to the right, 
towards higher speeds. In turn, this shifts the operating line 
in the ICE map to the right, towards higher speeds and maxi-
mum torques.

Table 3   Comparison of propulsion system thrust requirements and 
available thrust, provided by the designed baseline propulsion system

Operating-point Thrust

Required Available Delta (%)

Take-off 1620 N 1366 N −16

Take-off (e-Boost) 1620 N 2359 N +46

Init. climb 1100 N 1280 N +16

Init. climb (e-Boost) 1100 N 2151 N +96

Top of climb 841 N 844 N ±0

Cruise 429 N 844 N +97

Fig. 5   ICE map based on Rotax 915 iS A [8] with fan design point, 
various further operating points, max. continuous operating limit at 
5500 RPM and fan operating lines at take-off and cruise conditions
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Conversely, at low inflow velocities or static condi-
tions, relatively high fan pressure ratios are already 
achieved at low spool speeds. Consequently, the ICE 
torque limit is reached at speeds below the ICE max 
speed, where the ICE cannot deliver maximum power. 
Under such conditions, the e-boost can be particularly 
useful, increasing thrust greatly.

At sea-level static conditions, for example, the fan is 
strongly throttled and operates near the surge line. This 
means that—without the e-boost—fan and ICE speed 
are low and the ICE cannot deliver its maximum power, 
but only 68 kW at 4350 RPM. Increased inflow veloc-
ity increases fan mass flow and speed; hence, the ICE 
speed and power can increase during the take-off run 
with 76 kW already available at 4510 RPM under ini-
tial climb conditions. The e-boost of 46 kW enables the 
ICE to operate at a much higher speed of 5590 RPM, 
where it can deliver 101 kW under initial climb condi-
tions, i.e., 25 kW more than without the e-boost. This is 
an additional benefit of the e-boost: Not only is electrical 
power supplied to the fan and converted into thrust, but 
the increased fan speed also enables the ICE to provide 
substantially more power. In this way, the fan produces 
substantially more thrust.

This dual effect occurs, because no variable pitch 
blades are included. With variable pitch, the fan can 
always be adjusted in a way which enables the ICE to 
operate at maximum speed and power. However, the 
blade count and aspect ratio chosen for noise reasons 
may render a variable pitch mechanism unfeasible. Under 
such conditions, the aforementioned dual effect can be 
advantageous.

4.3 � Fan diameter and tip speed

Five fan design variables are examined with regard to their 
influence on the efficient fulfillment of thrust requirements, 
as well as on noise emissions and nacelle drag. The first two 
parameters to be investigated are fan tip diameter and fan 
tip speed at the design point. The diameter is essential for 
ducted fan performance due to its influence on propulsive 
efficiency, especially at low flight speeds, and so is consid-
ered first.

The impact of varying fan diameter and tip speed on the 
propulsion system performance is illustrated for the operat-
ing points described above. All other parameters are kept 
constant at the values set out in Table 2, including the fan 
hub diameter. The hub diameter is limited by aerodynamic 
stability and space requirements of the powertrain, an analy-
sis of which is outside the scope of this paper.

A large fan delivers the required initial climb thrust at 
lower shaft power than a small fan, i.e., more efficiently, as 
can be seen in Fig. 7. This is due to the generally better effi-
ciency of propulsive devices featuring large cross sections at 
low flight speeds. As such, a larger fan, which requires less 
shaft power to fulfill the requirements, will also offer higher 
maximum thrust with the given powertrain and so improve 
aircraft climb rates.

However, this requires a large nacelle, which, at cruise 
conditions, contributes substantially to the airplane drag. A 
drag estimate based on the models presented in Sect. 3.2 is 
plotted in Fig. 7 to show this. With a fan diameter of 0.6 m, 
the combined drag of both nacelles already amounts to 15% 
of the cruise thrust requirement. This increases to 26% for 
a diameter of 0.8 m. This means that the fan size must be 

Fig. 6   Predicted fan map with fan design point, various further oper-
ating points, and operating lines at take-off and cruise conditions
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nacelles) at cruise (10 kft, 140 kt)
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limited, so a diameter of 0.6 m has been chosen here as a 
compromise.

The fan diameter of 0.6 m is also a good choice, in view 
of shaft power demand, so that the required cruise thrust 
can be achieved, i.e., in terms of overall fan efficiency at 
this operating point. Figure 8 shows that the cruise fan shaft 
power is lowest at this diameter, although not very sensitive 
to either diameter or design tip speed. At relatively high 
cruise speeds, no propulsive efficiency advantage from 
larger fans can be observed, in contrast to the initial climb 
point. A smaller fan of 0.55 m diameter may offer better 
cruise performance when nacelle drag is taken into account. 
The larger diameter of 0.6 m is nevertheless better for initial 
climb performance; see Fig. 7.

The next parameter to be considered is tip speed. Besides 
its influence on efficiency, its implications on operational 
stability are of interest. Structural mechanics are not exam-
ined here, because this aspect is uncritical at the low blade 
speeds under consideration.

The design tip speed influences the blade shape. To per-
form the same work at a lower speed, the blades need to 
turn the flow more strongly. The camber line is then more 
curved, which affects loss generation and aerodynamic 
stability. When comparing the chosen design tip speed of 
135 m/s to the other options, an optimum is not easily identi-
fied. Lower design tip speeds reduce cruise power demand to 
some degree, but this is almost negligible (Fig. 8). However, 
reduced tip speeds also increase stage loading, which nar-
rows the stable operating range.

Since the operating points throughout the flight mission 
are spread widely across the fan map (Fig. 6), it is diffi-
cult to ensure stable operation, including stability margins, 
under the most extreme conditions. The take-off condition 

is probably the most critical of the points considered, as the 
take-off points in the fan map are close to the surge line. 
Moreover, the take-off operating point must be maintained 
throughout the take-off roll, in contrast to the sea-level static 
point, which is closest to the surge line.

Stability is only discussed briefly here, since many fac-
tors must be taken into account for its assessment, includ-
ing the flow near hub and tip, which is outside the scope of 
this paper. For a general illustration of the relationships, the 
mean line rotor de Haller number at take-off is shown in 
Fig. 9, depending on the design parameter choices. Lower 
design tip speeds and fan diameters decrease stability, 
because both increase blade loading. Since hub or tip sec-
tions can be more susceptible to flow instabilities, it can be 
argued that the mean line de Haller number should be kept 
above 0.8. This is fulfilled for the baseline design parameter 
choice.

For stable operation, it is likewise sensible to minimize 
incidence. For all parameter combinations considered here, 
there is positive incidence at take-off. This is because the 
fan is strongly throttled at low inflow velocities. At cruise 
conditions, the opposite is the case. In this event, the fan is 
less throttled, as described in Sect. 4.2 in conjunction with 
the e-boost, and operates at negative incidence. The spread 
between these values decreases with increasing blade tip 
speed, i.e., rotational speed, and the map width increases 
accordingly. The selected design results in the operating 
point distribution shown in Fig. 6, which is considered to 
include sufficient stability margins.

Next, the influence of fan diameter and tip speed on noise 
emissions is discussed. In Fig. 10, the A-weighted overall 
sound power emitted by the fan is shown for the sea-level 
initial climb operating point with 1100 N thrust, so fulfilling 
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Fig. 8   Influence of fan diameter and tip speed on shaft power 
required to meet the cruise thrust requirement (10 kft, 140 kt)
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the thrust requirement. Keeping the thrust constant for all 
design parameter choices ensures a fair comparison. The 
initial climb point is sensible for a fan noise comparison, 
because nearby residents are most exposed to noise shortly 
after take-off. Certification noise measurements are also car-
ried out under such conditions [25].

The influence of blade tip speed on noise emissions 
depicted in Fig. 10 is only minor, with a barely discernible 
trend towards higher noise emissions at low blade tip speeds. 
The fan diameter has a strong influence on the noise emitted, 
ranging between 97 and 106 dB(A) for the diameters which 
are considered here. These trends result from a combination 
of effects. First, lower tip speeds increase blade loading and 
blade loading increases noise. Since thrust is kept constant, 
larger fan diameters decrease loading and therefore noise. 
Furthermore, the ratio of axial gap to rotor chord is kept con-
stant in this study, so the axial gap increases with diameter. 
This causes a stronger decay of unsteady-flow perturbations 
and reduces noise generation. Additionally, large fan tip 
diameters increase destructive radial interference, because 
higher blades, when the hub radius is kept constant, are more 
twisted. This results in greater cancellation of tonal noise, 
which is dominant.

There is no correlation between the overall sound power 
level and the helical tip Mach number. The helical tip Mach 
number is within the range of 0.3–0.5 for all designs con-
sidered. This increases with rotational speed and decreases 
with fan diameter, due to the lower axial flow speed inside 
the larger fans. No corresponding trends of noise increase 

or decrease can be seen in Fig. 10. At both points (0.45 m, 
110 m/s) and (0.7 m, 145 m/s), the helical tip Mach number 
is approximately 0.4, but their noise levels differ by about 
6 dB(A).

4.4 � Blade aspect ratio and pitch–chord ratio

Two further parameters to be investigated are the fan rotor 
pitch–chord ratio and aspect ratio. The impact of varying 
these parameters on the propulsion system performance is 
illustrated for the same operating points considered above. 
No additional variation of stator pitch–chord ratio or aspect 
ratio is presented here. These parameters have been investi-
gated in more detail by Koppelberg et al. [30], with particu-
lar attention to the effect of blade/vane number combinations 
on acoustics. All parameters, apart from the aspect ratio and 
pitch–chord ratio, match the values in Table 2 and remain 
unchanged throughout the studies.

The influence of both parameters on the shaft power 
required for cruise operation is visualized in Fig. 11. Gen-
erally speaking, higher aspect ratios are advantageous due 
to lower secondary losses. Higher pitch–chord ratios enable 
better efficiency due to lower profile losses. The baseline 
design choice is favorable in both respects.

For pitch–chord ratios above one, considerably reduced 
flow turning can occur at operating points with high blade 
incidence angles. This reduces the map width and influences 
the slope of the speed lines. Both effects can be seen in 
Fig. 12. The reduced map width affects surge margin, espe-
cially at take-off conditions, but for the design in question, 
the surge margin appears sufficient. It could, however, be 
increased substantially when lowering the pitch–chord ratio 
to 1, i.e., when doubling the number of rotor blades.
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Fig. 10   Influence of fan diameter and tip speed on the A-weighted 
overall sound power level at sea-level initial climb required thrust. 
Grid intersections denote parameter combinations for which noise 
calculations have been carried out
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Designing the fan with a larger rotor pitch–chord ratio, 
e.g., of 2, results in a map with flatter speed lines, as shown 
in Fig. 12. This offers a twofold advantage regarding the 
matching of fan and ICE.

Near the surge line, at operating points which are identi-
cal in terms of pressure ratio and mass flow, the fan featur-
ing higher pitch–chord ratios operates at higher speeds. As 
such, when all other design parameters are equal, this fan 
can deliver more thrust in low ambient velocities, where 
available thrust is determined by the ICE torque limit. This 
improves take-off and initial climb performance. The higher 
pitch–chord ratio fan in Fig. 12 offers 10% more sea-level 
static thrust.

Conversely, towards lower pressure ratios, the fan fea-
turing a pitch–chord ratio of 2 operates at reduced speed 
compared to the one with a pitch–chord ratio of 1, due to 
the flatter speed lines. This reduces the ICE speed at high 
flight velocities, e.g., at cruise and TOC. For such operating 
points, the available thrust is usually determined by the ICE 
speed limit. Here too, the high pitch–chord ratio is therefore 
advantageous. It enables a higher thrust in cruising flight 
and thus ultimately higher cruising speeds. The higher 
pitch–chord ratio fan in Fig. 12 offers 5% more TOC thrust.

Furthermore, when comparing the cruise operating 
points of both fans with pitch–chord ratios of 1 and 2, at the 
same flight speed and thrust, their mass flow and fan pres-
sure ratios are identical. The fan with a pitch–chord ratio 
of 2, however, operates at lower spool speeds. Potentially 
therefore, the ICE can be more efficient and fuel consump-
tion reduced, but this has not been observed in the present 
study. The higher pitch–chord ratio fan in Fig. 12 offers 4% 
less cruise fuel consumption, primarily as a result of bet-
ter fan aerodynamic efficiency, whereas efficiency in the 

cruise range of the ICE map is relatively insensitive to speed 
changes (see Fig. 5).

Next, the inf luence of varying aspect ratio and 
pitch–chord ratio on the noise emission is discussed. Since 
the blade number plays an important role for acoustics, the 
effect of changing the pitch–chord ratio and aspect ratio on 
rotor blade numbers must be taken into account. With fan 
hub and tip radii fixed, blade numbers vary considerably 
between the designs. On the diagonal running from the 
bottom left to top right in Fig. 13, the number of blades is 
about seven, as it is too for the baseline design. Above this 
diagonal, it rises up to 21 blades at point (0.8, 2.5). Below 
that, it drops down to two blades at point (2.4, 0.75). Not all 
of these numbers are within a practical range. High blade 
numbers entail higher costs and few blades with an extreme 
chord length take up too much axial space. Nevertheless, 
an investigation of their acoustic effects is still useful. Via 
the rotor–stator interaction, the blade number strongly influ-
ences noise generation.

Within the parameter range considered, the fan noise 
emitted varies considerably between 92 and 108 dB(A). 
Along two lines of origin, the noise is particularly low. 
These correspond to eight rotor blades (upper line) and four 
rotor blades (lower line). Both blade numbers yield favora-
ble blade/vane number combinations for a cut-off design, 
combined with 11 stator vanes. The first BPF is cut off with 
eight and less rotor blades. Hence, at nine blades, shortly 
before cut-off of the first BPF occurs, the noise generation 

Fig. 12   Influence of rotor pitch–chord ratio on fan map width, speed 
line slope, and the location of various operating points, all without 
e-boost
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is particularly strong. This is in line with theory [26]. 
Towards the blade number of five, the noise of the second 
BPF increases, before being cut off with four rotor blades. 
Despite the first and second BPF being cut off with four 
blades, the fan is no quieter than the one with eight. This is 
because the small aspect ratio necessary to achieve such a 
low blade number results in high chord lengths. These cause 
strong wakes, which increase overall noise generation.

Even with seven blades, the ducted fan noise is well 
below current certification standards, as shown by the 
following estimation. Assuming the ducted fan was to be 
evaluated as a ducted propeller, the requirements of ICAO 
Annex 16, Chapter 10 [25], apply. Noise is then assessed 
by means of a single measurement taken on the ground, in 
extension of the runway centerline, 2500 m after the brakes 
have been released, with the limit being 78.7 dB(A). The 
two-seater aircraft under consideration here can climb about 
160 m to this point, if the initial climb thrust without e-boost 
is applied on its own and the climb gradient is 8.3%. The 
overall sound power level emitted per fan is 101 dB(A) at 
this point.

The sound pressure level on the ground can be approxi-
mated as follows: Since the airplane is propelled by two fans, 
the calculated noise level increases by 3 dB. A directional 
factor of 10 dB can be applied, since the ducted fan radia-
tion pattern is unknown. An absorption of 1 dB per 100 m 
can be assumed, decreasing the sound pressure level by 
1.6 dB. Finally, the sound propagation at a distance of 160 m 
decreases the sound pressure level by 55.1 dB. The sound 
pressure level measured on the ground, when the aircraft 
passes 160 m above, can therefore be estimated as power 
level minus 43.7 dB, which yields 57.3 dB(A). This is well 
below the ICAO limit, and further noise reductions are pos-
sible. According to Fig. 13, the baseline design noise emis-
sions at initial climb could be reduced by another 8 dB(A) if 
just one rotor blade was added to increase the blade number 
from seven to eight. With the aspect ratio kept constant, this 
increases cruise shaft power by about 1%, which could be 
acceptable when low noise emission is a priority. Further 
noise reductions are possible, e.g., by fitting acoustic lin-
ers (not taken into account here). Additionally, the climb 
procedure could be adapted, e.g., using the e-boost for a 
steeper climb.

4.5 � Nozzle diameter

The final design parameter to be considered is the nozzle 
diameter, which is expressed here in relation to the fan 
diameter. Large nozzle diameters offer better propulsive effi-
ciency through increased fan mass flows and, in turn, higher 
thrust at low flight speeds. At high flight speeds however, 
due to the ram pressure, the fan must be throttled sufficiently 
by the nozzle to achieve a fan pressure ratio greater than 1, 

so as to generate thrust. This cannot be achieved by increas-
ing fan spool speed alone, since the available spool speed 
range is limited by the ICE. Without sufficient throttling of 
the fan, flow separation on the blade pressure side occurs due 
to strong negative incidence. Sensible nozzle/fan diameter 
ratios are therefore below 1 for fixed wing aircraft, while 
they can be above 1 for vertical take-off and landing aircraft 
with much less intake ram pressure during cruise.

The baseline design choice of 0.9 (Fig. 14) favors cruise 
over initial climb efficiency and was made with the aforesaid 
consideration in mind. It leads to acceptable operating point 
locations in the fan map (Fig. 6). In addition, the resulting 
convergence of the nacelle contour is still sufficiently small 
to avoid flow separation.

5 � Summary and outlook

With the mission requirements and boundary conditions 
given, especially in the absence of a variable blade pitch 
mechanism, the hybridization of the ducted fan propulsion 
system offers significant advantages. Supplying the ICE with 
electric power at take-off solves the matching problem of 
ICE and fixed pitch ducted fan, namely, that such a fan opti-
mized for cruise efficiency and TOC thrust cannot extract 
maximum ICE power at take-off. For every 2 kW of elec-
tric power supplied at take-off, the sped-up ICE can provide 
about 1 kW more power than without e-boost, so 2 kW of 
electrical power translates to roughly 3 kW fan shaft power.

Furthermore, for ICE-driven fixed pitch fans with 
operating points widely spread over the fan map—e.g., in 
high cruise speed applications—a rotor design with high 
pitch–chord ratios is advantageous. Reduced flow turning 

Fig. 14   Fan shaft power needed to fulfill the thrust requirements at 
init. climb and cruise, depending on nozzle diameter



484	 D. Weintraub et al.

1 3

due to incidence-dependent deviation then partially com-
pensates for the lack of blade pitch adjustment.

Noise emissions for the propulsion system design exam-
ple analyzed are predicted to be 20 dB(A) below ICAO noise 
limits. It seems realistic to design ducted fans of more than 
20 dB(A) below these limits, provided that noise sources 
neglected in this publication, e.g., intake distortion, can be 
controlled and remain of minor magnitude. Ducted fan pro-
pulsion systems, especially hybrid ones, can thus be a sen-
sible alternative to free propellers for certain applications, 
particularly if low noise emissions are required.

Even small design modifications, especially regarding 
blade and vane numbers, can change noise emissions of 
ducted fans, such as the one under consideration here, by 
more than 10 dB(A). There is also a trade-off between noise 
and efficiency. During the preliminary design, one can be 
optimized at the expense of the other. When noise reduction 
is a design goal, understanding the interdisciplinary rela-
tionships within the propulsion system is essential. Physics-
based methods like the one presented here provide a suitable 
approach to this.

Subsequent publications will address how noise at dif-
ferent operating points is affected by the design parameters. 
Further optimization potential may be found when varying 
additional propulsion system and blade design parameters. 
Higher fidelity methods will be applied on the same design 
for a comparison of results.
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