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Abstract: The pre—cooled turbine—based combined engine with methane as coolant has become an impor-
tant research field of power equipment for future wide speed range aircraft due to its high cooling performance and
density specific impulse. A theoretical calculation model was established to evaluate the comprehensive perfor-
mance of the pre—cooler, which is the core component of the engine, and an entropy function was proposed to the-
oretically analyze the matching characteristics of operation parameters between the pre—cooler and compressor.
The calculation results show that the heat transfer efficiency of the pre—cooler is 0.5~0.72, and the power to
weight ratio reaches 250kW/kg. The working velocity range of the turbine engine can be extended to Mach 3.1 us-
ing methane pre—cooler, and the incoming air was cooled by 180K at most. For the combined structure of the pre—

cooler and compressor, the specific entropy per unit capacity is positively correlated with coolant equivalence ra-

*

Wi EH: 2020-09-29; f&ITHHA: 2020-12-31,

EERNY: BHEK, Wit RS R, R NTIS LG RSP AR

BRAEE: WI0AE, WL, DI5T0, APRERC A & R

IR DK, liide, skdim, 4. METR AR & 5 ESMSEIT M [T]. #EHHOR, 2022, 43(5):200765.
(LUO Jia-mao, YANG Shun-hua, ZHANG Jian—qiang, et al. Performance of Methane Pre—Cooler and Matching
Characteristics with Compressor[J]. Journal of Propulsion Technology, 2022, 43(5):200765.)

200765-1



Fa3% HsH i

EL VN 2022 4

tion and compressor pressure ratio. The maximum pressure ratio can be obtained from the co—work line of the pre—

cooler and compressor designed according to the temperature limit of the compressor, but a large amount of cool-

ant has to be consumed, which results in lower specific impulse and thermal cycle efficiency. The operation line

with the coolant equivalence ratio invariably controlled at about 1.0 can obtain high specific impulse, pressure ra-

tio and thermal efficiency, and the power consumption and coolant consumption are low as well. Although the op-

eration line designed with low entropy generation brings low power consumption and high thermal efficiency, the

compressor pressure ratio is relatively low, which makes the engine output power very low.

Key words: Methane; Pre—cooler; Compressor; Entropy; Engine
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Table 1 Parameters of the pre-cooler and compressor
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Table 2 Pre-cooler characteristics of ATREX

Parameters Type I Type 11
Tube outer diameter/mm 3.0 5.0
Tube wall thickness/mm 0.15 0.3
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Heat transfer area/m” 51.9 40.8
q 0.0324~0.0462
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Hydrogen inlet temperature/K 30~35
Air inlet pressure/MPa 0.1009~0.1033
Hydrogen inlet pressure/MPa 2.07~4.13
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Fig. 12 Specific impulse of pre-cooled turbine engine

R PV fe 0 2 ORI R0 4 TR OPL S A
Y POGOR R HIR Y B 2 A S H0b I s IO
BB A TR e — 0 pR RO DL HOx)
B A% ALV AR RE RS2 I, Tl L T BR A% 5 TR
SUHLTE RE 2 B UG C 2 BOAY BT R

AR AR 1 1y 5 U AR SO B B B L
W R W T 0 A% 5 T ML — MR 5 g 7 A B 2 O AN
Ty PB4 3o TR 1) B B FE TSR, AR pR K T s DL
23 ORIV 1A 7 Ui 42 T4 i AR SPLG I B Y FE
RO, B 5 0 T, DIREREIN , A PR 28R A1

&L 13 0] DU 28 SO0 FE AR FL 2 7 Ma=0

045

0.35

g 025
Lol
015
005
0 10 20 30 40
7TC
(a)
030
SR
mgtases =
025} SRR
o

| e —— |
¢ 051015202530

10 20 30 40
ﬂc

(b)

Fig. 13 Specific entropy per unit capacity as function of

0.05

coolant equivalence ratio and pressure ratio

200765-7



Fa3% HsH e it

oK

2022 4

T LA Ma=3.0 T30 F 5 ¥ HH 2 & L o FlESHLE
Ll ar 38 0 E A G, D R SR 2 R b — s i, v A 5 Y
T 2 B v A RS R SE A Ty 22 [ IS 4 A0 50 3 3 1
B8 A 2 e RE AR PR OG¥A R 2 i EL A B
SN = AR S B — e i R, &
il 5 Ty ARG A 3o TR ) B Ak R ORONE L S EOR  E n
B AT LA 20 24 75 He 8 10 DL LR 49 2R BURE TR L
BT 3G 0 v e AR AR T2

K 14 25 H T M Ma=0 & Ma=3.0 KITIRE R E
HIF S5 @ AR FRE T, 444 F i s B
B AR AL LA o B AUHL R IR A BR R 900K, 1]
DLE 5 T, A5 0 pR BO(E BE v A5 24 & ki T
e 1138 K Y AR R AR s AT, IR Sy T v A v
) 2 Ll s 3 R s AR IR B TR L LT
W2 SRR B IR E, SR 2 0%, [N Ik A
TERFORBENL . FE B AT HR BB S E

1500

T, o W T T 1 0 A 4 IR AL T e e I Ok
B, W o 2465 T, 2L I 14 0 T AR 1P
R, Ma=2.0 DL FEACHL H TR A 31 05 K O DR 4
& Ma=3.0, &5 Y5 bt 1065 BT 22 3.06%,
% TAELRAE Ma=2.0 DL J5 AL 23 T AR K B8 2050 2 5L
FE o R AT, 05 pREICIA e 23 R b T, D6 W] R AL 23 0
FERL 2 3 IR A ORI

IS 45 T HEASAMLE o 78 AS [ i o B0 45
T BE Y 0 Y b g AR AR R, W] DLE SR e
B B @ (135 0328 W80 | DR A AR Y TR AR
FHF T8 g 45 38 T &, B B IR SWLE L A g 4
e B AAs

P14 v AL 15 2] 1&] 15 F ) W% 3] R AL
JE AR B CRE R AW 24, Ma=1.0 IREE I
kB RS KA 30,5 7, I K ik 8 i K, Ma=2.0
RAET, BB K, i R Ol 24,1, 48 L 5 K E

l".WQrking
line 3 Working line 2

[ it RO iy S e
%"O'o. ; D

% 600+
& 400

200
0L
800

600

7, /K

400

200

1000 -
800

2 600
| 400

200

..--~"" Working line 1

T
Ma=3.0, H=18.1km

2.0 25 3.0

Fig. 14 Entropy relation between coolant equivalent ratio and air temperature at compressor exit in different flight velocity

200765-8



2022 4F

$438% S FH e T v 5 PE e M2 5 e S S B e e i 5
30 ; ; ; ;
. eee o Ma=3.0, H=18.1km
2r % Working '. 2 -
R line 2

10 EWQrking . "t‘ e o ® .
L line3 . . "'! o L NS
2 , & B °

o
Oe :
20 %g ° .
o L] ®
= b ol F-
10+, ‘e °

@0 e
ow ""‘”"“"”O‘L;m-_r_L“Luy S5 TP T DS e ST

&2 Working line 1
o Vo
e

Maximum 7,
Ma=2.0, H=12.8km |

I T T T ™n
o, S, 00 01 02 03 04

L op

Maximum =,

Fig. 15 Designed operation lines of coolant equivalent ratio and compressor pressure ratio on entropy map

BT B T B e e RAT B S R LR R 14.2,9% T
M 4R 2 T L B 5 IV 10 5003 R 1 S R SL I 32T #E
I B AR 2 PG PR AR SR A Y TR 2 .

ﬁ%%ﬂ%%ﬂWJ#%%E&MHﬁ%wW
TR R e Y eI E 1.0 44, TR T
W%LmﬁnﬁWxﬁiﬁﬁimmwﬁﬁéﬂﬂ
ML 9=0.7, Ma=3.0 IR % o=1.08, #1E T & SIHLA
SARERHRGIR T, BAA R G b, W e TAEZ%
2FEMa=2.0 LS5 m K8 T T, A FRYE N e i (B, 5
Iﬁﬁlm%ﬁ%ﬁﬁmﬁﬁiWﬁﬁ%%ﬁf%m
R 2 Mg A AR R A A 1 4 R R TN R SRR i
ﬁ&ﬁ%%%ﬁﬁﬁ&@%ﬂﬁ%ﬂ$Jﬁmuﬂ
AR TAEZR

A5 UL /N R ECH B AR BT R SALE 5% 5
FIY L, W7, 5 B H A TAEL 3 s, 1% T
YELR I @ R 2K TF 0.5, 1 0 T €AT 2 Ma=3.0, K3 HL
HBETEAR b 25 1 F a2 47, Ma=2.0 DA I e i R HEOR
T 11,9, % TAEL AR S AE T 18 &8 5 R AWLUE K

SR AT B v AR R R Xk D R FE EOR B H A
R B i LU A & Sl BILTE 125 P 5 s o i o 2

4 # it

T ) TV R BE LIS i 5 R LS BUL
HIBEFE 15 2 LA 458
(1) RS T SR A 48 R S /D i T8 078 A 1k
AETH I KL | AR PR T AR I T v 4% B2 Ry 1k AT A o
I ES RS
(2) 5 FH e oA v 50 551 B 900 445 XoF R 3 55
A RAF e M AL 3% 24 0 L v A5 R
RSP TAE IR Y 2= Ma=3.1, Z R E =R
180K,
(3) 82 7 — BB B9 B T B0A & 5 R LS
K D AT ST B4 pR K M ik —— B L BB LR
LA — ol i 280 T 0 1) PG 5 1 R BT BV A 5 TR AL
PTERES BIL L TAEL .
(4) B 07 L B8 B0 e A B e T AR H AY RE & 4R B

=

m

&

@*@

e
i

AT

200765-9



a3t S o # R 2022 4
M5B EF Y B L ESVLUE LY B IE A 6. 2 gine [J]. Journal of Propulsion and Power, 2001, 17
HEUE AL I % PR 352 3 0 4 ik e 5 B TR 2 i (6): 1233-1238.
5 E I R A0 R A X 8 R 0 RE e L {H e [ 9 ] Vladimir B. High Speed Propulsion Cycles[R]. Rhode
B A5 FE 5 L {5395 e 0 e o B S B0 2 i B Saint Genese: VRIO723032.
[10] Longstaff R, Bond A. The SKYLON Project[R]. AJAA
5 FE H T A 2 e L B B R R SRR T A 011220
BBV 1 2y 56 TH A AR89 B AR PR R R AR Y [11] Varvill R. Heat Exchanger Development at Reaction En-
AR 5 DL/ 1 T I T A 2R X Ve R gines Ltd [J]. Acta Astronautica, 2010, 66: 1468
THFE i fe /D, VIR BR800 e (H R B R I, R 1474.
T A sh AL 0 R B B [12] SRV, Z2FL, B4 /T b & s HLsh ) 16 5
JrRWEgE L] KEHERE, 2009, 35(4): 13-20.

SEXH [13] ERUH, Phassm, bk 26, % @im AR TR F
(1] BRT., EE, SKM. SRRe LR R R St AF SR E A AR VB OFELT]. IR S8 =, 2018,

WATLI]. MR % 5 W5, 2013, 26(6) : 26~ 46(2): 1-5.

30. (14 ] Ak, AR, B8, 55 B A R I 5
[ 2] Bartolotta P A, McNelis N B. High Speed Turbines: De- Jot e D AU LLT . 6 T oA 4, 2009, 60: 63—

velopment of a Turbine Accelerator(RTA) for Space Ac- 67.

cess[R]. AIAA 2003-6943. [15]  SkAE . WU Lt & 3 HLIK 8 R A 1% T B F 5%
[3 ] ABIEY-, XKE, i, 55 . i mH g s & 8hpl (D] dbmt: o KRB 4R B R 8 — 0 5% B

PRI P ARSI ]. Mizs =, 2015 36(8) : 2544- 2017.

2562. [16] F 52, XUAES . WS/ T ki & shHLATF T 0 e 5 5 R e
[ 4 ] Balepin V, Engers R, Terry S. MIPCC Technology De- HJ]. s =48, 2018(4): 21-27.

velopment[ R]. AIAA 2003-6929. [17] Ramesh K S, Dusan PS. Fundamentals of Heat Exchang-
[ 5] Kurt] K, Casie M C. Preliminary MIPCC—Enhanced F- er Design [M]. New Jersey: John Wiley & Sons Press,

4 and F-15 Performance Characteristics for a First—Stage 2003.

Reusable Launch Vehicle[ R]. AIAA 2013-5528. [18] Kath W M, London A L. & A [M]. &2k
[ 6 ] Miyagi H, Miyagawa T, Monji T, et al. Combined Cycle [, sk, B, duat: Bl Mok, 1997.

Engine Research in Japanese HYPR Project [R]. AIAA [19] Jack D M. Aircraft Engine Design[M]. Reston: Ameri-

95-2751. can Institute of Aeronautics and Astronautics, Inc., 2002.
[ 7 ] Tanatsugu N, Sato T, Balepin V. Development Study on [20] Harada K, Tanatsugu N, Sato T. Development Study on

ATREX Engine[ R]. AIAA 96-4553. Precooler for ATREX Engine[ R]. AIAA 99-4897.
[ 8 ] Harada K, Tanatsugu N, Sato T. Development Study of a (21] #BEMW. TEHKGFIM] JEat: HUB Tl b,

Pre=Cooler for the Air Turbo—Ramjet Expander Cycle En-

200765-10

2010.

(B#.7k K)



