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Numerical Simulation Study of Effects of Precooling on
Flow Characteristics of Engine Inlets

XUE Liang-bo', SUN Bo', ZHUO Chang—fei', MAN Yan—jin*, LI Hong—dong?

(1. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China;
2. Beijing Power Machinery Institute, Beijing 100074, China)

Abstract: To study the precooling effect and flow field performance of synergetic air-breathing rocket en-
gine (SABRE) inlet, the SABRE engine inlet without precooling under critical state of each working condition
was adopted, and a numerical simulation study of the effects of precooling on the flow characteristics of inlet was
carried out in combination with porous media coupling source term. The change of aerodynamic performance of in-
let before and after precooling was compared, and the effect of airflow on inlet performance after precooling was
explored. Studies indicate that porous media coupled source term method could commendably simulate the cool-
ing effect and pressure drop effect of precooler and the terminal shock wave moves forward a distance after pre-
cooling. The total temperature of turbine channel outlet under each working condition decreases by 48%~77%,
among which the total temperature at Ma2~4 reduces to around 210K. After precooling the incoming air, the exit
Mach number of turbine channel is reduced, and its mass flow ratio also decreases accordingly. The inlet total
pressure recovery coefficient tends to decrease, and it is better at low speed condition. The change of total pres-
sure recovery coefficient of the two channels before and after precooling is not obvious. Mass flow ratio of turbine

channel is approximately 15% lower than that without precooling.
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Fig. 2 Distribution of pressure and velocity (#=0.01m/s)
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Fig. 5 Structural schematic of inlet
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Table 1 Flow parameters of inlet

Ma Pressure/Pa  Temperature/K  Total temperature/K
2 22700 216.77 390
3 9422 216.65 607
4 5275 216.89 911
6 1616 224.53 1841
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Fig. 8 Mach number contours and pressure contours of inlet for critical state under different Mach number of coming flow
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Table 2 Critical back pressure under different working

conditions
Ma Critical back pressure ratio
2 4.5
3 12.0
4 25.0
6 50.0

FE0.99 DA - o I bR 25 T 45 2 i int 6 A 1 4 4 % 31
PHXHR G 7, B 2 P KR o T R AT A I IR
AL, ORI ORI TS A i SE AS B A
T RS, D TC VR R A PN T O e T s
WEG R, EE SR AW R

P 24 XU 1 30 4 3 A HE 11 3% B P Xy O W
P, o B LB S A A S P E T
PR L S i e 3 A R — (RIS
MM TR E B . Rl R TR DR B 1S K I A L
L TE S T K, A X R ST R I 4 AR B B 7E Ma0.3
PLR , 3 HL B ok 50 7T v A0 55T L A 388 K i AS D
B A, 168 0 30 M 10 SRR AR T R MR AR . A5 T
HEAE W T ¥ O T R, Ma6 B I 5 3
OS5 R 0.2 28 47 . BLAh, T LLE 3, 45 R ik
Ja R 1o A ¥y 5], 45 m 1A 1 1R e 5 Im AR L
BA
32 ZBANERFLHHSERS

76 bR R b, JF R TV % A0 S
M F 5508 7 L, SR 22 LA J5 R A R 0 5 A 0L 0%
i 118 ¥4 H 50N R R AR



1232 ot

/N 2020 4F

O 25t T T4 WIS i 0 0 T TR R AR Ak
28 TV H i Sl GE O SR RE AT 00 0 AR kT
Fhim, TV I A5 T ACTE TR S E A R R B
BTN T 48%~77% . TV RN Bl 2 5 B T =5 T 3%
YT 8 5 R HE B T T R P BRI, DA T 4 v R
1R R AL 40 250% K & B AL 3T S8 340%

1800 +

—*—Without precooling
1400 | —e—With precooling

1000 +

600 |
o ®

200 e a0

Total temperature of turbine
channel outlet/K

Ma
Fig. 9 Comparison of total temperature of turbine channel

outlet

HY A SCRIE TV g B O R A A T EE B 7
Ma0.3 VLT, Jr LB DX 38 Bh 30 %5 A2 005k J32 T A BB
B, TR AR A 00 B L 5 (3) A (5) 3 54+ 3
HZ AN XA CH S H, WK 3. Hb, Ma2,3,6
14 FL B AR ILP- 45 T 1, AR I AN 45 T30 18 42 30 MO (8
L A T P 22 LA O T AL B R S5 A TN
1 2% DX a2 77 A — 2 A BEL 3 O, DT A 40 22 LA
ot DX 358 A= 9 S R 2800

Table 3 Parameters of Porous media region

Viscous Inertial Fluid

Ma . 5 . s
resistance/( 1/m?)  resistance/(1/m)  porosity
2 870.3 8.461 0.9976
3 4783.9 19.933 0.9940
4 10855.3 25.000 0.9160
6 10338.2 20.418 0.9918
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Fig. 10 Inlet flow field



1234 e

2020 4F

HE T 7 T
Pressure/Pa 19000 45069 71138 97207

=)
=
0 5 10 15
X/m
(a) Without precooling
N ] Tam
Pressure/Pa 19000 48483 77966 107448
£
B~

0 5 10 15
X/m

(b) With precooling
Fig. 11 Pressure contours and separation region of Ma =2

ENT ] 'm

Pressure/Pa 2000 44947 87895 130842

£
.
X/m
(a) Without precooling
Pressure/Pa 2000 42421 82842 123263
£
=

X/m
(b) With precooling

Fig. 12 Pressure contours and separation region of Ma_ =6

Ma6 I} P 25 BEAS AR 25 o e B T R 2 28 50000 s g
TR

P17 45 1 1T BV I 4%l G Y S b A A A2
oo 2t Z AL BB IS 4% 77 A i IR [ S, i T
o % 3 11 B0 22 LA 5T X3 Ay B 0 280 B 1 B AL

0.60 -

—=—Turbine channel
——Ramjet channel

j=3

W

D
T
[}

Mass flow ratio
)
W
o

045
- ~ —a
0.40 : y
2 3 4 5 6
Ma
(a)
0.8
o
\
06 —a—Turbine channel
AN +— Ramjet channel

o
~
T

Total pressure recovery coefficient

.
[\e)

0.0
2 3 4 5 6
Ma
(b)
Fig. 13 Inlet performance of two channels
0.55 ¢
0.50 | \
—=— Turbine channel
5 045} W —e— Ramjet channel
i)
% 0.40 +
=
g 035}
=
030}
[Sa]
025
0.20 L
2 3 4 5 6
Ma

Fig. 14 Exit Mach number of two channels

BB 0 5 W, 4 S IR AR A Y 1T I R BOH L A
AT AR T 29 40%~60% , Ho b Ma2~4 TR, 0 o ik
BOZ W AR, 22 )5 78 Al BE /N o X T e L T30
A JE S R RO A T T R g WA
HINT 7%~14%.

H 1 SCA] T, 25 K32 B 2 AL A ST BH 0 R0 K AL
Bl B 1 5% W), 094 S5 308 A G T S R BRI .
Fb 9 2 R S R B 06 R M i o AT
BRI P B A U A AR R0 R A BV A R
F B0 B 2 R AR I 28 R A A G Y R —
(4, PRI Okt o 308 H5ORT O R AR O BT
oy — 77 TR PE, TV 2% 0 BRI 280 R e fil A5 00 0l A
i R EEAR



Ha1E el TV X & Bl AL B ST A B R 5 I ) R A UL B Y 1235
0.6 - 0.50
| —=—Without precooling 045
—e—With precooling 0.40 + —=— Without precooling
g 05t _“g 035 | —e— With precooling
<
£ 5 030t
5 L
= '\/.’/A § 025 F -
g o4t = 0201
i PR g 015t
I 0.10 el
0.3 0.05
2 3 4 5 6 2 3 4 5 6
Ma Ma
(a) Turbine channel (a) Turbine channel
0.65
0.65 + 0.60
I /\'\ 055 —=—Without precooling
o g 050 | —e—With precooling
£ 055 .\'\/ £ o0as|
z =]
= L 5 040t
E = 035}
= 045F —=— Without precooling = 030
—e— With precooling B
B 025+
0.20
0.35
2 3 4 5 6 2 3 4 5 6
Ma Ma
(b) Ramjet channel (b) Ramjet channel
Fig. 15 Comparison of mass flow ratio Fig. 17 Comparison of exit Mach number

0.7

0.6
0.5

0.4
0.3
0.2
0.1
0.0

Total pressure recovery coefficient

0.8

0.6

0.4

0.2

Total pressure recovery coefficient

0.0

—*— Without precooling
—*— With precooling

(a) Turbine channel

L —=—Without precooling
—e— With precooling

(b) Ramjet channel

Fig. 16 Comparison of total pressure recovery coefficient

4 # it

A SCE 3 22 ALY BRSSPI R T X Ma2~6
TR TR RN X & s AL ST G B P S e R
MEE D B SR A B E5 IR F

(1) 2 FL A 50 KR B 15 00325 7098 ] LA A b A 421
TIVA 5 1 V8 HV RN B TR RN, 45 B I e TR D 4%
YA, 4 T oL A 38 1R IR R s B AR T
48%~T7% .

(2) T Ji 405 2 0 A B i LA T M iT A5 3 1
— B B, 2 2 LA T 2 AL R R L A B R Ak
L AL B BE 5 0], R 9 45 A4 A 8 )5 B B R AR .

(3) T+ J 9 it 38 16 I ik R A8 TV i R AIK 24
15% , b 8 38 WA 7 b, BRI R B N
B E T4 TS A A R R R AR RO TR K (R
T SR S P BB AU

AR SCHY T 5 0 ) A ST A e R B TS
RN B F B RN, A5 31 T T4 RN R SR O Bh AR
PE 52 ) B A w0 20 45 3L A SCHR SR IC B A HR
B 2R AL T A e AR 14 PN T Bh R L A SOk
A7 TV X 1 <038 G 3h R R S R B R DG F 5T, AR SO



1236 ot

#HooR

2020 4

F 22 AL A0 ik i B AR 2 A58 40000 L 28 TV e 7™ A Y
JERE BT A Z BT NS

J Sk o Yk 25 AT 2R 09 7 SR B AR Rt R
18 SEYGAIE T, T R T4 4 B 18 S BT 9, 6k £ 4
Bt B — P A IO 2R 315 07 vk R A BUE
7 LA A o A DL S AR 2 4 A B A A
F il 74 o

5% ik

[ 1] Varvill R, Bond A. A Comparison of Propulsion Con-
cepts for SSTO Reusable Launchers [J]. Journal of the
British Interpanetary Society, 2003, 56(3-4): 108-117.
Davies R, Bond A. The SKYLON Spaceplane[J]. Jour-
nal of the British Interplanetary Society, 1999, 52(1).
Varvill R, Bond A. The SKYLON Spaceplane—Progress
to Realisation [J].
Society, 2008, 61(10): 22-32.

Longstaff R, Bond A. The SKYLON Project[ C].
do: 17th AIAA International Space Planes and Hypersonic

Journal of the British Interplanetary

Orlan-

Systems and Technologies Conference, 2011.

HOTHE, RS, & PR kT A S AL S
HEIELT]. R ABerl, 2016, (6): 57-64.

s, T, X E . SABRE WL AU A 2 4 7 7 26
Je M g e M (1), SOR T3 E AR, 2018, (1)
104-110.

Ardema D M, Bowles V J, Whittaker T. Near-Optimal

[6]

[7]

Propulsion System Operation for Air-Breathing Launch
Vehicles[R]. AIAA 94-3635-CP.

[ 8] Roger L, Alan B. The SKYLON Project [R]. AIAA
2011-2244.

(9] PREE % e, HE. SABRE&I?:JJM%%@JCT
R YERE AT [CT. 0T 5 B vh R Sl

[11]

[12]

[13]

[14]

[17]

[18]

[19]

2015.

sRAESR, ERE, B, S W E TR A SR K
S B ARAE ZS AE R PERE 4 BT (0] R B R B R A
2F4fe, 2018, 40(1): 1-9

Varvill R. Heat Exchanger Development at Reaction En-
gines Ltd.[J]. Acta Astronautica, 2010, 66(9) : 1468-
1474.

Murray J, Hempsell C M, Bond A. An Experimental Pre-
cooler for Airbreathing Rocket Engines [J]. Journal of
the British Interplanetary Society , 2001, 54(5-6).
BKOH. S T, KEIE. BURUAA K LT fCE E 4
AR DT LI ], KR, 2017, 43(2): 18-24.
B, by Iiide, kAR, 45 . A T0S R S HLTS

RN & Sh MR REBCE R 5T (1], Aias 2= 4k, 2019, 40
(5):1-13.
B & WA L SIHLIA TG IR S B a4 AR

WFFELD ], FE 50 M AL MR K%, 2018.
Wang Z, Wang Y, Zhang J, et al. Overview of the Key
Technologies of Combined Cycle Engine Precooling Sys-
tems and the Advanced Applications of Micro—Channel
Heat Transfer [J].
2014, 39: 31-39.
EF;,E&, liite, sk, 45 . TBCC & shflik it <

T T K Ve AR RO A ST (D). HEERL R, 2019, 40
(6): 1-10. (LE Jia-ling, YANG Shun-hua, ZHANG Ji-

an—qiang, et al. Numerical Study on Pre=Cooling Charac-

Aerospace Science and Technology,

teristics with Water Injection for TBCC Tubine Inlet[J].
Journal ofPropuleion Technology, 2019, 40(6): 1-10.)
AR, B 5L, RBEWE, . 240 ﬁmmﬁJH’JE%
BOEBAILT]. BB TR ik (B R 5 TR
), 2011, 35(6): 1257-1260.

ZEYRMG . BRIK 2 LA 5T 38 G B A A 3 A v I 5T
[D]. PEIRUEE : ME /R I AR K%, 2009.

(%% R Z%)



