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Abstract

Urban air mobility (UAM) has recently attracted lots of attention as a solution to urban centralization and global warming.
Electric vertical take-off and landing (eVTOL) is a concept that emerges as one of the promising and clean technologies for UAM.
There are two difficult challenges for eVTOL aircraft to solve. One is how to improve the weight efficiency of aircraft, and the
other is how to complete long-range missions for UAM’s flight scenarios. To approach these challenges, we propose a consolidated
concept design of battery-fuel cell hybrid tiltrotor aircraft with a liquid hydrogen (LH2) fuel tank. The efficiency of a battery-fuel
cell hybrid powertrain system on the designed eVTOL aircraft is compared to that of a battery-only powertrain system. This paper
shows how much payload can increase and the flight scenario can be improved by hybridizing the battery and fuel cell and

presenting a detailed concept of a cryogenic storage tank for LHa.
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NOMENCLATURE
Symbol Symbol
AR £3v] (aspect ratio) (—) P =9 (power) (W)
Arotor ZE Y23 WF (rotor disc area) (m?) P* " &9 (specific power) (W/kg)
Cp @¥ A5 (drag coefficient) (-) Pe DAl 42 (critical pressure) (Pa)
Cp, H3ll &9 715 (parasite drag coefficient) (=) Dyacuum 13 &9 (vacuum pressure) (torr)
Cp, F% &9 7% (induced drag coefficient) (—) Qratent 718+ (heat of vaporization) (W)
Cr %9 w3 A% (skin friction coefficient) () Qreax A A0 %F (heat leak) (W)
Cy 714 A% 24 (gas conduction constant) (=) R A48 (thermal resistance) (K/W)
C, &g 7% (lift coefficient) (=) R ruise &< Ae (range) (m)
C, A} 2347 (radiation constant) (—) Re g5 = (Reynolds number) ()
Cs A W% 444 (solid conduction constant) (=) R.s. Fyd B Al
D g (drag) (N) (lifting—surface correction factor) (—)
d; B2l W7 (inside diameter of a tank) (m) Sref 713 W7 (reference area) (m?)
d, =19 2174 (outside diameter of a tank) (m) Swet HE9W 3 (wetted area) (m?)
Eqlastic 3 Al (elastic modulus) (Pa) Swing 7} W4 (wing area) (m?)
E YA (energy) (J) Sq 3] 22 (allowable stress) (Pa)
E* Hle %] (specific energy) (Wh/kg) T 2% (temperature) (K)
EF 23 714 (excrescence factor) (=) Thover ZWd F9 (hovering thrust) (W)
e 2= AlS (oswald efficiency factor) (=) t/c o]% F/1] (airfoil thickness ratio) (=)
ey €71 &8 (weld efficiency) (-) t; U3 8719 7 (thickness of an inner vessel) (m)
FF G2+ A% (form factor) (—) t, 9] 8719 T/ (thickness of an outer vessel) (m)
FOM 3% A% (figure of merit) (—) tsorr SOFI A &2] FA (thickness of SOFI material) (m)
FR A7) (fineness ratio) (=) v +% %% (cruise speed) (m/s)
HHV 119 w2 (higher heating value) (J/kg) Vg A% 45 (ascending speed) (m/s)
hyy S & (latent heat of vaporization) (J/kg) Vair ZHWNM Y F7] 74
IF 744 A% (interference factor) (=) (flow velocity of air in a rotor plane) (m/s)
k AALEE (thermal conductivity) (W/m - K) vy 37 4% (descending speed) (m/s)
ksor: SOFI Alg9] €% Vp ol v] (Poisson’s ratio) (=)
(thermal conductivity of SOFI material) (W/m - K) w % (weight) (N)
L e (ift) (N) Wro T °1F F% (gross take—off weight) (kg)
LP oy Ho FA A8 2 91 viAS £ MLIS] WA (emissivity of MLI shield)
(location parameter of the airfoil maximum thickness — Nyprqrcruise & S8 (cruise efficiency) (-)
point) (=) T fuel cell AEAA ) A7) 58
Ty, F49 F% (mass flow rate of hydrogen) (kg/s) (electric efficiency of fuel cells) (=)
N MLI & W% (MLI shield density) (layers/cm) Pair 371¢] W% (density of air) (kg/m®)
N, MLI % % (number of MLI shields) (layers)
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Hyundai S-A1
KA

Fig. 1. 3D modeling and structure of the aircraft based on
the Hyundai S-A1[8].

TABLE |
SPECIFICATIONS OF HYUNDAI S-A1[8, 9].

TABLEII
PARAMETERS FOR PARASITE DRAG COEFFICIENT.

Hyundai S-Al

Main feature Tiltrotor eVTOL

Propulsion Battery-only system
Overall length 10.7m
Fuselage width 1.6m
Wing span 15m
Propeller diameter 32m
Payload 400 ~ 500 kg ( 1 pilot and 4 passenger )
Cruise speed 240 km/h
Cruise altitude 300 ~ 600 m
Range 100 km
MTOW 3125 kg
1
D= EpairvzswingCD (D

olwl, & Al (Cp) = A (2)~(4)F o] &sto] AAtre

Cp = Cp, + Cp, (2)
C = Y(Cs - FF - IF - Syyer) @)
Pr Sref
ct
=L (4)
Co, m-e-AR

frall &8 A=) s A4 22 F3719 24 el
Py, 29 74]’“, E‘i’ﬁy ol Q& AAsm, Aikel
AFEE A B S X 20 AEske] YERQl T

5 FY AFCp) = e dY Aget eadgs
A, FZnle o8 A4t FIM (AR E  EMY
olgel gzl AAHA, F F9 3> NACA 2415,
g Gl 9132 NACA 241007 ’fﬂizé stith. o),
Gel g v FFAEYs (NACA; National
Advisory Committee for Aeronautics) Z5FE W&oz

Parameter Value or equation
EF 1.1
Cr (1) Laminar flow :
Cr = 1328 (Blasius)
VRe
(2) Turbulent flow :
0.455 L .
= W (Schlichting Compressible)
FF (1) Main wing, tail wing, vertical tail :
FF = [1 +LP (;) + 100 (;)4] R, s (DATCOM)
(2) Propeller :
FF=1+2 (g) + 60 (;)4 (Hoerner)
(3) Fuselage :
FF=1 + 60 400 (Schemensky fuselage)
(4) Nacelle :
FF =1+ % (Schemensky nacelle)
IF Propeller 1.05
Wing, tail, fuselage, nacelle 1.08
Swet Main wing 34.39 m?
Tail wing 9.45 m?
Vertical tail 5.6 m?
Propeller 24.64 m?
Fueselage 37.15m?
Nacelle 41.56 m?
Sref Wing area (=S ) 20.85 m?
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km/h=2 2% &% o},

TABLE 11l
PARAMETERS FOR INDUCED DRAG COEFFICIENT.

Parameter Value or equation
AR Main wing (NACA 2415) 10.68
Tail wing (NACA 2410) 3.83
e e =1.78(1 — 0.0454R%%®) — 0.64 (Raymer)
C, L

C, =
2 Paiy?*Swing
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Fig. 2. Variation of drag force with airspeed.
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Fig. 5. Schematics of the liquid hydrogen(LH2) tank consisting of (a) the vacuum insulation system with MLI shields
and (b) the non-vacuum insulation system with SOFI material for the modeled aircraft.
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Pfuel cell

—_— (12)
Nfuel cell * HHVHZ

mHz =

Quatent = hlvaZ

ARAAZEE e A A5 28 Prypea) = ©F
Al F Qs EE 266.5 kW=E Fakalar, A== A

—Q—E (nfuel cell)"? PEMFCﬂ' %_11;]1—1_'4 o7 ‘é Z[\“ 9}1—1:‘ }‘i‘%?l

50%% 73kt ALl Ay 14 2l 3y
AZAA e FFslor & F49 %2 3.76 g/s, Bk
713t4-2 1,688 Wolt}.

NA Fi B £ FAE
AES A4 YER T B3 §7 ) AlEe A eV =T
7t g duk 2 Fo ®BHIau o4F 8719 AR
AMEE = 25 5083-0 EFo® AFeklth A
T ¥ §7]9 F7= ASME # =9} Timoshenko et
al.o] WA =8 Z1135)o] gx%g}.cﬂ;}. [18,19]. AA =&
3719 A Yn)7t 1.6 mY & aglsto], a9 o4
1.4 meta 74 8kl ch,

Ay &g A 2" MLI YEZE Eojo+ & FYH

( Qrear )& Lockheed® w73 3¢l (semi—empirical)
A mdls Fa tekd o AN 4 vk[20]. S
A Axg FAte] g3 dHdYEE aEshd, MLI

GAZ D &H LEE T, (K), AR LEET, (K),
%& %—I‘:—g Tm (K) ;‘(J'L OLQ = Pvacuum (Torr) ﬂ'ﬂ 33]—
o, 4] (14) 2 4} (15) ¢ o] yebd 5 3l

. 1
Qreax = N, (Csde2'63 (T, —T.)
+ Cre(Ty*7 — T,467) (14)
+ Cgpvacuum(ThO'Sz - TCO'SZ))
ks =0.017 +7-107(800 — T,,,) + 0.0228In(T,,,)) (15)

TABLE IV
PARAMETERS FOR THE LH; TANK DESIGN.

TABLE V
PARAMETERS FOR THE MLI HEAT LEAK ESTIMATION.

Parameter Value

Number of MLI shields, N 30 layers

MLI shield density, N 30 layers/cm

2Solid conduction constant, Cg 24 -10°

2 Radiation constant, C, 4.944 -10%°
® Gas conduction constant, C, 1.46 -10*
Emissivity of MLI shield, & 0.04
Vacuum pressure, Puacuum 10 Torr
Heat flux 3.28 W/m?

Parameter Value or equation

Material for vessel Aluminum 5083-0

@ SOFI material BX-265
Ullage volume 10%

b MAWP 10 bar
My, 3.76 gls
Qintear 1688 W

Thickness of the inner vessel, t; - 0.5pd;
e 2s,e, —0.2p

(ASME Code, Section VII1[18])

Thickness of the outer vessel, t, 1

1
_d,|pe (31-v))
o 2 0-5Eelastic

(Timoshenko[19])

@The thermal conductivity data is extracted from [17].
b Maximum allowable working pressure

@The constant values are extracted from [20].
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TABLE

VI

COMPARISON OF THE VACUUM AND NON-VACUUM INSULATION SYSTEMS.

Parameter Vacuum insulation system with MLI shields Non-vacuum insulation system with SOFI material

Outside diameter, d,, 14m 14m

Inside diameter, d; 1.35m 1.35m

Thickness of the tank system  Inner vessel 491 mm Inner vessel 4.91 mm
Vacuum gap 17 mm SOFI material 20 mm
Outer vessel 3.07 mm

Hydrogen storage capacity,
82.4 kg 82.4 kg

quel, Hy

Weight of the tank system, Inner vessel 75.3 kg Inner vessel 75.3 kg

Wik, tank Outer vessel 47.6 kg SOFI material 4.1kg
Mounting bracket & support 10.1 kg Mounting bracket & support 8.3 kg
Blance of Plant 37.6 kg Blance of Plant 37.6 kg
Total 170.6 kg Total 125.3 kg

Hydrogen storage efficiency,

Wryer 48% 66%

w

LH2 tank
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Fig. 6. Ragone plot of Li-ion batteries with various
specifications. The blue shaded region represents the
general performance of commercial Li-ion batteries.
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Fig. 7. Power-time history of (a) the battery-only eVTOL
mission and (b) the hybrid eV TOL mission.

TABLE VII
ESTIMATED SPECIFICATIONS OF THE BATTERY REQUIRED FOR
(A) BATTERY-ONLY EVTOL MISSION.

(a) Battery-only eVTOL mission

Maximum continuous power of the battery, 1070 kW
Pbattery

Energy capacity of the battery, 237 kWh
Ebattery

(Discharge) C-rate of the battery 45C
Specific power of the battery 823 Wikg
(calculated by Eq. (24))

Specific energy of the battery 182 Wh/kg
(calculated by Eq. (24))

Estimated mass of the battery 1301 kg

TABLE VIII
ESTIMATED SPECIFICATIONS OF THE BATTERY AND FUEL CELL REQUIRED
FOR (B) HYBRID EVTOL MISSION.

(b) Hybrid eVTOL mission

Maximum continuous power of the battery, 804 kW
Pbattery

Energy capacity of the battery, 60 kWh
Ebattery

(Discharge) C-rate of the battery 13.4C
Specific power of the battery 1818 W/kg
(calculated by Eq. (24))

Specific energy of the battery 136 Wh/kg
(calculated by Eq. (24))

Estimated mass of the battery 442 kg
Maximum continuous power of the fuel cell, 266 kW
Pfuel cell

Electric energy supplied from the fuel cell, 177 kWh
Efuel cell

Specific power of the fuel cell 470 Wikg
(Hydrogenics, HD45 [28])

Electric energy obtained from 1 kg of hydrogen, 19.7 kWh
Nruel cell HHVHZ

Estimated mass of the fuel cell 567 kg
Amount of hydrogen fuel used for one flight 9 kg
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