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Abstract. Friction drag constitutes approximately half of the total drag of subsonic civil transport aircraft at cruise condi-
tions. Several means were examined to control the flow over an aircraft and achieve laminar flow. Here, a new concept for
friction drag reduction in the form of an integration of the aerodynamics and propulsion of the aircraft is put forward. En-
gines buried in the wing and at the rear of the fuselage suck the boundary layer of the entire wing and fuselage surface, and
then, they used it as intake air and exhaust through ducts. At the wings, the engines exhaust in the form of a jet flap at the
trailing edge providing distributed propulsion. By this laminar flow, propulsive concept laminar flow is established over the
entire aircraft, resulting in substantial drag reduction. The analysis showed that out of the four electrically powered aircraft
versions considered only the combined lift distribution with tailless fuselage is about to be feasible. It was also found that
the example aircraft design is inappropriate. It is expected that a design purposely based on the proposed concept would
bring electrically powered transport aircraft within the specific energy levels of present batteries.

Keywords: jet wing, drag reduction, laminar flow, hybrid laminar flow control (HLFC), boundary-layer suction, distrib-

uted propulsion, jet flap, electric aircraft.

Introduction

Fuel costs and greater awareness of the impact of emis-
sions on the atmosphere raise the importance of energy
efficiency for future transport aircraft. Fuel consumption
can be reduced by decreasing airframe weight or drag and
improving the efficiency of the propulsion system (Allison
et al., 2010). At subsonic speeds aircraft drag is caused by
two basic phenomena: the influence of viscosity, primary
through skin friction, and losses associated with the gen-
eration of wing lift (Kroo, 2001). At cruise conditions fric-
tion drag constitutes about half of the total drag (Reneaux,
2004). Therefore, several means were examined to control
the flow over an aircraft, and achieve to some degree lami-
nar flow (Joslin, 1998).

The main concepts leading to laminar flow are laminar
flow control (LFC), and its development hybrid laminar
flow control (HLFC), and natural laminar flow (NLF).
LFC is an active boundary-layer flow control (usually suc-
tion) technique employed to maintain the laminar state of
flow at chord Reynolds number beyond that is normally
characterized as being transitional or turbulent in the ab-
sence of control. NLF employs a favorable pressure gradi-
ent to delay the transition process. It is based on appro-

priate wing design. Inherent in practical NLF are aircraft
of small or moderate size with low sweep wings. HLFC
integrates the concepts of LFC with NLF to reduce system
complexity. Suction is applied only in the leading-edge
region of the wing and NLF is maintained over the rest
of the wing through proper tailoring of the wing geom-
etry (Joslin, 1998). In addition to different concepts, there
are issues that transcend all concepts, such as boundary
layer instabilities, surface tolerances, slot and hole suction
schemes and insect, dirt, and ice contamination. Lack of
wide LFC application lies on efficiency, reliability, and
flight safety matters and, ultimately, on cost-benefit related
to fuel prices (Joslin, 1998).

The idea of an integrated propulsion-lift system was
first proposed by Kuchemann in 1947 (Attinello, 1957)
as a “jet wing” configuration. This configuration incorpo-
rates the propulsion system by burying the engines in the
wing and letting the engines exhaust out the trailing edge
(Ko et al., 2003). Later, under the term “distributed pro-
pulsion”, various similar concepts were proposed which
involve engines distributed in the wingspan or engines,
or fans, embedded in the wing exhausting through ducts
along the entire trailing edge of the wing (Leifsson et al.,
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2005; Kim et al., 2006; Schetz et al., 2010; Gohardani,
2013; Isikveren et al., 2014). Most distributed propulsion
concepts were related to propulsion efficiency, especial-
ly those with boundary layer ingestion and wake filling
(Smith & Roberts, 1947; Smith, 1993; Arntz & Atinault,
2015; Lv et al., 2016; Hall et al., 2017). Distributed propul-
sion not only provides propulsion but acts in many ways
as an airframe and propulsion integration (Gohardani,
2013). Engines ingesting the wing and fuselage lower ve-
locity boundary layer require less power and then, with
their exhaust by filling the wake reduce drag. Among
them is the combination of distributed propulsion with
the jet flap. The jet flap (Davidson, 1956) is a flap in the
form of a jet emerging out of the wing trailing edge. Al-
though the jet flap was originally conceived as a high-lift
device (Davidson, 1956), it was subsequently found to
reduce also drag (Bowden et al., 1974; Chin et al., 1975;
Bevilaqua et al., 1984). The distributed propulsion, jet flap
scheme is about engines or fans embedded in the wing
exhausting through fishtail ducts from jet flaps along the
trailing edge of the wing (Kehayas, 2006). The result is not
only improved propulsion efficiency and increased lift but
also reduced drag, leading to a very high lift-to-drag ratio
(Kim & Saunders, 2003; Kehayas, 2006; Kehayas, 2011b).
In this sense it can be described as a jet wing, a propulsive
wing, or an integrated aircraft (Attinello, 1957; Kehayas,
1986; Kehayas, 2011a). Here, a concept based on laminar
flow through suction of the boundary layer and a distrib-
uted propulsion jet flap combination is being proposed.
In this laminar flow, propulsive, jet-flapped concept the
sucked boundary layer is used as incoming air by embed-
ded engines in the wing and the fuselage to provide more
efficient propulsion and filling the wing and fuselage wake.
The engines buried in the wings exhaust in the form of a
jet flap serving to increase lift-to-drag ratio. The concept
includes Pfenninger and Groth (1961) scheme for laminar
flow with boundary layer suction, the integrated aircraft
(Kehayas, 2011a) and the jet flap (Davidson, 1956). The
objectives are almost exactly the ones proposed by Kim
and Saunders (2003), plus laminar flow. Namely: reduc-
tion in drag and weight by eliminating engine nacelles,
reduction in drag through wing wake fill-in, increase in
lift and reduction in drag due to the jet flap, additional lift
during take-off and landing due to the jet flap, reduction
in aircraft noise, improvement in safety due to multiple
engines, elimination of aircraft control surfaces through
differential and vectoring thrust for pitch, roll, and yaw,
and laminar flow through suction (Pfenninger & Groth,
1961). The motivation is subsonic transport aircraft with
very much higher lift-to-drag ratios, higher propulsive ef-
ficiency, and lower weight due to the integration of the
aerodynamics with the propulsive system. However, due
to the climatic change and the harmful effect of fossil fu-
els on the environment, the main motivation is that such
improvements make feasible electrically powered large
subsonic transport aircraft. The aim of this study is not
to reach exact results but to put forward a laminar flow,
propulsive, jet-flapped concept in principle.
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1. Analysis

The proposed concept applied to wings is schematically
shown in Figures 1 and 2. The boundary layer suction lay-
out follows Pfenninger and Groth (1961). It consists of a
glove in the shape of the chosen airfoil section with suc-
tion effectuated through a series of spanwise slots from 8
to 95% of the chord on both sides of the wing. The suc-
tion air passes across holes drilled into the inner part of
the wing skin into individual suction chambers. At this
point the proposed concept departs from the Pfenninger
and Groth (1961) scheme. From the individual suction
chambers, through appropriate nozzles, the boundary
layer suction air is drawn by the embedded engines as in-
take air. Finally, the engines exhaust through fishtail ducts,
from high-aspect-ratio two-dimensional nozzles located
at a small flap, to flight speed as a jet flap along the entire
trailing edge (Kehayas, 2011b).

Figure 1. Schematic representation of the laminar flow,
propulsive, jet-flapped concept applied to wings — system
layout

Figure 2. Schematic representation of the laminar flow,
propulsive, jet-flapped concept applied to wings — top view

Following the analysis of Pfenninger and Groth (1961)
the power balance equation (Drela, 2009) can be expressed
as:

Pyg =@, —Fx Uy, (1)

where Py is the mechanical flow power for the wing,
@, is the total wing energy dissipation and —Fy U, is
the reversible energy outflow at the wing surface due to
“excess thrust” (Hall et al., 2017).

For cruise at fixed altitude and velocity ( Fy = 0) we

have:

PWK :q)ws + chw + q)wv + (Dwej' (2)

Power, Py ,supplied by the engines to suck the wing
boundary layer, and then, to accelerate the suction air to
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flight speed, U,, at the engine exit = Energy dissipation in
the wing surface boundary layer, @, + Energy dissipa-
tion of the wing wake, @, + Energy dissipation of the
wing vortices, @, + Energy dissipation of the engines
jet, @,

According to Pfenninger and Groth (1961) the power
provided by the engine, Py, is:

Cps 1/2-p-U,2-2-Sy -U,
n bl

where Cpg is the “equivalent drag” coefficient, p is the
air density, Sy is the net (exposed) wing reference sur-
face, U, is the flight speed (undisturbed flow velocity)
and 1 is the efficiency of the system.

Following Pfenninger and Groth (1961), suction is ap-
plied from 8 to 95% of the chord. Hence, 2§, is approxi-
mately the suction (wetted) wing area.

Furthermore (Lv et al., 2016; Hall et al., 2017):

(I)ws :bN'p'UOS'k;

wyv

(3)

Byg =

(4)
D, = N~p~U03-(2-6—k); (5)
1
o CLZ'E'p'Uoz -8-U, ©
we e-m-AR ’
1 . 2
(Dwejzz'mw'(Uj_UO) > (7)

where by is the net (exposed) wingspan, k is the kinetic
thickness, 0 is the momentum thickness, C; is the lift coef-
ficient, S is the wing reference area, p is the air density, e is
the Oswald factor, AR is the wing aspect ratio, my, is the
mass flow rate and U, is the engine jet velocity.

Following Pfenninger and Groth (1961), as the engines
accelerate the suction air and exhaust it with a velocity,
U; equal to flight speed, Uj , the energy dissipation of the

engines jet, ®,,,;, is zero. Therefore,

Cps *1/2:p-Ug?-2-Sy Uy
n

by -p-Ug k+

CLZ'%'p'UOZ'S'UO

by p-Uy®-(2:0-k)+ +0. (8)

e-m-AR
In the evaluation of Eq. (8) the following assumptions
and approximations were made:
1. The momentum and kinetic thicknesses refer to a
flat plate.
2. The boundary layer of both sides of the wing — up-
per and lower - is considered.
3. An approximate three-dimensional approach was
adopted, exemplified by the net wingspan, by.
4. An efficiency, 1, for the whole system was proposed.
5. The velocity of the engines - jet flap jet was assumed
constant across the jet.
Eq. (8) is solved for Cpyg. All the other parameters are
known. Exercising some manipulations, we have:

2. 2.
M: 4.bN.e+ Q

b 9
n e-m-AR ©)

n CLZ'S
Cho =—|4-by -0+ ————|. 10
bs 2~SN[ N e-m-AR (10)

Pfenninger and Groth (1961), Figure 7, p. 990 indicate
a linear relation between weight flow coeflicient, Cy,, and
“equivalent” drag coefficient, Cpy:

Cyy =0.65-Cpg +0.5-107%. (11)
Combining Eqs (10) and (11) leads to:

C2-S
Cy =065 ——| 4-by-0+—L "> |+0.5-107%. (12)
2-Sy e-mA-R

and the mass flow rate, my,, according to Pfenninger and
Groth (1961), is:

ty =Cpy -p-Uy-2-Sy. (13)

Assuming flat plate conditions, the kinetic and mo-
mentum thicknesses are respectively:

1/2
k:1.044-[”CNJ ; (14)
p-Uy
1/2
6:0.664-£MCNJ , (15)
p-Uy

where 11 is dynamic viscosity and cy is the mean net aero-
dynamic chord.

The proposed concept applied to fuselage is schemat-
ically shown in Figures 3 and 4. The boundary layer suc-
tion layout follows Pfenninger and Groth (1961). It con-
sists of a glove in the shape of the fuselage with suction
effectuated through a series of circumference slots along
the length of the fuselage. The suction air passes across
holes drilled into the inner part of the fuselage skin into
individual suction chambers. At this point the proposed
concept departs from the Pfenninger and Groth (1961)
scheme. From the individual suction chambers through
appropriate nozzles the boundary layer suction air pass-
es into a common circumference suction duct running
along the fuselage. This duct leads to the entry of an
embedded engine located at the tail of the fuselage. The
boundary layer suction air is drawn by the embedded
engine as intake air. Finally, the engine exhausts through
a tail nozzle to flight speed.

<l —

Figure 3. Schematic representation of the laminar flow,
propulsive concept applied to fuselage — system layout

< o=

Figure 4. Schematic representation of the laminar flow,
propulsive concept applied to fuselage — top view
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Again, following the analysis of Pfenninger and Groth
(1961) the power balance equation (Drela, 2009) can be
expressed as:

PFK:q)foo_FX'Uo_ (16)
The only difference is that the fuselage, in contrast to the
wing, does not produce vortex dissipation. That is, @y, =
0. And as the engines accelerate the suction air to flight
speed, Uy, the energy dissipation of the engines jet, ®p,;=
0. Therefore, power, Pp, from the engine to suck the fu-
selage boundary layer and then, to accelerate the suction
air to flight speed, U, = Energy dissipation in the fuselage
surface boundary layer, @y + Energy dissipation of the
fuselage wake, ®p,.

For cruise at fixed altitude and velocity ( Fy = 0).

P =@ g+ @, (17)

Therefore, taking into consideration the fuselage ge-
ometry we have:

Che -1/2:p-Uy2-S,-U,
ps 1/2-p-Uy~-Sg 0=n~dm~p~U03-k+
n

n-d, -p-Us-(2-0-k). (18)

In the evaluation of Eq. (16) the following assumptions

and approximations were made:

- Following Pfenninger and Groth (1961), suction is
applied from the end of the aircraft cockpit wind-
screen to 95% of the fuselage length;

- The momentum and kinetic thicknesses refer to a flat
plate;

- An approximate three-dimensional approach was
adopted, exemplified by the fuselage mean geomet-
ric diameter, d,,;

- An efficiency, 1, for the whole system was proposed;

— The velocity of the engine exhaust jet was assumed
constant across the jet.

With d,, =Sg /(In), where S is the fuselage surface,

I the fuselage length and d,, is the fuselage mean geo-
metric diameter. With some manipulations of Eq. (18),
we have:

C .
DS _ 4_9; (19)

n I

4-0
CDS :T]T (20)
Using Eqs (11) and (20)
_ 4-0 —4
Cyw —0.65-{7]- Tj+0.5-10 1)
and, as in Eq. (13), the mass flow rate, my, is:

mp =Cy -p-Uy-Sg. (22)

Assuming flat plate conditions and the length of the
fuselage as the characteristic length, /, the kinetic and mo-
mentum thicknesses are respectively:

l 1/2
k=1.044-[ B ] .
p.UO 5

(23)
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l 1/2
6:0.664-[ all ] . (24)
p-U

2. Laminar flow, propulsive, jet-flapped concept
benefit for transport aircraft

To establish the benefit of the concept for subsonic trans-
port aircraft an example is needed. For this purpose, an
aircraft design based on the Airbus A320neo will be used.
The example aircraft specifications are shown in Table 1.

Table 1. Example aircraft specifications

Length (fuselage), [ 37.57 m
Wingspan, by 35.80 m
Wing area, S 123 m?
Aspect ratio, AR 10.42
Net (exposed) wing area, Sy 102 m?
Net (exposed) wingspan, by 32 m
Mean net aerodynamic chord, cy 3.187 m
Fuselage mean diameter, d,,, 3.95m
Fuselage wetted area, S 420 m?
Maximum take-off mass 71,500 kg
Payload 14,850 kg
Operational empty mass 44,300 kg
Fuel 12,350 kg
Engines thrust 2 x 120 kN
Engines mass 2 x 3,000 kg
Cruising speed at 36,000 ft M 0.78 (230 m/s)
Range 3,500 km
Level flight duration 3.6h
Climb and descend duration 0.6 h

2.1. Laminar flow, propulsive, jet-flapped concept
benefit for wings

To find the engine power required and the correspond-
ing engine mass flow rate in applying the laminar flow,
propulsive, jet-flapped concept to wings, numerical values
are substituted in the power balance Eq. (8) and the mass
flow rate Eq. (13). The calculations are performed in Ap-
pendix A. Results are:

Power, Py, supplied by the engines 1,432,976 W =
Energy dissipation in the wing surface boundary layer,
®d,,,, 109,485 + Energy dissipation of the wing wake, ®,,,,,
29,774 W + Energy dissipation of the wing vortices, ©,,,,
1,284,711 (A difference of 6 in the power balance equation
is due to the accuracy of the calculations).

Engine mass flow rate my,. = 28.8519 kg/s.

2.2. The jet flap effect

Consideration of the jet flap effect is beyond the scope
of this study. However, it must be mentioned that the jet
flap provides additional benefits in terms of increased lift,
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reduced drag (Kim & Saunders, 2003) and almost total
thrust recovery (Davidson, 1956). According to Kim and
Saunders (2003) a jet flap can exhibit large lift coeflicients
and unusually negative drag coeflicients at various flow
conditions. These enhanced aerodynamics are caused by
the trailing nozzle jet performing like virtual flap and
by providing strong suction flow at the airfoil leading
edge. Especially, drag coefficients can reach values as low
as —0.25 (Kim & Saunders, 2003), Figure 5. The drag re-
duction realized by the jet flap is due to pressure forces.
The negative drag is generated by a large suction force
near the wing leading edge (Kim & Saunders, 2003). The
lift and drag coeflicients of Kim and Saunders (2003), Fig-
ure 5 are based on free stream conditions and the original
untruncated NACAO0012 airfoil chord length. They are
calculated by integrating only the upper and lower airfoil
surface pressure distributions without including the vec-
tored jet (flap) force contribution to lift. Incorporating a
jet flap into the laminar flow, propulsive, jet-flapped con-
cept will add the exceptional pressure drag performance
of the jet flap to the exceptional friction drag performance
of laminar flow.

2.3. Combined elliptical and astroid hypocycloid lift
distribution

Examining the magnitude of the terms of the power bal-
ance equation for wings (Appendix A, Eq. (A8)) it is evi-
dent that on the right-hand side of the equation by far the
largest energy dissipation is due to wing vortices. It rep-
resents 90% of the total energy dissipation. It is therefore
appropriate to take some measures to reduce it. Recently,
a publication appeared proposing a new lift distribution
for the reduction of induced drag. This lift distribution is
a combination of an elliptical and an astroid hypocycloid
distribution which when compared with the elliptical ex-
hibits a 50% lower induced drag (Kehayas, 2021).

To find the engine power required and the correspond-
ing engine mass flow rate in applying the laminar flow,
propulsive, jet-flapped concept to wings with a combined
elliptical and astroid lift distribution, numerical values are
substituted in the power balance Eq. (8), taking into ac-
count the 50% reduction in induced drag, and the mass
flow rate Eq. (13). The calculations are performed in Ap-
pendix B. Results are:

Power, Py ck, supplied by the engines 781,610 W =
Energy dissipation in the wing surface boundary layer,
®d,,., 109,485 + Energy dissipation of the wing wake,
D, 29,774 W + Energy dissipation of the wing vorti-
ces, D,,.,, 642,355 (A difference of 4 in the power balance
equation is due to the accuracy of the calculations).

Engine mass flow rate my,- = 16.2231 kg/s.

wces?

2.4. Laminar flow, propulsive concept benefit for
fuselage

To find the engine power required and the correspond-
ing engine mass flow rate in applying the laminar flow,
propulsive, concept to fuselage, numerical values are

substituted in the power balance Eq. (18) and the mass
flow rate Eq. (22). The calculations are performed in Ap-
pendix C. Results are:

Power, Prx, supplied by the engines 167,015 W = Ener-
gy dissipation in the fuselage surface boundary layer, @y,
131,306 + Energy dissipation of the fuselage wake, ®@g,,
35,715 W (A difference of 6 in the power balance equation
is due to the accuracy of the calculations).

Engine mass flow rate m, = 5.0474 kg/s.

The power balance numerical results of Appendices A
to C are presented in Table 2. In the energy dissipation —
power columns two cases are presented: in the left for the
elliptical wing lift distribution and fuselage, and in the
right for the combined wing lift distribution and fuselage.
The power balance method (Drela, 2009) does not lend
itself to an evaluation of interference drag. Therefore, a 5%
due to interference (Torenbeek, 2013) is added to the final
results of Table 2.

Table 2. Power balance for aircraft based on the example design
at cruising conditions

Energy dissipation of aircraft
constituent parts at Mach 0.78 and
36,000 ft

Energy dissipation —
power / W

Energy dissipation in the wing 109,485 -
surface boundary layer, elliptical

lift distribution

Energy dissipation in the wing 29,774 -

wake, elliptical lift distribution

Energy dissipation of the wing 1,284,711 -

vortices, elliptical lift distribution

Wing energy dissipation, elliptical 1,423,970 -

lift distribution

Energy dissipation in the wing - 109,485
surface boundary layer, combined

lift distribution

Energy dissipation in the wing - 29,774

wake, combined lift distribution

Energy dissipation of the wing - 642,355

vortices, combined lift distribution

Wing energy dissipation, com- - 781,614

bined lift distribution

Energy dissipation in the fuselage 131,306 131,306

surface boundary layer

Energy dissipation in the fuselage 35,715 35,715

wake

Fuselage energy dissipation 167,021 167,021

Energy dissipation of the engines 0 0
jet, U] =U,

Aircraft (total) energy dissipation,
wing with elliptical lift distribution
and fuselage

1,590,991 -

Aircraft (total) energy dissipation, - 948,635
wing with combined lift distribu-

tion and fuselage
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End of Table 2

Energy dissipation of aircraft
constituent parts at Mach 0.78 and
36,000 ft

Energy dissipation —
power / W

Power supplied by the engines for 1,988,739 -
wing with elliptical lift distribution

and fuselage, system efficiency 80%

Power supplied by the engines for 2,088,176 -
wing with elliptical lift distribution
and fuselage, system efficiency

80% plus 5% interference drag

Power supplied by the engines - 1,185,794
for wing with combined lift
distribution and fuselage, system

efficiency 80%

Power supplied by the engines -
for wing with combined lift
distribution and fuselage, system
efficiency 80% plus 5% interfer-
ence drag

1,245,084

The above values represent the power of engines work-
ing at 70% of their maximum at cruising conditions.

3. Evaluation of the specific energy and the specific
power of the electric energy storage system

The concept applies to both gas turbines and electric mo-
tors with ducted fans as engines. But, as already stated
in the introduction, due to the importance of achieving
electrically powered large transport aircraft only electric
motors with ducted fans will be addressed.

The results of Table 2 do not include a tail contribution
for two reasons. The first was that according to Kim and
Saunders (2003) and Kehayas (1986, 2006, 2011b) aircraft
control surfaces could be eliminated through differential
and vectoring thrust for pitch, roll, and yaw control. The
second was the large number of calculations. To establish
the benefit of the concept for large transport aircraft four
versions will be considered. They are:

— Aircraft with elliptical wing lift distribution and fuse-

lage without a tail (AC/WE+F).

- Aircraft with elliptical wing lift distribution and fuse-

lage with a tail (AC/WE+F+T).

- Aircraft with combined wing lift distribution and fu-

selage without a tail (AC/WC+F).

- Aircraft with combined wing lift distribution and fu-

selage with a tail (AC/WC+F+T).

As with the example aircraft based on the Airbus
A320neo, an example electric motor with ducted fan is
proposed based on the Emrax 288 electric motor. The
electric motor specifications are shown in Table 3. The size
of the motor is an “average” appropriate for its embed-
ment in the wing at the spanwise position of the geometric
mean chord defined by the net (exposed) wing surface. It
is meant for calculation purposes and, evidently, smaller,
or larger motors will be used at other locations in the
wings, fuselage, and tail.
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Table 3. Example electric motor specifications

Cooling medium Air
Mass 20 kg
Diameter/width 268/91 mm

Maximum battery voltage and 250 Vdc - 4500 RPM

maximum load RPM

Peak motor power 200 kW
Continuous motor power 86 kW
Maximum motor torque 500 Nm
Continuous motor torque 200 Nm
Motor efficiency 92-98%
Controller efficiency 98%

To investigate the feasibility of electrically powered
transport aircraft, the specific energy and the specific
power capability of the electric energy storage system
must be confirmed.

3.1. Evaluation of the specific energy of the electric
energy storage system

In the evaluation of the required specific energy the fol-
lowing approximations and assumptions were made:

1. The duration of level flight is 3.6 hours (Table 1).

2. The duration of climb and descend is 0.6 hours
(Table 1).

3. Power produced by electric motors with ducted fans
is a function of air density.

4. During level flight the electric motor operates at
70% of its maximum continuous power (This is the
design point for minimum specific fuel consump-
tion for a gas turbine engine (Bensel, 2018)). It is ap-
plied to an electric motor for comparison purposes.
In addition, it provides the necessary thrust margin
for climb, descend and maneuvers)

5. During climb and descend the electric motor may
operate up to 100% of its maximum continuous
power or, even, for a few minutes close to peak power

6. For calculation purposes it is assumed that during
climb and descend the altitude is the average of sea level
and 36,000 ft which is = 18,000 ft (p = 0.6981 kg/m?)

The energy consumed by the engines during the flight
is made of the power supplied by the engines (70% of
maximum continuous power in cruising conditions) times
the duration of level cruising flight plus the power sup-
plied by the engines (maximum continuous power) times
the duration of climb and descend. In versions with a tail,
a 35% of the power needed for wings is added (For large
transport aircraft tail drag is 30-35% of wing drag (Howe,
2000)). Therefore:

For the two tailless versions, AC(WE+F) and
AC(WC+F).

Energy = Power for level cruising flight (Table 2) times
the duration of level cruising flight (3.6 h - Table 1) +
Power for climb and descend (= 100/70 of Power for level
cruising flight adjusted for flight at an average of 18,000 ft
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(x 0.6981/0.3652)) times the duration of climb and de-
scend (0.6 h — Table 2).

And for the two versions with tail, ACC(WE+F+T) and
AC(WC+F+T).

Energy = Power for level cruising flight (including
an added 35% of the power for wings as contribution of
the tail) (Table 2) times duration of level cruising flight
(3.6 h — Table 1) + Power for climb and descend (= 100/70
of Power for level cruising flight adjusted for flight at an
average of 18,000 ft (x 0.6981/0.3652) times duration of
climb and descend (0.6 h — Table 1). The calculations are
performed in Appendix D. Results are:

1. Energy consumed by AC(WE+F) = 10,938,764 Wh.

2. Energy consumed by AC(WE+F+T) = 13,549,539 Wh.

3. Energy consumed by AC(WC+F) = 6,522,283 Wh.

4. Energy consumed by AC(WC+F+T) = 7,955,334 Wh.

To find the specific energy, the mass of the electric en-
ergy storage system is needed. And for an electrically pow-
ered transport aircraft with the specifications of the exam-
ple aircraft (Table 1) the mass of its electric energy storage
system must correspond to the fuel mass of the example
aircraft taking into account the total energy conversion
chain efficiency (Hepperle, 2012). Using values of Table 3
for motor (0.95) and controller (0.98) efficiency, assuming
that a gearbox is redundant in the case of a ducted fan
(1.0) and ducted fan efficiency of 0.85 (Jin et al., 2018; Jia
et al., 2021) leads to an electric system efficiency of 0.79.
The fuel mass of the example aircraft is 12,350 kg (Ta-
ble 1). That is, 0.79 12,350 = 9,756 kg is the effective cor-
responding mass of the electric storage system. According
to the calculations performed in Appendix D the specific
energy of the electric energy storage system must be:

- Specific energy for AC(WE+F) = 1,121 Wh/kg.

- Specific energy for ACC(WE+F+T) = 1,389 Wh/kg.

- Specific energy for AC(WC+F) = 668 Wh/kg.

- Specific energy for ACC(WC+F+T) = 815 Wh/kg.

3.2. Evaluation of the specific power of the electric
energy storage system

The specific power required of the electric energy storage
system of an electrically powered aircraft with the specifica-
tions of Table 1 is found by dividing the maximum take-oft
power required at sea level (p = 1.225 kg/m?) by the ex-
ample aircraft fuel mass (12,350 kg — Table 1). Maximum
take-off power needed at sea level is, usually, the maximum
power of any flight condition and fuel mass of example air-
craft corresponds to electric storage system mass.

For the two tailless versions, AC(WE+F) and
AC(WC+F).

Maximum power at sea level = Maximum power for
cruising flight at 36,000 ft — p = 0.3652 kg/m? (Table 2)
(= 100/70 of Power for level cruising flight, adjusted to sea
level (x 1.225/0.3652)).

And for the two versions with tail, ACC(WE+F+T) and
AC(WC+F+T).

Maximum power at sea level = Maximum power
for cruising flight at 36,000 ft - p = 0.3652 kg/m?> (Ta-

ble 2) including an added 35% of the power for wings as
a contribution of the tail) (= 100/70 of power for level
cruising flight including an added 35% of the power for
wings as contribution of the tail, adjusted to sea level
(x 1.225/0.3652)). The calculations are performed in Ap-
pendix E. Results are:

1. Maximum power required by AC(WE+F) = 10,006,320 W.

2. Maximum power required by AC(WE+F+T) =

12,409,644 W.
3. Maximum power required by AC(WC+F) =
(100/70)- 1,245,084 - (1.225/0.3652) = 5,966,312 W.
4. Maximum power for AC(WC+F+T) = (100/70)-
(1,245,084 + 0.35 - 781,614) - (1.225/0.3652) =
7,277,225 W.

Consequently, according to calculations performed in
Appendix E the specific power of the electric energy stor-
age system must be:

1. Specific power for AC(WE+F) = 810 W/kg.

2. Specific power for AC(WE+F+T) = 1,005 W/kg.

3. Specific power for AC(WC +F) = 483 W/kg.

4. Specific power for AC(WC+F+T) = 589 W/kg.

4. Mass estimation of electric motors

The mass of the electric motors (aircraft engines) is the
maximum power required divided by the specific power of
the “average” example electric motor (Table 3). The maxi-
mum continuous power of the example electric motor is
86,000 W and its mass is 20 kg (Table 3). To the mass of
the electric motor a 30% is added accounting for items
of the power train (controller, cables, cooling etc.) (Kam-
mermann et al., 2020) leading to an overall electric mo-
tor mass of 26 kg and an electric motor specific power of
86,000/26 = 3,308 W/kg. The calculations are performed
in Appendix F. Results are:

1. Mass of electric motors of AC(WE+F) = 3,025 kg.

2. Mass of electric motors of AC(WE+F+T) = 3,751 W/kg.

3. Mass of electric motors of AC(WC+F) = 1,804 W/kg.

4. Mass of electric motors of AC(WC+F+T) = 2,200 W/kg.

5. Results and discussion

For large electrically powered transport aircraft to be feasi-
ble, either the specific energy of the electric energy storage
system must be increased or a breakthrough in aeronauti-
cal technology be achieved. With electrical storage system
specific energy capacity at its present and foreseeable level,
only laminar flow can attain this goal.

As stated in the introduction, the aim of this study is
not to reach exact results but to put forward a laminar
flow, propulsive, jet-flapped concept in principle. Evident-
ly, a detailed study is needed, especially on the electric side
of the design. However, it is claimed that the assumptions
and approximations made, such as flat plate conditions
for momentum thicknesses and an efliciency of 0.80 for
the whole system, will not differentiate much the results
a more exact study would obtain. The same holds for sev-
eral design issues, like the additional weight of the ducting
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mechanism and engines of smaller size and lower weight.
From the aerodynamic point of view the results of the
analysis are quite good. Among other, they exhibit a ratio
of energy dissipation of wing wake, representing pressure
drag, to energy dissipation of wing surface boundary layer,
representing friction drag, of 0.26.

The concept is founded on the work of Pfenninger and
Groth (1961). This work in not just theoretical and experi-
mental. It is the outcome of flight tests in real conditions.
In an operational aircraft, the fighter F-94A, by means of
boundary layer suction laminar flow over the entire wing
was achieved for Mach and Reynolds numbers of 0.7 and
35 million respectively. These flight conditions are close to
those encountered by large transport aircraft. The fact that
a fighter aircraft was used in the flight tests does not in-
validate Pfenninger and Groth (1961) scheme’s application
to transport aircraft. In respect to boundary layer charac-
teristics a fighter does not differ from a transport design
(Kehayas, 1992; Fielding & Kehayas, 2000; Kehayas, 2007).
From what it is known, Pfenninger and Groth’s scheme
(1961) is the only one to accomplish laminar flow over the
entire wing (full chord) at such high Reynolds numbers in
real operational conditions (Joslin, 1998). This result must
be attributed to the main difference to similar schemes,
which is the use of spanwise suction slots and not holes
along the full and not part of the wing chord. Earlier, a
theoretical treatment of the subject has been carried out
by Smith and Roberts (1947).

In the proposed laminar flow, propulsive, jet-flapped
concept, Pfenninger and Groth’s scheme (1961) is cou-
pled to the engines to form a propulsive wing (Attinello,
1957) and fuselage, known lately as distributed propul-
sion (Gohardani et al., 2011). Boundary layer suction
air is drawn by the embedded in the wing and fuselage
engines as intake air. Mass flow rates of around 28.85
and 5.05 kg/s (Appendix A Eq. (A12) and Appendix C
Eq. (C12)) for wings and fuselage clearly indicate the
suitability of coupling the engines to boundary layer suc-
tion. The coupling of the boundary layer suction to the
engines goes beyond an integration of aerodynamics and
propulsion. Using a control volume approach, the veloc-
ity of the incoming through suction slots air into the en-
gines in the direction of flight is very small. The velocity
of the incoming through suction air is perpendicular to
the wing upper and lower surface. Thus, most of it is per-
pendicular to the direction of flight, and only a small part
around the leading edge of the wing has a component in
the direction of flight. The same conditions apply to the
fuselage. The exhaust velocity of the engines set at flight
speed minus the very small component of the velocity
of the incoming through suction air leads to a change in
momentum, and hence thrust, in a most efficient pro-
pulsive manner. The velocity of the incoming through
suction air in the direction of flight can be calculated
by equating the thrust power of the engines to the wing
and fuselage energy dissipation. Assuming full nozzle
expansion: Uy =(my, +mp )(Uy —U,, )Uy =Dy, +@p -

21

Using Appendix A Eqs (A8), (A12), and Appendix C
Egs (C8), (C12) we have: (28.8519 + 5.0474)(230 - U,,)230 =
1,423,970 + 167,02 resulting in a, at maximum, component
of velocity in the direction of flight of the incoming through
suction air U, = 25.944 m/s. Although the engines exhaust
speed equals the flight speed, thrust is produced. In a way,
it is like the workings of a rocket engine. And when the
speed of the rocket equals the speed of the rocket engine
exhaust gas the propulsive efficiency of the rocket engine is
100% (Houghton & Brock, 1970). Moreover, the concept is
even more efficient because when the engine exhaust speed
equals the flight speed, then, the energy dissipation of the
wing and fuselage engines’ jet is zero. A similar concept is
boundary layer ingestion, in which some or all the aircraft
wing or fuselage boundary layers are ingested by the en-
gines and re-accelerated, instead of passing undisturbed
into wakes (Hall et al., 2017). It provides higher propulsive
efficiency due to reduced velocity of flow entering the en-
gines compared with conventionally placed engines under
the wings. But it is clearly inferior to the proposed concept
because the velocity of the ingested air into the engines in
the direction of flight is just reduced and not very small
compared with engine exhaust speed.

The jet flap component of the proposed concept ap-
plied to wings is beyond the scope of this study. How-
ever, joining the proposed laminar flow, propulsive con-
cept to a jet flap would greatly enhance drag reduction
as jet-flapped wing drag coeflicients can reach values as
low as -0.25 (Kim & Saunders, 2003). It should be un-
derlined that the drag reduction realized by the jet flap is
due to pressure forces. The negative drag is generated by
a large suction force near the wing leading edge (Kim &
Saunders, 2003). Incorporating a jet flap into the laminar
flow, propulsive concept will add the exceptional pressure
drag performance of the jet flap to the exceptional fric-
tion drag performance of laminar flow. Lift coefficients
of jet-flapped wings are as high as would be expected of
a flap at an equivalent deflection angle. Kim and Saun-
ders’ work (2003) is supported either directly by Chin
et al. (1975) and Kim et al. (2006) or indirectly as thrust
recovery by Garland (1964), Davidson (1956) and Bev-
ilaqua et al. (1984) among others. Research by Schetz et al.
(2010) does not exactly reach the same conclusions. Some
negative drag - thrust recovery over 100% - is observed
but not to the extent shown by Kim and Saunders (2003).
This may be due to different angle of attack and deflection
angle of jet flap (0 and over 30 (Kim & Saunders, 2003)
and 2.66 and 5 - 10 (Schetz et al., 2010) degrees respec-
tively). In any case, a jet flap would considerably improve
the performance of the proposed concept. A further ad-
vantage of the proposed concept is that it essentially keeps
the “tube and wings” configuration and avoids complex
designs such as the blended wing-body which offer few
advantages and many disadvantages (Kehayas, 1998).

The results for the specific energy and the specific
power of the electrical energy storage system, and the
mass of the required electric motors including powertrain
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Table 4. Specific energy of the electric energy storage system, specific power of the electric energy storage system and mass of the
electric motors including powertrain mass for the four aircraft versions

Parameter AC(WE+F) |AC(WE+F+T)| AC(WC+F) | AC(WC+E+T)
Specific energy of electric energy storage system, Wh/kg 1,121 1,389 668 815
Specific power of electric energy storage system, W/kg 810 1,005 483 589
Mass of electric motors, kg 3,025 3,751 1,804 2,200

mass for the four selected aircraft versions satisfying the
specifications of the example large transport aircraft (Ta-
ble 1), Aircraft with elliptical wing lift distribution and
fuselage without a tail (AC/WE +F), Aircraft with ellip-
tical wing lift distribution and fuselage with a tail (AC/
WE+F+T), Aircraft with combined wing lift distribution
and fuselage without a tail (AC/WC +F) and Aircraft with
combined wing lift distribution and fuselage with a tail
(AC/WC+EF+T), are shown collectively in Table 4.
Regarding the specific power of the electrical storage
system all four versions (Table 4) fall within the present
technology level of batteries (Hepperle, 2012; Kammer-
mann et al., 2020; Bolam et al., 2020). In all four versions
the mass of the electric motors, including the mass of the
powertrain (Table 4), is considerably less than the 6,000
kg mass of the example aircraft turbofan engines (Table 1).
What remains to be examined is the specific energy of the
electric energy storage system. The best current perfor-
mance of battery specific energy capability is with Lithi-
um-Sulphur batteries at nearly 500, and what is about to
be achieved is 600 Wh/kg (The Faraday Institution, 2020;
OXIS Energy, 2020). Projections in the near future vary
between 700 and 1,250 Wh/kg (The Faraday Institution,
2020; Hepperle, 2012). As shown in Table 4 the specific
energy requirements of the electrical storage system of the
four versions lie between 668 and 1,389 Wh/kg. Hence,
only the aircraft with combined wing lift distribution and
fuselage without a tail (AC/WC+F) demanding a specific
energy 668 Wh/kg is close to be about feasible. There are
design complications with this tailless version, notably
those of aircraft stability and control, but they can be ad-
dressed (Kim & Saunders, 2003). Nevertheless, the mat-
ter does not end here. The provision of a jet flap would
certainly bring down the specific energy requirement for
all four versions and specifically for the aircraft with com-
bined wing lift distribution and fuselage without a tail to
the present level of specific energy of Lithium-Sulphur bat-
teries. Finally, although in principle the laminar flow, pro-
pulsive, jet-flapped concept benefit for electrically powered
transport aircraft is valid, the results of the present study
are partly inappropriate. This is evident from the enormous
energy dissipation of the wing vortices compared with the
sum of the energy dissipation of the wing surface bound-
ary layer and the wing wake (Appendix A Eq. (A8)). The
condition for maximum range for an electrically powered
transport aircraft is that induced drag equals zero lift drag
(friction drag plus pressure drag) (Hepperle, 2012). Hence,
the energy dissipation of the wing vortices, representing

induced drag, should be equal to the sum of energy dis-
sipation of wing surface boundary layer, representing fric-
tion drag, and energy dissipation of wing wake, represent-
ing pressure drag. In this case the lift coefficient should
be considerably smaller. Therefore, the wing surface area
must respectively be much larger for the wing to gener-
ate the same lift. A much smaller lift coefficient will lead
to substantially reduced energy dissipation of the wing
vortices, which in turn will result in lower specific energy
requirements of the electric energy storage system. But a
much larger wing surface area would require an altogether
different overall aircraft design. Consequently, the example
aircraft design is unsuitable, and a new aircraft design is
needed. It is expected that a design purposely based on
the proposed laminar flow, propulsive, jet-flapped concept
would bring electrically powered large transport aircraft
within the specific energy levels of present batteries.

Conclusions

The main conclusion is that the proposed laminar flow,
propulsive, jet-flapped concept can reduce drag to a degree
that renders electrically powered large transport aircraft of
typical range, having electric motors driving ducted fans
as engines and cutting-edge technology batteries as energy
storage system, feasible. The concept is founded on re-
search carried out with an operational aircraft in real flight
conditions. Through boundary layer air suction by the en-
gines, laminar flow over the entire aircraft is achieved for
Mach and Reynolds numbers typical of transport aircraft.
The analysis showed that of the four aircraft versions con-
sidered, with elliptical or combined wing lift distribution
and fuselage with or without tail, only the combined lift
with tailless fuselage is at present about to be feasible. This
borderline outcome is due to the present capacity of elec-
tric storage systems. Regarding the specific power, all four
aircraft versions are within the current technology level of
batteries. It was made evident in the analysis that 90% of
the total drag is induced. Therefore, the example aircraft
design is inappropriate, and a design purposely based on
the proposed laminar flow, propulsive, jet-flapped concept
is required.
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Appendix A. Calculations for power balance and
mass flow applied to wings

To find the power required in applying the laminar flow,
propulsive, jet-flapped concept to wings, the kinetic and
momentum thicknesses and Oswald factor must be cal-
culated, and the efficiency of the system and the lift coef-
ficient must be established.

Values for density and dynamic viscosity at 36,000 ft of
0.3652 kg/m?> and 1.433 107 Pa s, and values for cruising
speed and mean net aerodynamic chord of Table 1 lead to
kinetic and momentum thicknesses of:

1/2
k=1.044- M ; (A1)
0.3652-230
1/2
1.433-3.1
0=0.664- 1433-3.187 1 (A2)
0.3652-230
k=7.710"%m; (A3)
0=4.897-10"*m. (A4)

The Oswald factor calculated according to Howe
(2000) is 0.89. Assuming system propulsion efficiency of
0.80, typical lift coefficient of 0.37 and using values for the
rest of the parameters of Eq. (10) from Table 1, we can
solve for the “equivalent drag” coefficient:

0.80
Che =| ——|.
s [2402)

(4-32-4.897-104 +

0.37%2-.123
J; (A5)

0.89-3.14-10.42

Cps =25.135-10" . (A6)

We can now calculate the terms of the power balance
equation (Eq. (8)) applied to wings for cruising conditions
at 36,000 ft:

25.135-107*.0.5-0.3652-230%-2-102 _

0.8

32-0.3652-230%-7.7-107* +

32-0.3652-230% (2-4.897-7.7)- 107 +

0.37%-0.5-0.3652-230° -123

0.89-3.14-10.42 (A7)
1,423,976 W =
109,485 W +29,774 W +1,284,711 W. (A8)
Using Eqs (11) and (A6) leads to:
Cy =0.65-25.135-107* +0.5-107%; (A9)
Cy =16.8378-107* (A10)

and from Eq (13) the mass flow rate, m,, is:

my, =16.8378- 1074.230-0.3652-2-102; (A11)
iy, _28.8519°8 (A12)

N

Appendix B. Calculations for power balance
and mass flow applied to wings with combined
elliptical and astroid hypocycloid lift distribution

The only difference as opposed to the calculation for the
usual elliptical lift distribution wings (Appendix A) is that
induced drag is reduced by 50%. Therefore, using Eqs (A3)
and (A4):

k=7.7-10"*m; (B1)

0=4.897-10"*m (B1)

and
0.80
Cps =| —— |-
bs [2-102)

0.372-123
(4~32~4.897~ 10~ +0.50-

—|; (B3)
0.89-3.14-10.42
Cps =13.7964-107%. (B4)

We can now calculate the terms of the power bal-
ance equation (Eq. (8)) applied to wings with combined
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elliptical and astroid lift distribution for cruising condi-
tions at 36,000 ft:

13.7964-10* -0.5-0.3652-230° -2-102
0.8

32-0.3652-230°-7.7-107* +
32-0.3652-230 -(2-4.897-7.7)- 107 +

0.37%-0.5-0.3652-230° -123

00 0.89-3.14-10.42 (B5)
781,610 W =

109,485 W +29,774 W +642,355. (B6)
Using Eqs (11) and (B4) leads to:

Cy =0.65-13.7964-107* +0.5-107%; (B7)
Cy =9.4677-107 (B8)

and from Eq. (13) the mass flow rate, my, is:

my, =9.4677-107%-230-0.3652-2-102; (B9)
1y, 1622318 (B10)

N

Appendix C. Calculations for power balance and
mass flow applied to fuselage

To find the power required in applying the laminar flow,
propulsive concept to fuselage, the kinetic and momentum
thicknesses must be calculated, and the efficiency of the
system must be established.

Assuming flat plate conditions, the length of the fuselage
as the characteristic length, values for density and dynamic
viscosity at 36,000 ft of 0.3652 kg/m?® and 1.433 10 Pa s,
and values for cruising speed and fuselage length of Table 1
lead to kinetic and momentum thicknesses of:

1/2
k= 1.044. 1.433-37.57 : D)
0.3652-230
1/2
02 0.664. 1.433-37.57 ; )
0.3652-230
k= 2.6434-1073m; (C3)
0=1.6812-103m- (C4)

Assuming again system propulsion efficiency of 0.80
and using values for the rest of the parameters of Eq. (18)
from Table 1, we can solve for the “equivalent drag” coef-
ficient:

4.1.6812-1073
Cre =0.80.| ————— | ; C5
bs [ 37.57 J (>
Cps =1.4319-107%. (C6)

We can now calculate the terms of the power balance
equation (Eq. (16)) applied to fuselage for cruising condi-
tions at 36,000 ft:

25

1.4319-107%-0.5-0.3652-230% - 420

0.80
42
—0-0.3652-2303 -2.6434-1073 +
37.57
420 3 -3
——0.3652-230° (2-1.6812-2.6434)-107; (C7)
37.57
167,015W =131,306 W +35,715W. (C8)
Using Eqs (11) and (C6) leads to:
Cy =0.65-1.4319-1074 +0.5-107%; (C9)
Cy =1.4307-107* (C10)
and from Eq. (20) the mass flow rate, my, is:
mp =1.4307-10-230-0.3652- 42; (C11)
. k
Iy =5.0474 5 (C12)

N

Appendix D. Calculations for the specific energy
of the electric storage system

Following section 3.1. the energy consumed by the aircraft
during the flight is:

- Energy consumed by AC(WE+F) = 2,088,176 -
3.6 + (100/70) - 2,088,176 - (0.6981/0.3652) - 0.6 =
10,938,764 Wh

- Energy consumed by AC(WE+F+T) = (2,088,176 +
0.35-1,423,970) - 3.6 + (100/70) - (2,088,176 + 0.35 -
1,423,970) - (0.6981/0.3652) - 0.6 = 13,549,539 Wh

- Energy consumed by AC(WC+F) = 1,245,084 -
3.6 + (100/70) - 1,245,084 - (0.6981/0.3652) - 0.6 =
6,522,283 Wh

- Energy consumed by AC(WC+F+T) = (1,245,084 +
0.35 - 781,614) - 3.6 + (100/70) - (1,245,084 +
0.35 781,614) - (0.6981/0.3652) - 0.6 = 7,955,334 Wh

Therefore, following section 3.1. the specific energy of

the electrical energy storage system must be:

- Specific energy for AC(WE +F) = 10,938,764/9,756 =
1,121 Wh/kg

- Specific energy for AC(WE+F+T) =
13,549,539/9,756 = 1,389 Wh/kg

— Specific energy for AC(WC+F) = 6,522,283/9,756 =
668 Wh/kg

- Specific energy for AC(WC+F+T) =
7,955,334/9,756 = 815 Wh/kg

Appendix E. Calculations for the specific power
of the electric storage system

Following section 3.2. the maximum power required by
the aircraft is:
- Maximum power required by AC(WE+F) =
(100/70) - 2,088,176 - (1.225/0.3652) = 10,006,320 W
- Maximum power required by AC(WE+F+T) =
(100/70) - (2,088,176 + 0.35 - 1,423,970)
(1.225/0.3652) = 12,409,644 W
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- Maximum power required by AC(WC+F) =
(100/70) - 1,245,084 - (1.225/0.3652) = 5,966,312 W

- Maximum power required by AC(WC+F+T) =
(100/70) (1,245,084 + 0.35 781,614)
(1.225/0.3652) = 7,277,225 W

Consequently, following section 3.2. the specific power

of the electrical energy storage system must be:

- Specific power for AC(WE +F) = 10,006,320/12,350 =
810 W/kg

- Specific power for AC(WE+F+T) =
12,409,644/12,350 = 1,005 W/kg

- Specific power for AC(WC+F) = 5,966,312/12,350 =
483 W/kg

- Specific power for AC(WC+F+T)
7,277,225/12,350 = 589 W/kg

Appendix FE. Calculations for the mass of the
electric motors

According to section 4:

- Mass of electric motors for AC(WE +F)
10,006,320/3,308 = 3,025 kg

— Mass of electric motors for AC(WE+F+T)
12,409,644/3,308 = 3,751 W/kg

- Mass of electric motors for AC(WC +F)
5,966,312/3,308 = 1,804 W/kg

— Mass of electric motors for AC(WC+F+T)
7,277,225/3,308 = 2,200 W/kg

Notations

AR - wing aspect ratio;

by - net (exposed) wingspan (m);

Cps - “equivalent drag” coeflicient;

¢y — mean net aerodynamic wing chord (m);
C; - lift coeflicient;

Cyy — weight flow coefficient;

d,, - mean geometric fuselage diameter (m);
e — Oswald factor;

Fy - force on the wing (N);

k - kinetic thickness (m);

I - fuselage length (m);

myyc — mass flow rate for wing - combined lift distribu-
tion (kg/s);

my — mass flow rate for fuselage (kg/s);

my, — mass flow rate for wing (kg/s);

Pry — mechanical flow power for fuselage (W);

Pk — mechanical flow power for wing — combined lift
distribution (W);

Py — mechanical flow power for wing (W);

S - wing reference surface (m?);

S - fuselage wetted surface (m?);

Sy - net (exposed) wing surface (m?);

U, - undisturbed flow velocity - flight speed (m/s);

U, - velocity of suction air in the direction of flight (m/s);
U; - engine jet velocity (m/s);

n - efliciency of the system;

0 - momentum thickness (m);

p — dynamic viscosity (Pa s);

p - air density (kg/m?);

®y,; - energy dissipation of the engines jet - fuselage (W);
@y, - energy dissipation in the fuselage surface (W);

@y, - energy dissipation of the fuselage vortices (W);

@y, — energy dissipation of the fuselage wake (W);

@y, - total fuselage energy dissipation (W);

®,,., - energy dissipation in the wing surface boundary
layer — combined lift distribution (W);

®,,., - energy dissipation of the wing vortices - combined
lift distribution (W);

®,,.,, — energy dissipation of the wing wake — combined
lift distribution (W);

®,,,; - energy dissipation of the engines jet - wing (W);
®,,, — energy dissipation in the wing surface boundary
layer (W);

®,,, - energy dissipation of the wing vortices (W);

®,,,, — energy dissipation of the wing wake (W);

®y,; - energy dissipation of the engines jet - fuselage (W);
®d,,., - total wing energy dissipation (W).

Abbreviations

AC/WE+F - Aircraft with elliptical wing lift distribution
and fuselage without a tail;

AC/WE+F+T - Aircraft with elliptical wing lift distribu-
tion and fuselage with a tail;

AC/WC+F - Aircraft with combined wing lift distribu-
tion and fuselage without a tail;

AC/WC+F+T - Aircraft with combined wing lift distri-
bution and fuselage with a tail.



