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ABSTRACT

Propeller aircraft propelled by an electric propulsion system is gaining a renewed
interest because of ever-increasing environmental concern on harmful emissions emitted
from conventional jet engines and national energy security. Traditional aircraft sizing
methods are not readily applicable to electric propulsion aircraft that utilize a variety of
alternative energy sources and power generation systems. This study showcases an electric
propulsion aircraft sizing exercise based on a generalized, power based sizing method. A
general aviation aircraft is propelled by an electric propulsion system that comprises of a
propeller, a high temperature super conducting motor, a Proton Exchange
Membrance(PEM) fuel cell system fuelled with hydrogen, and power conditioning
equipment. In order to assess the impact of technology progression, aircraft sizing was
conducted for two different sets of technology assumptions for electric components, and
the results were compared with conventional baseline aircraft.
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Fig. 3. Examples of unconventionally powered aerospace system [2]
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hydrogen tank
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08 1 Table 1. Sizing of electric components
0.7 1
Power Device
00 Specific Power | Efficiency
2] [KW/kg] (%]
o 047 —+-M0.2, 8k ft PEM Fuel cell 0.73 50
03 —E=MO.1, K ft PMAD 42 97
02 1 Electric Motor 3.05 94
e Humidifier/ 588 ~
5 Intercooler
0.0150 0.0250 0.0350 0.0450 0.0550 Compressor 3.81 -
- Energy Source
. . Specific Energy
Fig. 14, na 172 ircraft dr lar
g Cessna type aircraft drag pola [KWh/kg]
A Hydrogen 335
Optimum speed @ 8k ft Li-ion Battery 0.12
[}
3 Table 2. Advanced technology assumptions(2020)
= Climb ;
© Descent\ 45 min. hold Power Device
A h and
.,.!.’.5’5?:; (43,:in, Specific Power Efficiency
R > [KW/kg] (%]
|" '| PEM Fuel cell 15 50
: y Range = .
Taxi Out 4 min Taxiin 4 min PMAD 6.0 97
Take-off 1 min et}
HTS Motor 4.34 98.5
Take-off Field Length | 1,370 ft Humidifier/ 596 B
Climb 150 ft/min at 10,000 ft Alt. Intercooler :
Cruise 119 knot at 10,000 ft Alt. Compressor 2 —
Approach 57 knot Energy Source
Fig. 15. Mission profiles [KWhr/kg]
Hydrogen 335
Hydrogen ‘ Li-ion Battery 0.12
* PEM FC based Tank = Pneumatic
N N )R AT, WA aE 9 4EE A
il A Abelq #HHe FASA eku dukHo AL
Air —)| Compressor |i Motor I A4 J : eH= @s ASstith dEHAE NASA
— | P —> Air H,0 Green W/S 20099 % A%, PMADE EcoStarA}
L 1| fsce o 20103 H&E& AFAe] AE, A7|RHE 9
[ Motor }--{ w0 }-4 A AL FQ HF BT LR k2,
! - sks e AZ A9 PMADE NASA Green
Liion | ™ W/S 20159 % o AzlE, A7|EEE HTS &
Battery | <-Take off and climb only

Fig. 16. Electric propulsion architecture [24]

3.3 7| F& &37| Architecture

B ApolA = AFZ A, PMAD(Power
Management and Distribution), H7|2H, 7}
A/NEEA, BN 2D B G5 Fa A
A gx2 AAste] Qe eATHFg. 16). 1 71A

g AHg3e] Alo] 4 Sa 5 ATkTable 1, 2)

34 AO|Z AT Y B

g7 Al meuA, ouA B a9
3 EEG FAN 1YY FHUE) o|F 2F
St Aol a7z, 337 84, UL
Ce RN O Wi o5 249
o. oo 2189 HTS 28 39 o5 2448



4145 45 9% 2013. 5

ANE F4

=k Z2dY 33719 7] Aeld 399

Table 3. 4 different cases of aircraft sizing

Fuel Electric HTS
cell motor motor Battery
(94%)
Case 1 v 4
Case 2 v v v
Case 3 v v
Case 4 v v v

719} 227 M AAIZE Apol I =
e A7F FE71e AbelA 32%—% A Al
CHFig. 11). ©]& wlg o2 Alo]d HlwthiS
7FA 5ol tial S8 8tk (Table 3).
3.4.1 Case 1

AR M=ol e ARAAY M7 BH 7
= o835t AVF F¥UE AelA sHAS
W W3S (wing loading)¥ ¥ W TF
(power to weight ratio)s FTHOE
(design point)o]| X&) Case 1 Aol ARE Y
eIt (Fig. 17, Table 4). AL —
Fig. 189 7% B A|lFAlSl EFste] Abo]%
e

71E RE2 7]E9] SNARE ol&st H
gt qF7IY FAE IF AR (mission fuel),
, T2 B ARATeE EF5te
A ]Uﬂ, SoA FC(State of the Art Fuel
Cell)= Fig. 17614 AAGAA Y Ate]d AH=
71% 2d3 59 ASS Hol: 7= FgF
71o]th(Fig. 18). AEHAE °] &3 H7|FZ
715 Abold Ae W 7IE 2ol mlsf oF 522
bs7} S7hgHE HEl=H, ol A7FHdem <
3 AFAETE FEaFEodE Esta ARAA
o BE, 72+ AAe 95 FLRA 724 F
A R AFAES FAZE SR 7] Wil

—
oz,

Wk

Table 4. Optimized result at design point of

Case 1

Wing area(S) 272 ft2
Sizing reference power 80,569 Ibsft/sec
(Pref)
Take off gross weight(W) 2,615.78 Ibs
Power to weight ratio

30.80 K
(Pref/W), Fuel Cell 080 KW
Wing loading(W/S) 9.62 Ibs/ft?
Cryogenic hydrogen tank 62.44 kg

1000
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90.0 —e— Cruise
© —s— Approach
o
& 180 A Design Point
# 600
=
@ 500
=
2 400
§ 30.0
200
i
10.0
0 10 20

Wing Loading (W/S)

Fig. 17. Sizing of primary power path
(Fuel cell) of Case 1
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(Pilot & Passengers)
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WEIGHT
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1000 +
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SUBSYSTEM

Fig. 18. Weight breakdown of propulsion
system of Case 1

3.4.2 Case 2
Case 2= Case 1914 A}&3 d8xdA=E F
2ol 70%E WAL o5 s v A
‘:‘ﬁ"—ﬂ 30%2] FE& e AT = W
Aoz AAAAAN dxdA e Wiy F 7HA
SHAZE Esto] Abeld sFAthFig. 19, 20,
Table 5). Secondary power pathv EZXEHOZ
ALEE WE e SHPER ofF 9 A4S 9
of wlgo] theiM= aretA] 7] el =%
7 2Z&F(landing roll)oll thall A= F(zero)d #k
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Fig. 19. Sizing of primary power path
(Fuel cell) of Case 2
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Table 5. Optimized result at design point of Case 2

Wing area(S) 230 ft°
Sizing reference power 104,804 Ibsft/sec
(Pref)
Take off gross weight(W) | 2,667.0 lbs
Power to weight ratio
(Pref/W), Fuel cell 26.3 KW
Power to weight ratio
13.0 K
(Pref/W), Battery 0 KW
Wing loading(W/S) 11.60 Ibs/ft’
Cryogenic hydrogen tank 57.46 kg
PMAD, 55, Prop. 71,
Compressor, 3%, 12%
4,0% b
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Fig. 21. Weight breakdown of propulsion

system of Case 2

3.4.3 Case 3

Case 32 Case 13 #o] AFAHAE AlE3}o
A7IAUAE A= F37]9 Ateld Aijo|t
SHA|RE 7] wAle] MVIREZF ofd #Al AT
AarerAl o] glo] dFFE 20201 A HE] ALE T
Ao g diaEs HIS RHE F 83l #7533
F371E AR wet Ato]d stAth(Fig. 22,
Table 6). A2 Fx8aE Fig. 239 7% %
A A Fl 38t} Abol A skt

HTS 2EY &8 985% & 7]F =do
29 S Q= TEHE AA3 Ax 71-’5i RE
Hla) HlEHo] ¢ 1.3 KW/kg A% & #S 7}
A, 10~20 lbs A= RBEH & 7&&3 Hol
o ESE AR Y] AREFFo] FAdte] Case 1
o] Az HA] FA ws] °F 230 lbs T, F
590 Ibs AT FA #ZAE BT 7|F Etwr
Hwo A% HTS ZEE A& A7|F3 F3F7]
o] Atold FAZE °F 100 lbs AES] 7MHES
1 QI th(Fig. 23).
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Table 6. Optimized result at design point of Case 3

Wing area(S) 211 2
Sizing reference power(Pref) | 62,426 Ibsft/sec
Take off gross weight(W) 2,026.7 Ibs
Power to weight ratio
(Pref/W), Fuel Cell 30.80 KW
Wing loading(W/S) 9.61 Ibs/ft’
Cryogenic hydrogen tank 47.93 kg
100.0
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90.0 —e— Cruise
80.0 —e— Climb
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Fig. 22. Sizing of primary power path
(Fuel cell) of Case 3
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Fig. 23. Weight breakdown of propulsion
system of Case 3

3.4.4 Case 4
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(Fig. 26).

Table 7. Optimized result at design point of Case 4

Wing area(S) 174
Sizing reference power(Pref) | 70,595 Ibsft/sec
Take off gross weight(W) 2,018.7 lbs
Power to weight ratio
26.3 K
(Pref/W), Fuel cell 6.3 KW
Power to weight ratio
(Pref/W), Battery 86 kw
Wing loading(W/S) 11.60 Ibs/ft’
Cryogenic hydrogen tank 43.32 kg
100.0
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90.0 —e— Cruise
80.0 —e— Climb
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Fig. 24. Sizing of primary power path

(Fuel cell) of Case 4
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Fig. 25. Sizing of secondary power
path(Battery) of Case 4

PMAD, 28,
9% Prop. 52,

Compressor, _ c 16%
5, 1% /

2500
Humidifier _—
/Intercooler,
34,11%
Fuel Cell, 'M"ng.r,fo‘
311, 35%

® Mission Fuel

2000 ——

1500

1000
B PAYLOAD

(Pilot & Passengers)
m OPERATING

WEIGHT
B BATTERY

500

® PROPULSION
&,
7
:&4‘

N ® STRUCTURE&

SUBSYSTEM

Fig. 26. Weight breakdown of propulsion
system of Case 4

v. &2 2

i
i

M= dutstd FH7
A71F7A FF7) Aol A
o AE AR A7|FEA G
S dA NTE ey 9=
s A&ds AT 7€y FF7)e
522 lbs, ¢k 24% Z7}ste RS &
L ES A ZAE S8 wiEE
FES Ao ZH ATHA
A5 20 Ibs A= FATZAY &

S
L
>,
> 9
2 oN
N,

oﬁéér}m
N

ook B
i x@ ot

o 2
o 4

o %

w0

o

F

"
N

4 e O = o O il oE
é N

ra
WSy o N >
Wy 5
ne

F=.3359 - JEH$ ot B i 2 oy 2
H= TSR 71E FF 7)o B 500 Ibs ©]
A 77 gqidd 5 3719 S Role
GF71E AASE AL AR gon 483
7)ol offgo] Utk

A 18 AR REHE H| R3] 2L
Ti =I5 FF AL S 53 HE v}
T Aog J=He= EHE 7ES FH 85
Aol A Ax dA) 71&S HE&3 HAU|FH g
F7lel Hvlsl] 570 1bs ©]’Fe] FA #HAE HATH
w3l 7|E 2date] HlwodAx 100 lbs, °F 5%
o] BA A7S BRI

7129 A% 7HedS st
5 ATolMe 7k
5 5l PMAD9 ZFAI AbelH

,
HTS EH S& Al&3F gokst
Al 2glo] BE3tAHoa 283l=
49 £ JdS Ao Ay

o] =EL 20119E AF(AFH7|ER)
Aoz aZATAGe] XYL uto} L3 HE 7
Z 7211 9(2011-0007598)

References

1) Klaus Topfer, “IPCC SPECIAL REPORT 7,
Intergovernmental Panel on Climate Change, A
Special Report of IPCC Working Group III,
2000, pp. 3-5.

2) Giovanni Bisignani, “International Air
Transport Association Annual Report
2010,”66thAnnualGeneralMeeting,Berlin,June2010,
pp-26-29.

3) A. Denny Ellerman and Paul L. Joskow,
“The
System in perspective”, Massachusetts Institute
of Technology, Berlin, May 2008.

4) Kenneth D. Worth, 2010, “Peak Oil and

the Second Great (2010-2030)”,

European Union’s Emissions Trading

Depression



41 45 28 5 9% 2013. 5

=k Z2dY 33719 7] Aeld 403

OutskirtsPress.com, June 30, 2010

5) CO2: Global Carbon Dioxide
Linked to Human
http:/ / zfacts.com/p/194. html

6) J. Spenser, “Fuel cells in the air,” Boeing
Frontiers, Vol. 3, No. 3, July 2004.

7) Anthony ]. Colozza, “Hydrogen Storage

Levels,
Activity,

for Aircraft Applications Overview,”
NASA /CR.2002-211867, NASA Glenn Research
Center, Sep. 2002, pp. 13-19.

8) Philippe J. Masson, and Cear A. Luongo,
“High Power Density Superconducting Motor

for All-Electric  Aircraft Propulsion,” IEEE
Transactions on Applied Superconductivity,
Vol. 15, No. 2, June 2005.

9) Swarn Kalsi, “The State of
Superconducting Technology”, American
Superconductor ~ Corporation, =~ Westborough,

MAO01581, California, 3 March 2005, pp. 17-20

10) Toru Okazaki, “Study on Application of
HTS Drive System for Movable Bodies”, SEI
Technical Review, No. 62, June 2006, pp.24-26.

11) O. Tsukamoto, “R&D
status of HTS applications in Japan”, IEA
ExCo, May 16 2011.

12) Kazuhiko Hayashi, “Development of HTS
Motor-Present  Status

N. Kusunose,

and Future Prospect”,

Sumitomo Electric Industries, Ltd.,, CCAOS,
2008.

13) W.Nick, G. Nerowski, H.W.Neumuller,
M.Frank, Hasselt, J.Frauenhofer,
F.Steinmeyer, “380 kW synchronous machine
with HTS
Siemens and first test results”,
372-376, 2002, pp.1506-1507.

14) Y.KKwon, S.K.Baik, E.Y.Lee, J].D.Lee,
J.M.Kim, Y.C.Kim, T.S.Moon, H.J.Park,
W.SKwon, J.P.Hong, YS. Jo, and K.S.Ryu,
“Status of HTS Motor Development for
Industrial Applications at KERI & DOOSAN”,
IEEE Transactions on Applied
Superconductivity, Vol. 17, No. 2, June 2007.

15) Philippe ]J. Masson, Taewoo Nam,
Taeyun P. Choi, Pascal Tixador, Mark Waters,

David Hall, Cesar A. Luongo, and Dimitri N.

P.van

rotor windings-development at

Physica C,

Mavris, “Superconducting Ducted Fan Design
for Reduced Emissions Aeropropulsion,” IEEE
Transactions on Applied Superconductivity,
Vol. 19, No. 3, June 2009.

16) Cesar A. Luongo, Philippe J. Masson,
Taewoo Nam, Dimitri N. Mavris, Hyun D.
Kim, Gerald V. Brown, Mark Waters, David
Hall, “Next Generation More-Electric Aircraft:
A Potential Application for HTS
Superconductors,” IEEE/CSC & ESAS European
Forum(ESNF),
Transactions on Applied Superconductivity,
Vol. 19, No. 3, Part 2, 1055-1068, June 2009.

17) Bradley M. and Droney C., “Subsonic
Ultra Green Aircraft Research: Phase I Final
Report,” NASA/CR-2011-216847, 2011, pp.25-31.

18) T. Nam, Danielle S. Soban, and Dimitri
N. Mavris, “A Generalized Aircraft Sizing
Method and Application to Electric Aircraft,”
AIAA’s 3rd International Energy Conversion

Superconductivity News

Engineering ~ Conference, = San  Francisco,
California, Aug. 2005, pp. 05~10.

19) T. Nam, K. Shih and D. Mavris,
“Assessment of Environmental and Regulatory
Uncertainty Impacts on Propulsion System
Design,” AIAA-2003-6805, AIAA’s 3rd Annual
Aviation Technology, Integration, and
Operations (ATIO) Forum, Denver, Colorado,
Nov. 2003.

20) Mattingly, ]J. D., Heiser, W. H., and
Daley, D. H., Aircraft Engine Design, AIAA
Education Series, sixth ed., 1987.

21) John Mclver, “Cessna
/100(172) Performance Assessment,”
Temporal Images 23rd January, 2003

22) Mark Moore, "VSP User Manual Version
1.7.92", NASA Langley Research Center,
Hampton, VA 23681-0001.

23) Feagin, R. C. and Morrison, W. D,
"Delta Method, An Empirical Drag Buildup
Technique," NASA CR 151971, 1978.

24) T. Nam, "A Generalized Sizing Method
for Revolutionary Concepts under Probabilistic
Design  Constraints,” Ph.D.

Institute of Technology, 2007.

Skyhawk 1II
B. Eng.

thesis, Georgia



