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Fig. 1 Schematic of the heated channel model
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Fig. 2 Schematic diagram of the discrete element
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Fig. 3 Schematic diagram of the exit location
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Table 1 Operating conditions for the heated channel with a
supercritical fluid ¥

Property Value

Pressure p/MPa 25
Critical pressure p /MPa 22.064
Pseudo—critical temperature 7 /K 373.95
Length L,/m 4.2672

Diameter D ,/m 8.36
Inlet pressure drop coefficient K 20
Outlet pressure drop coefficient K 20
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Fig. 4 Comparison of the stability boundary with the data
from Ambrosini #4
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Fig. 5 Schematic diagram of the cooling channel

3.1 BIERERWERTE

Kl 6(a) 7R T 4 18 R B 5 & I & 09 X5 B ¢
Z , 7E B i BN 2.49~3.03 gfs BF, T LWL 2 F) B g
(1 R R X Y AR R B 1A T i X, 5
REAE I £ B A7 A2 = A58 o Hob 0 TAE R R IX
FIE AT IR S N AR E T 0, W2 8T 40, &R
JRARIR A BB B MRS

P 6(b) 25 T R AR (B fe K 92 5 5 1 e ol 4 1 43
G . YK T 3.03 gfs B, 2R 48 45 AF (i F0 Ky
T, RV AR IZ XN ER S, 5N IE M & 4
SCRHRE R o 4 I RN 2.49~3.03 ofs B REAE A B
GG T RN il 2 U A SRS A TR R Dh . B A
i — R, 22 32 I 26 18 (2.16~2.49 g/s) I R GE 4
TEAE U6 Ry A, 32 B A5 I 76 1200 BBl B B AR 4 AR
Yk S AR T 2 2.16 gfs UF, fie KA B3 AF (50K FR R
RIE o 5 AR X S ECRAE (B AN [R] R AF A 7
2K R, R TR il & B AR . MR
TR ) 0 &% B 5 SRk [ 25 1 45— 3K, BN Ledinegg

2301025-4



F45% H 1

7B s 5 s S AL U S0 AN A2 E B AR 23 BT 5 KA AL

2024 4F

AN R E fih ke A GURE AR DX, T RE DS AR E H BT
FRAE 2R 7232 0 SR, Bl U B T B BT 0 4 K
S AR AL AEL R, R A A R AR E PE AN AL, X aT
AE T BOB A R T T

Fig. 6 (a) Pressure drop and (b) corresponding eigenvalues
of the cooling system versus the mass flow rate

JE T R T S AR B T T A A
AN TRV SR Bl e B T i B AR X, b 44 Tl
DA N 2.3 ofs W98 B WA AR D w13 00 F 22 3 &
A EREL R 10.64 kPa. AR A8 T AEAS [ ) A1 B
9K Bl 3 VE F R B AR O R TR o s A, an & 7 (a) 1Y
FRE T B, B 7(b) %% B IR 3 L 181 7(e) A2 S 2k
P35 2 A7 M2 sh i A%, DA K BB 7 (d) 1 R 4R i

B Sk (25 ] 25 0 % B AN A A, AE 22 32l
2 Lk R 2 0T A B X e B 5 Sk [12]
(8 SO0 — B, RTAT, A [R] A B T, AR SO A
Bt 1 B A Sy SCRR (12 )B4y 22—, o
B8 TN o [ Xt b T W Ry i A 48L 1 7 DO A T
Wit sh & J 2 100 s IF 75 (9 31 B (CPU: Intel E5-
2690 v2, F 4 : 3.0 GHz, BLBLAF A4 1 ps) , 35
(N EF I N N1 R S S RN R
e, A AR R BLEAS E 1 .

7 JT 7 1 32 2 5 A58 X e Sk [ 12 )80 47 T3

Fig. 7 Transient evolution of flow rate under various
external driving pressure drops

4 SOtk
4+ 3.7 39

R

ERKS

R KKK Ko

R

7S
R

Computational time (CPU h)

0.33 0.37 0.32
A AN w7
a b c d

Fig. 8 Computational times using different models

7S
RR

>

HIFIE, I s T Hfih K HL AR SOR #8658, A0
B 7 () AR M IR v T A8 o) 22 0 A, X B R A 1 1
SCHR R DA R S W 9 B AE BTG B B, TR
R R T S R, X R AR i 2k WA, LU L T
7 St A S B AR A DX L IR S A AF TR —
AT B (29 2.0~2.5 s) |, 30 1] B AT U 8,
B SIS % = IS e R T T B ()
PRI 2 b ) — A ERR S R WR AN ERR B ok

2301025-5



Fast: Wl o

R

2024 4F

TR Y Fe e, 48 R 2 ) A S DB, R R AR AR
5 o5 o FERX PRI v A8 U A ) 32 A7 B R U
AFEE R AL ST WI LPL Ledinegg A FaE N F .

Fig. 9 Transient evolution of mass flow rate and pressure
drop

FE 9K Bl R BE AR T A /ME AR S RS RS R
[ RE AT DL 2 B Ak R X ek, B A Sl 4 e =
55 206 L0 S A L R A 2R B A S IXR L T R T
RAR MR ARMR A A FediR 5 o B, il & k% SR 1
AT LRSS S LU LA (1) 3K B e B T 2 {H
X5 (2) 37 82 e i A K, AT 3] 3k 6 Rk 3 X = A S il
L QAR ERESBAAENRRX, LEERKT
HhRIK SN 1

AH LU I 2 T W, B8Ry Uk AR 8 T Ry 48 U b A
— BB B T T, BN Ledinegg AS i iE DA K 45
PERFRE , R Tl e AR X 4R L 7 &% (A TE
B TO B0 A R AR 0 AR DL R A AN RRUE I LR
B, A7 5 B kg A .

32 I{EEBRE5REXNEEFEMNZM

B 1025t 1 = Fh R BB A A A Fe o DL S AT
W TR En R, Hp | Ledinegg N e M % B I
AR i B R ke g U 5 i e 35 15 A )
it — RN GRS RALA G R AT . 7E T 45 TR R
T BE A IR T IR T IR A Y DX R 40N 5
Ledinegg /AN A3 E 1Y Ui 12t DX [], S84 K J5 WA 46 T 28 70
Jeo X T8 BE PR Y, 3 AL 0 I ST A 1T IR R
TR 3G K S5 P R AR o AN AR, TT I8 2 %
2 Ledinegg AN oA, Hefik & #L I X998 F F /M
M E 2SS, A A DRE T &, B A H % E
DAL T A 22 S A /0 0 H R A I IR R e LI A IR
JFE ¥ 5 R Al R A SRR B R AT il R AN
R 41

BLL 45 T AN IR TR BE T 1 P REAE 1 4k DA 2
JIE X B 1 2 AR =X, T v SF R R B E i B, LT R OR

Fig. 10 Mass flow rate at stability boundaries under
various operating pressures

Ledinegg N2 AE , OB R/RIR G 5 , DW O /R % Ji I
AR . BEE A DR E T &, Al iR E X
] 47 K, A fih 2 1 3 25 % 9 1) DXz 25 6 R R X, A
T, =400 K, iz XA T 5 #HR X MEZ T .
LA IR A i & T 2 E X, AR A PR
BEE T RGIEBICE R, 5 —Jr i, il &k Ik
Ui IR T B R S Y I I LA AR R X A E L H
R DX JB) 9 R, R T S B — AR R K
T,=350K, BRARNEARERBEZHX Ml &, H
A5 L LATE W 5 T % o
MRRZGERBEES I R R RoE . filn,
p = 2.8 MPalif, A R AL T 523 KK 1 P Ledinegg
ARaE ;1M p = 3.0 MPalif , A TR BEEAR T 495 K A 4
filh % Ledinegg AN Fa 2 o il & 9% 3 i B 1) e KA 11 i
JE L 2.8 MPa 1) 410 K T B £ 3.0 MPa 1 340 K., X%

2301025-6



F45% H 1

7B s 5 s S AL U S0 AN A2 E B AR 23 BT 5 KA AL

2024 4F

Fig. 11 Flow patterns with different inlet temperatures

T RN E 1B B A U R S 4 R o
R 5 SR Ak R A Y e RN TR R R WL 1
225, X 02 h T ah IR 7 A H R 40T LI AR
JER A 20 2 o SR, He i 49 R 25 fli SOAH 2% 2 W] I
ETE BN TR RIS XA B T
RGRENE . WE 12 froR , xb b 7 A% AR A [R] s o
NIRRT R R AR . RS R I B R R R
7r 32 2 b B AR E X R R O LR AR 4 R B R
AR AR [ iy 28 50 2 R, 3 26 A8 Ak fil 45 23 25
R fih k3 B R R R AR B X, TR 46 T 3 A
Fe R B X [8] o

Fig. 12 Flow patterns with different operating pressures

Sk E— A5 0F 5T 5 T R I B AN R 1 SR Bk
P SR LI ¥ B A AR 550, J B A B T A IR
R I R RS W 13 TR, T R Ak
LG RSB SR 2, B TEIGEASECRR, A0
TRk 5 A ) 10 90 2 R A TR 45 i R i T T B i 4L
BRI, FEN, N, 2SR B A FRE T & L 3R
B 1 DX TR0 38 ¥ 0 44 T O T K 5 Bh A A R X
e K, Bk WA 5 4 /N 20 2% T Ledinegg A
R 1) DX T D0 5 9 6 DX 0] v i 4 A AN TR Bl A

B T B AR R I . Sy — i, A RS
RS i1 5 R B BE AR 4 5 S TE Ledinegg AN
Feae DA B % B Il AN AR X3, R B i R A A — B
PRI T X e 3 A TR IR S P . TE R RS X B, W
58 3 A DX IA) 5 A [a] Y T 58 N A7 76 /0N B0 fi 22, B PR
F SV Ui ERitis DN 37 €

Fig. 13 Stability boundaries of various flow patterns in N, -
N, space under different operating pressures

Table 2  Critical parameters of different operating pressures
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Frequency domain analysis and simulation on flow
instability of hydrocarbon fuels under
supercritical condition

JIN Yichao'?, WU Kun?, LU YangZ, FAN Xuejunz’3
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2. State Key Laboratory of High Temperature Gas Dynamics, Institute of Mechanics,
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Abstract: The flow instability in the regenerative active cooling channels is one of the key issues in the
thermal protection of engine in hypersonic vehicles. To investigate the flow instabilities of the supercritical hydro-
carbon fuels in the cooling channels, a one—dimensional transient model for efficient simulation was established
using the finite volume method and linear approximation of fluid thermal properties. In the meantime, a frequen-
cy—domain analysis method was also proposed based on the small perturbation assumption to evaluate the stability
characteristics. The calculated results were validated against the available experiments and achieved good agree-
ments. Main types of flow instabilities along the internal characteristic curve were investigated based on a com-
bined analysis of both the time—domain and frequency—domain methods. The compound instability subject to den-
sity—wave and Ledinegg instabilities was investigated and the underlying physical mechanism was revealed. A
parametric study by virtue of N, —NN_ space was also carried out to identify the coupling influences of the operat-
ing pressure and inlet temperature on the stability behaviors, and to determine the stabilization map. It is found
that the compound instability, as well as Ledinegg and density—wave instabilities, disappear successively with
the increase in inlet temperature. The stability boundaries of Ledinegg and density—wave instabilities exhibit high
similarity in N, =N space, and the region of the compound instability shrinks slightly at higher pressures.

Key words: Regenerative cooling; Thermal protection; Hydrocarbon fuels; Supercritical fluid; Flow in-

stability; Transient simulation; Frequency—domain analysis
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