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Abstract: The mass injection precooled turbine—based engine has an important demand for cooling water
and liquid oxygen at high altitude and high Mach number. A numerical analysis of water liquid—oxygen injection
cooling was conducted in the pre—cooling section of high—altitude simulation test inlet air, which was based on
the gas—liquid phase change cooling mechanism. Considering the thermodynamic phenomenon of the real droplet
movement, the flow field characteristics during the heat and mass transfer process of gas—liquid two—phase were

analyzed based on the Eulerian—Lagrangian multiphase flow method. The effects of water-liquid mixture injection
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on the flow and heat transfer characteristics of the pre—cooling section were discussed in a high Mach number tur-
bine engine. Results show that the effect of atomization evaporation of water liquid—oxygen injection is instanta-
neous. Based on the advantages of large specific heat and vaporization enthalpy of water mist, water injection con-
centration is dominant to the total temperature drop and total pressure recovery of the mainstream, while liquid
oxygen injection concentration is beneficial to reduce the heat flux density of wet air mixture. When the mass in-
jection concentration is in the range of 2%~8%, the total-pressure drop coefficient is 0.84%~1.27%; then, the
total-temperature drop coefficient ranges from 2.15%~15.12%, that is, the temperature drop is 12.92~90.89K.
To balance the demand of cooling water and liquid oxygen at high Mach number, it is necessary to control the wa-
ter—liquid oxygen injection ratio. Especially, the mass flow rate of liquid oxygen recommends not to be higher
than 60% of the total mass injection concentration. Moreover, the flow and heat transfer characteristics in the pre—
cooling section are locally optimal when the mass injection ratio is ‘40% water—60% liquid oxygen’. When the
physical speed of the engine remains unchanged, the inflow mass flow rate of wet air mixture increases by 0.22%-~
9.39% within the precooling section after mass injection pre—compressor cooling. For an increasement in mass
flow, the contribution shares of dry air and water vapor are about 71.8% and 28.2%, respectively. Therefore, mass
injection pre—compressor cooling is conducive to a higher acceleration of turbine engine at a high Mach number.

Key words: Precooled turbine—based engine; Pre—cooling section; High—temperature inlet air; Mass in-

jection pre—compressor cooling; Liquid oxygen
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Fig. 1 Heat exchange process for water injection cooling in

the pre-cooling section
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Constant Liquid water Liquid oxygen

A 5.11564In10 3.81634In10

B /K 1687.54In10 319.013In10
C/K 230.23 266.7

6 45 i1 i1 Antoine J5 B2 T AR AN R 1 5 5L PR (H
FY A X5 25 . AE A RO E 72.791~151.98K Fil 280~
600K P , Hi Antoine J7 F2 43 5l 3 55 W 400 TR A 7K A
JE 77, & A& H A X8R 22 73 0/ T 6% M 2%, H
BN, B Antoine J7 8 T W S0 AT/K 9 48 F0 1 ) L
B ERRE .

Pl 7 45 A S O K 55 MR 3 2.9% I F0A B 1 RE T

6.0 — ; : —— 2.1
Liquid oxygen . Liquid water
a8b ‘ q18
§ 4
§ 36l 1.5
o {12
5 24} |
8 109
c 12 :
g s 016
£ s
30 03
-l2r i q0.0

2.4 | I I I I | I | o]
60 80 100 120 140 160 200 300 400 500 600
Temperature/K

Fig. 6 Relative error of saturated pressure between the

Antoine equation and actual value

LEE T LT 4 R IR e 1 0 IR FE T 2 0
SR 15K BV BE 2% I, I B A R I 25 2 7 +
3% LA . B LI A ST R 5 S TR B 5
B B 00 (TR Ry o LA T AT P T
Btk

1.10 Relative error lines of £1% L7 w7
—Relative error lines of £3% /
1.05 [ * Data at 2% water injection” -
£ :
1100 frorrn b -
&5 N
095~
<~~~ Monitor points along outlet wall
0.90 -
0.90 0.95 1.00 1.05 1.10

T T,
el sy
Fig. 7 Relative error between the numerical results and

experimental data

3 FHRRKITiIE

S A F AR (MIPCC) 32 %2 ) FH W2 7K W A A
75 VS AR K 55 — K 8 73K EL A 30 A ) 3, a0k 17T A A1
1o BRI e 3 R S LR R R . BT X IR I &
B HLTE 25 e A e AR U AN R Y IR A, T
i A b 78 A S I O 2Ok ik 3 & Sh LR R Y B e
() o AR SCLA— 5 28 BRI 56 F <8 8 (H=18km , Ma=
30 A RS S B, 3 WU IRV B 29%~8% Sl 43 HT k)
Z IR R K 5 AR G FE IR0 B DY TR R R
JE BRI
3.1 SRS AT RIAFFIERN

Shy B figt S O 55 o v IR T SO 3 AR RO
PUR BFXF 56 37 MR BE 8% (M, ,=5.731kg/s) Wi 51 H
15 m, AN [A] 7K 55 1485 U LE B (Mass injection ra-
tio) I i 3 R AE HEA T 43407 <

B8 45 i 7K %5 i LL B 8T U R 80% (M, =
4.585kgls, M, =1.146kg/s) I}, T ¥4 Bt N 2% T 90kL F0
AR AR TE IR E = B i B R UK S R DA st
FHEAXSHBE SRS EES RS, 5% H
PRy — A IR 0 1904 B N 55 Tk TURE LR AIE T
TR B AN [ R 0 A Ak . 5 T UK FE 7% A AR o R v
SRR AR AR S B A TR, — D7 S R T R -
A ) 58 AT 5 R B s AR 25, 55 — O L 4R
IS N R U R R ¥ R N R o



a2k H10W

o D I 2 S AL I B e T Y 2223

J1 o TRVt f B 3 7K 55 15 A S K ZE PR IR
SRR B ) A B R RN R BN S5 AL S, B
Jo ek 18 8 285 AR A Sy AR T 03 B8 19 70 2% A A AT A
i RT L J5 A 9 4R A O A D R A S, B
WK AIRALERR TWA . TR WS A 5
il B2 TR R T I SO 8 A 9 SRR M DL SR K
A7 AE T2 i A O A 0 TR I T e Tl = X
Ak 2 Pz o AR TR BE) o L, 7E 1.5ms
PRI AL/ AR OBUR L 119 72 A i AR AR 1R Tk
FER .

[ = ==
Total temperature/K 280 320 360 400 440 480 520 560 600

(15.7ms)

Particle track of
liquid water

Particle track of
liquid oxygen

Fig. 8 Temperature contours of particle inside the pre-

cooling section at M, /M, ,=0.8

19 B 7R 7K 55 o LU AR I 5 80% I, Ve B N R
AE AT A SR R B s B A e B S
A il B AR T G T S S Ak U AR AL bl b IX
Sl ek o T TR DXOBR B AR R . X T
o R A 24 T W S5 Ak BT LR BE L i 55 2 B
EHGERENHE . UTRE A RHIE T AR 5N AL
-2 B B R B R €, =13.6%,14.0%,14.8% , Bl
SRR 3 9 ok 82K, 84K I 89K . n] WL, £ B i ik %
7.5ms B, FEAE AR E 5 IR RRE BE A TR O, R
Ry B e 1Y 55 T VR AR T AE S I I 2 7.5~42.1ms
P, 55 00 12 EIROR A , A A B i LD A 3 2 R 58
L ZR RV HIM K 55 JokE . 35 18 8 4 M vl A1, 7 5 it
B} % 0~7.5ms BF , AN 6] 7 42 59 7K 25 9500 25 & 12 R
NN R TR R R A AN 6 TR IRTORANY 1k AL BT
BRI K 78R . BT 006 B B 25 i T v Ak v
PRI 32 SN AR, 32 0 TR BE PR AR, PR TE R A o R
5 ORI B T 5 0 5 B BE K 55 UKL (1 15 16 1 A
Wi 257 T T R T U /N L 2 B R 7 v TR R AR

Or T BA BRI RO S SO 2200 28 /N o i
e, TE S LI 20 7.5ms IS, 55 UKL I VAL RE 0 I
JK 55 i 12 W I A S oK 58 A 28 Ve H R /N T L T
KR A3 /NURL 55 5 7E — 58 PR BE b 2 BGE R R AL
PERE™T .

Pl 10 Ay S5 AL I F90 04 B P AR A 48 1 Ak S e R
R (M, o /M,,=0.8) . TESWRHE , SR FBEALE
DX = 43 A 7 W% S5 A0 9030 v DX AR, T ST B S 3
F TR R N B D) ) A R B R B T R I B K
Pl 10 Ca) Hh i P = A 7 A1E T8I AL S5 i AT £ 6 R
RN €, =0.99% ,1.05% ,1.16% , Bl & FE: [ 43 531
N 2.18kPa, 2.31kPa Fil 2.56kPa; il [81 10 (b) H i JTs [
BT K €,=0.80% ,0.83% ,0.90% , ]I} &4 F [ 43 31

M 1.77kPa,1.84kPa 1 1.99kPa, A UL, 7E“80% M A5 /K -
20 WA A HE WA BN A EREST
23.16%~28.64%(RI[(2.18-1.77)/1.77]x100%~[ (2.56-
1.99)/1.99x100% ) . IX J& A 2y 7 25 1% W WO v A v 4
MR FH T, E A BE % T2 R 2 4 A Sk v g 1 AR
A, — T K 55 28 K K ZEIREA RiiRAeks , o —
J5 1 7K Z8 VR 43 R J7 36 O i T A v B o El O 7S
ZH R F2 R R T O BRI

C,/% 0 10

Fig.9 Total-temperature drop coefficient contours after

mass injection pre-compressor cooling at M, ,/M,,=0.8

R TR AS TR A K GRS R L X A R A
5 7P B S, 11T 12 43 5043 A T 00 /5 R e
JE 8% I, Tv% B 11 Ak B A B R R TR = T
Horbr, My, o IM =1 3278 100% W35 7K -0% WA 1 4t
TR JE (SRS IKEE ) M, o /My =0 F7R “ 0% WA 7K -
100% W48, B9 565 i ik B2 (A 40 L i My, o /M, =0.4
FTR“40% W 25K ~60% W48 Y S Ik

AP LL, 12 RT3 Bsf 7 v4 B P 30T B 6 30T 1)
RSN B R Ay NI TR R D S WA T I B
JEE A5 A P A S 98 i S K — YRR I X IR R R
JE A5 R v B AS [) B2 B A B . 3R 2 45 RO T] K



2224 o R

2021 4E

Flow

C/%-18 -06 06 18

(a) Before mass injection cooling (dry air)

CP/% -1.8 -06 06 1.8 30 42
(b) After mass injection cooling (wet air mixture)
Fig. 10 Total-pressure drop coefficient contours before and

after mass injection pre-compressor cooling at M, ,/M,,,=0.8

Z5 — W AR G I A A I TP B A B R A 1 R
JE At B LRI BE T o B SR 55 R (M, /My =1)
aof U B 40 AU R (M, o /M, =0) B STR B 5
B 3o el , 3R W] K 55 X IR 4 Ui LA R 0
Bif 25 YA 4L LU 1) 1 38 I, R B BRI, 2R WK 55kt
ST B B 3 R R 40% WA K -
60% W 5" 1) S T B IS B e e e 0 1 1 45 A
7 WY Y 1 VA 7K — RS S VA L 9] I 25 5 A ) I
KR EAE

13 2Ry % be - 00 /5 i v BE 8% I 1 T ¥4 B 4
BP0 N 1 7 ) N 2 e
JoT 5 A0 A P 4 1 #ROAE B BE 3 i kg 54.2MW/m? (&1 13
(b)) ,48MW/m*( |8l 13(c) ) Al 44MW/m*([& 13(d) ) , [F]
AF, IR B 3 531 R 90.9K, 83.2K Al 41.7K 5 ifii T T L it
JoT S IR - 25 14 07 %5 B Sy 50.8MW /m?* (18] 13 (a) ) o
AT L A 0 AS K B U B 2 A AR R LR
T R R T A AR R S A I A R Ok AR 8 A L B IR
RE/IN o AR U B YRS K (TR 99 0 B 491 15
T 1 PRI R TR A 24 R Ol N ) R i) R VR
SFPURA T AR A I
32 WEK-BRESRENTRIZFES R

DL 250 B 50 T e 8% ), AN ] L i g 7K 5
VRS S U i X TV B B RN HV AR R R S e . 5] 14
o5 W 5 RS T B B R BRI R AR AL . i BT
HT, 32 W5 KT B BEL YL AR T, 39072 B T g 1 7K AT DXl 22

Total pressure
gradient/(kg/(m? - s?)

0 6x10* 1.2x10° 1.8x10° 2.4x10° 3.0x10°

(c) M, /M, =0.4 (d) My /M, =0
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Table 2 Total-pressure gradient and total-temperature

gradient at the precooling section outlet

Pressure gradient/  Temperature gradient/

Cases (kg/(m?+52)) (m1-K)
Dry air 33783.8 26.4
My /M, =1 91133.6 3763.7
My oMy =0.4 95563.1 2617.5
My /M =0 49913.6 1824.7
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Fig. 13 Heat flux contours at the pre-cooling section outlet

before and after mass injection pre-compressor cooling
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