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Abstract: In order to determine the efficiency of energy utilization and the variation rule of steady-state
performance for a parallel hybrid turbofan engine by introducing different amounts of electric power, the source of
effective cycle work was analyzed in theory and the efficiency of fuel and electric power were defined respectively.
Based on the CFM56-7B26 turbofan engine, a parallel hybrid turbofan engine model was developed using
PROOSIS, and the steady-state engine performance at different degrees of hybridization was studied. It is found
that the type of core thermodynamic cycle in parallel hybrid turbofan engines is still a real Brayton cycle. The con-

tribution of electric power to the bypass thrust is much greater than that to the core thrust. And the efficiency of
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electric power is much higher than that of fuel, which is the key factor to save energy for a parallel hybrid turbo-

fan engine. As the degree of hybridization increases, the bypass ratio increases but the turbine inlet temperature

and overall pressure ratio decrease. The steady—state operating states of different components are affected with the

movement of the steady—state operating point and lead to a possible drop in the efficiency. Because of the electric

power supply and its high efficiency, both the fuel and energy consumption of the parallel hybrid turbofan engine

are lower than the conventional turbofan engine.

Key words: Parallel hybrid propulsion system; Turbofan engine; Thermodynamic cycle; Steady-—state

performance; Numerical simulation
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Fig.2 Diagram of parallel hybrid turbofan engine
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F FEL 2y 30 08 S IR T R DAY R A T B BTRR o R

3 FEREEIER

FEERBERESIRE
ARSI CFMS56-TB26 K& sh HLAE A 3 i i B &

3.1

AL AR LA EL B 2 TF BRI, B2 E X
HLRYAE 5 L KA g (i L 91 T AR v R AR R ) T
PR PERES B, MGl Bas TR 1.

Table 1 Key parameters of the baseline turbofan engine in

take-off
Parameter Value
Bypass ratio 5.1
Overall pressure ratio 277
N /(x/min) 5175
N,/(r/min) 14460
Thrust/kN 116.99
7 H br B Ain 21 (International civil aviation

organlzatlon,ICAO)MﬁE’# LA T CFM56-7B26 %
SALAE T I 4 & B DA R S LIRS T A HE )
R I tlﬂl/\ﬁﬁWL%ﬁﬁ%ﬂﬁ%@%\H@ﬂd&
iy RIS 2 RS HE J7 43 30068 7 365 A BUTIE e K HE 7 1
100%, 85% ,30%, 7% . £ 1CAO ¥ FE i, CFM56-
7B26 & S HLAE bk PUAS & S LIRS TR 8RR i a0
L2 PR,

Table 2 Fuel flow rate of the CFM56-7B26 engine

(H=0, Ma=0)""
Phase Thrust rating/% Fuel flow rate/(kg/s)
Take—off 100 1.213
Climb 85 0.986
Approach 30 0.331
Idle 7 0.108

T 1A 28] H ) CFMS56-7B26 & shHLIE fig
S8, Al L2 & s ALY BE A 814K 24 PROOSIS #4 4
WA I L IR B K B BILEE AR R e KR R
(i 1 96 - T b 7 R SR A ) AR AR AT T R Sh LA
RIBRAE o PRI TAEAT , & sh AL i 0 3E L B R
Fb A 7 AR R il R el A 2 i 88 S ML R Y A

N TERCHE — B0 i RE 5 1 PR R 41 2800 T i RE 4L
P 1) 12 22 —0.008% . 155 AU 7 i KOl T HE J7 TAE A
M EBESHNE 3R

ST IR TR bR G2 5, AP A TR E AT b T A Lk IR
BT EDVLIMT TR, A R S £ 2 R
7R B TCAO B A v 14 % 3 3t 2 25080 0 A7 % L L S L
GESRGNE 3TN o H PR 3R] AT, A TR A i RE A 40 4%
5 1CAO B4 FE vhic s BUHE Wy & 8 B s, 3R
AR 35 A U

e M LA b 8 o A R Al R AT T R A 52
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Table 3 Key parameters of the baseline turbofan engine

model in take-off

Parameter Value

Air flow rate/(kg/s) 353.35
Bypass ratio 5.1
Overall pressure ratio 27.7
T,/K 1720
N,/(r/min) 5175
N,/(r/min) 14460

Thrust/kN 116.99

Fuel flow rate/(kg/s) 1.2129

BT & A B B P AR I R AR BT BRR 45 3
T i B S ALY DT 2 AT AN [R] R 2 R B AT B9
IR G 3h )i B K S HL R RS S M REAS AL, . AT AR
ASPERE AL , 45 ] B g B B W R R T RIR A
J& DoH \, L B AR L i<

15F
| —*—Simulation result

—=—[CAO data

(S}

Fuel flow rate/(kg/s)
(=)

e e
o W o o
——

0 20 40 60 80 100 120
Thrust/kN
Fig. 3 Comparison of fuel flow rate from simulation result

and ICAO data
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Wiy 45 B2 DT B (Il 4 BT ) o R R O A
AT ARG R A E B SR E T 2 3l Pl IR
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Efficiency/%
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189.0
88.7
I 88.4
88.1
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Fig.4 Movement of LPC steady-state operating points at

Pressure ratio

30 31 32 33 34 35 36 37
Corrected flow rate/(kg/s)

the performance map caused by different electric power
supplies (without bleed at LPC outlet)
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42 WEESMNEERE

it FH T 3R 09 JF KR & ) ) R sh LR AL, Y HAE
i 1k I S T bR 9 OCSCT $2 R 116.99kN 2 6 HfE 7 i
() SO AR N fie RS TR ) A ), I 8% g T R
A AR S B A T8 7R D IR 5 BE DoH , B O3 i 2
20%. P& 5 HNEL 6 45 1 R S HLIT AN E A H 5 %0
LA FT I 30 IR R AL T3 i R R
DA R AR e He AL M 41 e 32 114 728 AR B o

P LS AT 0, 2 A F T R IR e I S A
B R i T N R (A o 70T AN B I Sl I
M & s ALAD IR B A 3 S U S 38 0, =2 I A 4E £
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I FE ML 1025 3 R ARG A1 3 37 o 4 388
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Flow rate/(kg/s)
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295}
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Fig. 5 Variation of flow rates at bypass inlet and core inlet
caused by different electric power supplies (steady-state

performance in take-off)
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(a) Flow rate at LPC inlet
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(b) Bleed rate at LPC outlet
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S17t
g 16}
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215t
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(c) Surge margin of LPC
Fig. 6 Variation of flow rate at LPC inlet, bleed rate at
LPC outlet and surge margin of LPC caused by different

electric power supplies (steady-state performance in take-off)
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Fig. 7 Variation of T, speed of low pressure shaft and high pressure shaft caused by different electric power supplies (steady-

state performance in take-off)
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Fig. 8 Movement of component steady-state operating points at the performance map caused by different electric power

supplies

p P& 8 (b)) AT 1, B 45 i A HL T SR ) 3, 8 R R
MU AR sl — B W AT )5 78 8h 58 3 R L
PR o 3 2 108 %8 il o o3 e o 5 oK AR, v TR
HEMURREITE . A, R R AL T AR SRR B R
FER R, T 3O AR S 551 i BRIl

H P& 8 (o) PN, 2 5y A B HL TSR B8 i e,y F Ak
ToR 1B 22 AR AR T O A A ), DR ok XU B A TR TE Y TR
S AT B R Bl e B R R L R . (H X
VS XU AR T 1Y) AR R T S R AR X

Bl H )R AR B, BARAIR R R LAY R
Eb /0N g 380, AL i PR R ASOHL R L A K T R, S
HR NP SR B T . Y DoH,, 1 034 i &
20%, KNHLAY B L 27.7 FREE 224, XFFAX
Bk 5% 0 & S b, BT R R L AR T RE v R R R R
LE L ROt S0 HE R T B Ak ks BIL R P g

B9 25 T e S Rl e ) TAE SR, 48R 1)
RIRAE 03N 2 20% , 45 3SR 1 A8 Ak (LU
T HL Ty 25 A B 25 B B R R AR S R E ) o AT
AL R A TAERCR AR AR AN i XU M T
R RS, AR R i e B TAERCR 3 T 8
L P R TP UACI I e G W K X (AR Y S W/
Y R4 5 7 X8 107 Wi IR 4R 3 R 15% 1 7 B 3T, 4R ¢
b R UK H TARRCR AR AN R .

45 KA AEIR

B 1O X Lb 7 7E Je KOR CHE ) TAE ST 48R )
FAR A R 20% W TR 5 3 J1 10 e K s IL R A )
P L 7 p-V I (R J7 - B 25 1) 5 78 i 1) 23 4 A (7
p-VHE

i & 10Ca) AT, TE A HL I R A E LT, Kk
S AL A A PR IS AT AR R T A T I B A S
FRAE BR8P 2580 5 T i T R g AR AR ] . A

—0.6 | —®* Fan (bypass)
—=— LPC

[+ HPC

-1.0 F ——HPT

—12F 7 LPT
0 5 10 15 20
DoH, /%

Fig. 9 Variation of component efficiency caused by
different electric power supplies (steady-state performance
in take-off)
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(a) Core thermodynamic cycle
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(b) Bypass thermodynamic cycle
Fig. 10 Comparison of thermodynamic cycle between

baseline turbofan engine and parallel hybrid turbofan engine
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Fig. 11 Comparison of DoH between core and bypass

(steady-state performance in take-off)
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Fig. 12 Comparison of indicated DoH of power and actual

DoH of power (steady-state performance in take-off)
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Fig. 13 Variation of T,,, ., and 7 caused by different

electric power supplies (steady-state performance in cruise)
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Fig. 14 Variation of _ and 7, caused by different electric

power supplies (steady-state performance in cruise)
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Fig. 15 Variation of n, and EGT caused by different

electric power supplies (steady-state performance in cruise)
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Fig. 16 Comparison of fuel consumption between parallel
hybrid turbofan engines with different electric power supply

and the baseline turbofan engine in cruise
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Fig. 17 Comparison of energy consumption between

parallel hybrid turbofan engines with different electric

power supply and the baseline turbofan engine in cruise
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Table 4 Comparison of engine performance
(H=0, Ma=0.25, ISA+15K)

Engine type  Thrust/kN  Fuel flow/(kg/s)  Electric power/kW
Baseline 77.10 1.0555 -
Baseline 74.56 1.0214 -

Hybrid 77.10 0.9568 2102

WA 22 4 45 B A9 B | 43 531 DA S M R B & Sl
ft 77.10kN #E 1 F1 74.56kN i F7 75y 3 e, 58 I B
RA 30 11 & s LR 5 0 5 0 BB AR ) L 45
s,

Y 22 5 AT, X [ R RATAE 55, A % Al
FHIFBRIR A 3 71 3 G0 1 B0 R 6 38 i, B 1
R4 3h IR B K sh L3 o i I %2 3h WL I A [ 4
JIEF fd IR A 3l 1 W8 8 K s HL T I 9.35% , 1Y
HE 4.73% . 1M1 >4 7% IR R BT & A 3G i, 159 6.32%,
TIHE 1.55% , AT VR 5 A 0 1S 0 55 768 T BT
G 8 T3 B A S ALY Y Il 5 T REOR o FR Utk AT
WA R IR 5 3h 1 R, RATAE 55 9 FE B TH
FEIT i O AN B2k K, 5 WK O 12k R #E R BR IR 5 3
73165 i & ALY I R BE WS ), fT L Bk R T

Table 5 Benefits of using parallel hybrid turbofan engine

Baseline for comparison

F=77.10kN
W,=1.0555kg/s

F=74.56kN
W,=1.0214kg/s

(thrust and the corresponding
fuel consumption of

the baseline engine)
Fuel saving/% 9.35 6.32
Energy saving/% 4.73 1.55
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