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Fluid-heat-solid coupling numerical study on influence of gas-solid
two-phase flow on elbow tube of gas-steam ejection power system
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Abstract: In order to study the influence of particles on the elbow tube, the particle track model was
used to calculate the gas-solid two-phase flow in the elbow tube, and the fluid-thermo-structure coupling
model was applied to calculate the thermal response of the elbow tube under the two-phase flow. Finally,
the influence of the particle size was studied. Results showed that solid particles were gathered on the
region outside of the elbow tube near the outlet, such that the temperature and plastic strain of the inner
wall at the gathering region rose about 280 K and 60%, with the corresponding local fatigue life decreasing
by 48%. Particle size affected the aggregation location and concentration of solid particles, as well as the
temperature and plastic strain of the wall near the aggregation location. As the particle size increased, the
average volume fraction of the aggregated particles increased and then decreased, resulting in an increase
and then a decrease in the internal wall temperature and plastic strain at the gathering region, with the
opposite change in local fatigue life. These three quantities reached extreme values when the particle size
was around 8um, with 1 042 K, 0.016 697 and 244 cycle lives in that order.
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Table 2 Inner wall surface mesh size independence

ZEF I AE R /mm TLE/K
0.5 697.9
L 1 652.5
0.25 699.7
0.35 555.9
X 0.7 554.8
0.175 556.1

M 1473 K, BE R 4 MPa, 2545 H 11 45 8 RS
SR — DR . BB ) A S R SR T Y 1
Ry A FARE T S A, AR EARH IR 0 KYW S

o e (W N UM R R M) (8 Y G N A
i A R TR S . Ho, RS T
NI 3 s W B 3 R 7275 7 e IR i Lo TS
PR R AR TR DX ) I TR BE Wil 4237 293 K
22 EHFASREEM SR

1) FRERIAPE S B 78

S5k 32 BT ILRVE R, 2 s BN 45 2 kA
VARSI, PR R AR IR P 3 BT e A . G T
PRI AR B T SCER e R
oy 3v
26 EY
I e 2 78 R I A8 5K 17 5, o R i ) K
O E, VAT I, B R, G U G,
o R IER T, 8, 5% SENIRAF 5 .

Jet IR HAE U Mises 1 U], 45 ] 8 Ak T (9 38 7
i 7% 48 ) Prandtl-Reuss J7 722 &y

3 Hdo
degi; = 7 ?Su
K H A von Mises RN T7, s, 0 s 17 71 5K 1 4
i, AR R o YR T2tk o A A AU i
1 EE
H E-E

KA ER S8R AR T I 1 DI 2 R4 32, AT 2o A1 Rk ]
PR AR N 7 -1 AR 2R TR, HAR T RN
AR 7 -7 AR A A kg LS - AR KA S
fi 1= (24) 153

5, 21

Eelij =

(22)

(23)

_ O =0y

E = 24

Eib ~ Eus

Horfro 9 BSEHUR N ST, o N HSLEIRELTT, £
N E BRI AR, & A HCIE i MR AL o
TR AR I de, 2R FHER M KA RT3

dgth,ij = (X(S,JdT (25)

P LI AK R AL KT o
SN | BRI AR RN AR 22 RO JIE AR
(26)

Eij = Eelij T Eplij t Emjij

2) MEHERES S

2 [ SCER [21-22] W 45 2 A BE 12CrIMoV,
30CrMnSiA TEAN AL BE 7T Y 2RI ik & 8. 1AL
LU | SR AR e R A5 BE S RN 3 R . 2%
SCHiR [24-25], 7] LA F] 12Cr1MoV 1 30CrMnSiA
AR 2 -0 AR 2, THE S A5 2 P Rl R
B PR EABE R 3 R i .

%3 12CrlMoV. 30CrMnSiA # R IERE
Table 3 Material mechanic properties of 12Cr1MoV,

30CrMnSiA
MEIZA w/10°K' # T/K E/GPa 0(2/MPa E/GPa
293 214 351  2.075
373 211
573 195 327
12CIMoV 1438 03 673 278
753 334
773179
853 5.447
293 196 945 1363
473 177
30CtMnSiA 139 03 23 840
573167 820
673 162 785
773 3.201

3) Mg 5Tk E

SE R SIR AT BR IT A0 BT I A% SR FH L 3% 3 AR
GAHIT R P B AR A . BociE B EAT 207
Y TR = kSR BT Solid 186, BT S 5 88
Ry, R TR

4) $Efil 5 HAT iR E

TS A Z R 2 i, O T RLE
SO, R R PITE TR 2 . B 5N
U AR Sk 2, 5 R R WA AR A
KASTE , W T e 20 A 152 5y 10 5 T

Gk 2 B0 (0 8407 43 0] Ry R AR BE B fer L PN E
SR B, PR S TR AR

3 #R5We

3.1 KEFmMERSN
F 3R T 0.7 s B 2 0% 248 X3 Frm <&
W5 AFH L 3 3l S5 ORI R B I A . il 3(a) B



%11

Wrar AR I P AT OGRS 28 PO Bl 0 3R G A R S ) B A TR o B T 5 2673

TN, R S AR TS A, AR A Ah
e 4, i AE S A T K K, R4 R A
FURZ K I 2 B A B b 43 531 2 € R R 2 Fn il 2
MELRE . ESENM, TS MERR,
TEALE C A ™A T imish /ey Wikl 3(b) s, <
] VPR AT A P 0 3 D) A A i 97 8 1 sk 98k
WK Bl . FHIR, OF B R A S R T 4 T
TR T WAL AR X i X o
Mach number

2.34 A
W

O 1.98
1.80
1.62

D

I"
%
f”
X

OO — -
0O O
[\SNeReTNe))
a
&

() MFFRIH_E A AR

Temperature/K

(b) XIFRI_E B4R
Bl 3 A B AR I SRR R o A

Fig.3 Mach number and temperature distribution of gas-solid

two-phase flow

Kl 4 RoR T A A 1ET 0.7 s i 20 ) 4
SRR B, X FE I 3, AT LR S AR T 1) 4 7R X
TSI A RAR /N, FE8UE L, i TR XU
F1%9 BHL 3 R 1 58 v ) T BE A X 4 AR B, R
15 PP R ) i i 0 A s e A1, T 8 37 0 50
TR A TP EA A . BT A SRR S5 E,
Y WURLIR B B I, UM DR X S A 5

Mach number

2.46
o 225
2.05
1.84
1.64

1.43
1.23 ‘\
1.02

0.82

0.61

0.41

0.20

0

() XIFRI L A A oA

Temperature/K

(b) X FRTHET_ AR EE o3 A1
P4 SRR Y SRR A

Fig. 4 Mach number and temperature distribution of

single phase flow

A5 8RR [TAL R ) 4 FH BT A R 22 A K

5 o 1 sl 4 DR A S AR
IR, S BRAE S NN 1 TR B =S X
TES A SN, FE 45 2548 I AT — G A X K
L 14 - 4 U R A3 50K % JH A DX AR w8, 106 B hE
TiBd e AT I R AR

Particle averaged
volume fraction

. 1.00

0.75

Concentrated area

[ 050

&5 AE PR P DR A
Fig. 5 Solid particle distribution in gas-solid two-phase flow

32 TEEHRIERENRR ST

6 43 3 iR T 0.7 s B 20 A0 P AR 3T
FNA ST Bl T 45 ) A RE T S0 938 2 o0 A o X
Fenl DU B, PRI &0, i RE 20 A A ] 25 %L
EHIABRESR . AR s, 8 WMl
R X e kDX A Ak, o7 5 O S Y Ak e TR IXC
SR RN o T A T PR 31 T R X g i XA
i K REAS SN, T v Y DR SR T A
EARAE T P 4 i, i IR E) 1042 K, 2
SRS E iR R T 200K DL E

X ECIEL S R, S BURL T 5 46 o7 B A 2
N RE R TRLAL E B LRI BRI B



2674 = B

375

Temperature/K

1042
l 998
954

910
865
821

777
732
688
644
600
555
511
467
423
Temperature/K
l 940
887
834
782
729
676

’ ‘ 623
570

518
I 465
412

Bl 6 PRl AR L3t

Fig. 6 Comparison of temperature distribution at inner wall

(a) “FEPIRIR

(b) PRI

under two flows

JEL R 51 25 A SN SR AR, il TR A A
{2 B Ry T A B g 1Y R AL

IR B TSR AR TT UG ARSI 1 B
Kb B AR AL, O T 5 Z N L, 7E 0.7 s I %
ARG R T A R IR L, THIR T AR B
T ARG B R Z5 A S 153 T Sh ek
I G R R BE I ) ¢ iR A R . TTPRAR S
T K Xk e an sl 7 Frs

T35 SR S 6 M e (b A AR R A i
22, X i TSR T 2 8 Y 2 Bl 25 1S
HEAS B0 Ui 3 A ek JBE 4 R A (R, T SR PR AR
H Bl 9 T I AR W T B BERIACI T
B, JF H o TR SRR AR, B TR B
] 5 e AR R, e S B TR AR 25 . (H
XFEG 3 AR Ol B IR 1 S0 2 A I R AR R
JIN, AT LA SR BRI AR A TR 2 SR A E o
0 A2 il B P T 1R, T A R I B
SEE5 R PR I RO A AR — B X U] 8 um

-------- Numerical result of pure gas flow at point 1

-------- Numerical result of pure gas flow at point 2

- - Numerical result of gas-solid flow at point 1
- - Numerical result of gas-solid flow at point 2
—— Experiment data at point 1

—— Experiment data at point 2

383 ;
373 -
363 F
353 F Pt
343 F il
333
323}
313
303
293
0

T/K

(&7 A5 AEE TR ) s Ak I I (S B
Fig. 7 Measured and calculated temperatures at two measuring

points on the outer wall of the elbow tube

R AR A RS S G = T s e R A il W
FET
3.3 TLE MM S

P8 43l 7 T [ VR AR G T RN 4 S AH 9 B
0.7 s B 220 1 25 K A1 P RE T ) 45 4 A 800
NAR SR o TR B, EATT S B 6 i B 4 A A AR
1o I — 2k

K9 Won T B A A A A PR IB DL
TR I 5 25 55 MU N BE A 26 1 R T RAEAL
IAPER AR e, A ISk, s RoRIT RN E 5 AT
PEES . ATRLRBBR T E Sk AL BT 3k 5
ik (57 A, SRS I TN A AT s AR B ) A A
IR B, X UL AR Y R T
KB, S5 A 0 G B AT A, R e . A
S M, R P S S R s IR LAY
280 K, 5 B A5 240 1k 0 AR e K AE M 0.010412 |
TH#) 0.016 697, B KT 60%, X i {3 & ) von Mises

Equivalent plastic strain
0.016697
I 0.014841
0.012986
0.011131
0.009276
I 0.007421

- 0.005566
I 0.003710

I 0.001855
0

(a) SE WA



%11

Wrar AR I P AT OGRS 28 PO Bl 0 3R G A R S ) B A TR o B T 5 2675

Equivalent plastic strain
0.010412

I 0.009255
0.008098
0.006941

I 0.005784

0.004627
- 0.003470

ﬂ 0.002313
i 0.001156
0

(b) FLAHR
8 WIRR ST A EE LRSI PN AR X L

Fig. 8 Comparison of equivalent plastic strain distribution at
inner wall under two flows
— Temperature without particle

— Temperature with particle
— Plastic strain with particle

—— Plastic strain without particle
1080 - Py
1020
960
900
840
780
720
660
600

0.018
10.016
10.014
10.012
10.010
10.008
10.006
10.004
0.002

T/K
Bottom head ]}
Elow tube

0 02 04 06 08 10 12
s/m
9 AR T U SIMI B B A A I 1 A R
Fig. 9 Wall temperature and equivalent plastic strain

distribution along the outer side under two flows

N J M\ 278 MPa |7+ %] 301 MPa, ¥k F 873 K
T AR R 5 351 MPa™,

10 SR T S5 08 M AR B R A RE R

0.018 T T T : : : :

0.016 — Plastic strain with particle E

0.014

0.012

0.010

0.008

0.006

0.004
0.002

— Plastic strain without particle ]

h/mm

L0 RSN A A A Y B I 7 )
SR8 5
Fig. 10 Equivalent plastic strain distribution along the wall
thickness at the location of maximum plastic strain

under two flows

7 A o AT LA & B, P AR IR AT al SOA T,
S AR VB M IO AR VR BE R IR AE 4.5 mm F1 3 mm A2 A7,
FAXF 15 mm (9 BE JE KB 13 30%, {HAH b4 A I
B, WA S S5O0 A R K T 50%
3.4 BERIHIR I E B E M

N T WS R A% B 5, 1 — 2 F R R AR
k5. 30 um A1 100 pwm (19 <& 5 A R, HoAh
AL EMF B S 8 pm BT UAHE . & 11
BRT 3 FORLAR T (A A8 W AH I P R R SS0RE 1 43
Afi FI45 46 P RE TEDIRL B2 20 A o B8] 11(a) AL 5 3
Tt L, H T Ok A2 1 A, AR e Uk
32 B 1 52 M /N, R B AR 7R A T A R
PRI, AT S5 35070 250 P, I R X ot 25 b A2
R 38 K 5 A S A M, R AR, Uk R A
V7 A1 I R 3 R R B A T, O L
ARG I, ORI 22 B0 H ) 25 A8 X B T 2R (9 8

Particle averaged
volume fraction

! 0.20

0.15

hO.IO

0.05

Concentrated area

0 R &
(a) FRLSI A

Temperature/K

946
= 908
871
833
796

759
721

(b) NEEIRE M1

11 30 pm AL DAL FBER 2
Fig. 11  Solid particle distribution and wall temperature

distribution for 30 um particle size



2676 o= 3

VAN S 1

537 %

B kR R R E R, S —T
T, & 11(a) Ho R4 X IUAR X (6] 5 A5 i3 o, (H 2R
£ X I F R B R RN T, X2 T
KRG R, 3B Sk 52 SO 52 e /)N, 3 301 R
iz B AL P B, A TR AR DXl e o Ak AR - 5k
NG TRIE, R SR A B AR A3 B i/, £ 5% T
A 4b 25 P RE TR B, PR L an &l 11(b) T,
30 pm K7 A2 B PN RE T 2R AR A0 L EE WK T 8 um
i P14 A 7 T

B 12 SR T 100 wm AR T B/ 11 96 AH I
W] PR JTORE 1) 53 AT RN 235 4 DY BE T Il BE S AT o W AR
B, Y RURLAS WG K, DRI SR A7 B 5 i H A
B — 7 ME B, VR S 1 DR AE RE T 1 R R 43
E B BRI, DA T T R 12Ca) v A A5 ) 43
o [FIEE, WA 12(0) frzR, R4 AL R E— 25 0
/N, EL Z A B R R IS0 E B B BT, X2
TR R BE 2 T RFRRIC R T .

Particle averaged
volume fraction

I 0.0336

0.0252

Concentrated area

H 0.0168

Temperature/K

943
E 905
868
830
792
755
717
679
642
604
566

529
491
453
415

(b) WIBEIR S A

B 12 100 pm Ridd T [EARL oA FIRE IR 434
Fig. 12 Solid particle distribution and wall temperature

distribution for 100 um particle size

P13 WoR T 5 pmoRids T 1 AR v
A S50AE (1) 4 A R0 25 A4 P R IR BE O A o X
& 13(a) FE 5 AT LA K B, SR AR A XS 8 pm 8/
B, 2545 PR I AR DX D) 3 — 25 el /I, 254 A )
54 RAE, A XA 4K, i~ 4 4R B4 %
RN . R, T 13(b) frs, B4 b Ik B A
P S A B o 302 B 2R /N el — e
[ I A SR N b < A = PO = e B
BOA AR TR, DA BOR A X P P B 43 5
Wl /N

Particle averaged
volume fraction

' 0.4

0.3

rq 02

Concentrated area

s
(a) BERLSI A
Temperature/K
991
. 934
878
821
764
707

651
594

537
I 480
423
135 pm RAE T AL 535 FBE R 534
Fig. 13 Solid particle distribution and wall temperature

(b) NEEIRE A

distribution for 5 um particle size

K14 R T AN FBORL B A2 d, T, B0 BRI 5
A HMU N BESZ LR b AL T RS AR N A
ORI . BEE RLARIE N, F Bk A T B
F18 i 7125 53 0 P 7 AR AR A AN R, TS A S A B
AR WIS, JE R R Y 1 S 4L SR A X,
I H. 100 pm KRS BT, 58 DXL 3 A 2525 0
P AR 22 AT 25 A8 I~ BEAY i e T B R R A5



%11

Wrar AR I P AT OGRS 28 PO Bl 0 3R G A R S ) B A TR o B T 5

2677

N0 R 55 O A2 W 45 152 041
1000F s um — d=100 um (975 . g T IPAN Ho 2 i S, R S T
900 {6 J] 9% 57 i) Masson-Coffin 7y 2 Fl1 Neuber J5 7 129
14 N = \ L s
& 800 T BT A T e KU M IO 722 A7 B 1 JRy T 9 55 77 A o
700¢ 12Cr1MoV s i T #9555 75 fir S BRI 21 1, 77 -
600 AR M2 2 H N3k AT iR A, SRR Ry 9 57 5
00002 04 06 08 10 12 14 FE R E oy PSR ETR AL P 07 1M R e P
(a)ﬂ;{i;j}% 95 SEVE S Be | 6 R R B K FIE 25 08 A Ak
o RO WES A AR S RN 15 B, 3ot o
0.016f — =8 um —d;=30 ym HILFT, Ae R RAEFLHE, N W& T i e TS
d=5 —d =100 . - . S TN
e BN 95 T AR 7 K (A R, (75
- 0010 RE 52 NI K 52 e v i &2 e o KR
o FIIAR TR U, S B K B (S TR
0.004 B3 A R DT V0 B2 1 26 00 P A
0.002 5 EWIE N P .
e T MK A2 FE A SO A . o T 15 BIORSF 9 5
0 02 04 0.6s/m0.8 1.0 12 14 ’lﬁ]‘é;:':u: i iﬁ‘%ﬁﬁ%[ﬁ%ﬂﬁ%tt%—lo
(b) SR 5 i e AL
W 52-7F 00 222
B 14 ORIRPRIAR T VA AIMI (4 1 R 28 355 S P 10 A - A Table 4 Strain-life parameters curve
Fig. 14 Wall temperature and equivalent plastic strain
distributions along the outer side for SH al
different particles sizes K’/MPa 358
n’ 0.086
ROBVENAR T, A TREAR T 25488 3 . oi/MPa 654
35 HHMIRAESHG b ~0.086
S 1T von Mises 480N G TR 3R I, o 349
J P 7 S P 2 i 28 S0 0 ‘ 092
0.035 R : 0.035 : : . .
Cychc. e curve = Strain-life curve
Neuber equation
0.030 dp:S UM — dp:S pm A 0.030
——d=30pm —— d;=100 um
= Without particle
0.025 b 0.025
0.020 0.020
Q Q
< <
0.015 0.015.F
0.010 0.010
0.005 0.005
800 230 3(I)0 3;0 400 0 2(I)0 4(I)0 6(I)0 8(I)O 1000
o/MPa N,

(a) &R J1 10 2% 114k 5 Neuber A 3K

& 15

(b) W ZE-F A2

BV B A [RUREAR S WA L T SR 55 i i 43

Fig. 15 Calculation of local fatigue life for single phase flow and gas-solid two phase flows in different particle sizes



2678

= B

A=

i o537 4%

THEAE] 8, 5. 30 um Sz 100 pwm RS, &
AR RN ZE SRR I T 2578 JR 3% 55 7 A K 244
287, 328, 446, 460 KAE I . X bb 4l <A I TS
[ 9 AL O, i BT A O S 4 SR A 5 A
BIA TR, 8 pm R T IR Z, iR 80 T 47% 4.
3 Uk T A UKL 1 A7 7E 23 0 /0 45 48 ol 4

Xif EUAR [RDREAR T A 1 R AH 90 19 254 Dl 8% 57
v, A% 8 pm kL, 5. 30 um A1 100 pm POk F
A AR IR T, /N R 9 55 A A kG n T
18%. 40% Fl1 91%. 454G SCH VA 3.4 15 i g 4347,
ATLAIA R, SR AR DA /N3G I, 90K 7 25 457 Sl
DA RE B AR 1Y ST I R B3 B30 1 RS /N, AT
A B/ N R I 55 5 SN e R

4 & it

AR SR FH R 1 T8 TR RN I 2 R
W, WEEE T B3 ) 2 g v 2y 0 2 A i ACHE
AHE BN, LA K 25 48 A6 018 P AR T A 3 g e iz
28] TR

1) A E AR R, 100 pm BLAR DL 4 [ 44 35
£ 2 R AN 5 T 10 0 %) P BE T BT SR A
TR A A PN R TR B R, O R A N RE
ek o e 1 XK, 8 pm UKL N T e g, 3551 280
| SO E DO L TR W, i i i AN W T 6 B = A R
A g 2 R

2) A SMI PN B T % AR AR AR T, R R
Tk B AT S B, T S v DXl P A
KXk, T FR R 4 T 200 R 1 5, <
PHAR I T 254 Py RE S8 by A8 AR X 2l S AH T 98 1 1
KT 60% LI E

3) M EDRDRLAR /NG R, R A S 4 M)
PR RE SR (19 S IR B3 S 1 R e/, I 3L
IRV DN R IR R L VP N AR S B KR I
MORLARAE 8 wm BT B, TR B A, HCE Y P RE T
TEE | S5O RN S IR 1042 K 0.016 697

4) T T AR KA R AR S AR R
SR YRV N AR AR R 55 . REVRLAR R L SRR
SRR R AR K, 9% 57 FF AN, SRR 8 pm FURE
AR E 57 AR e TGS AR 244 IAE IR, AH X 46
SAHTEFENL T 47%.

Sk

[1] PESFAT, 6 B JLAR S 556 30 J7 % 48 o9 308 4 B LL 4%
(). AL BT 2 i R R 2 24, 2009, 35(6): 766-770.
RUI Shouzhen, XING Yuming. Comparative studies of interior bal-

[2]

[31]

[4]

[5]

[6

—

[7

—

[8]

(9]

(10]

(1]

[12]

[13]

[14]

listic performance among several missiles eject power systems[J].
Journal of Beijing University of Aeronautics and Astronautics,
2009, 35(6): 766-770. (in Chinese)

AR, LR M S5 R G 8 ) R G M. MR B UR
5 TR R 22 A, 2000: 114,

LEMOINE L. Solid rocket nozzle thermo-structural behavior[R].
AJAA 75-1339, 1975.

INBE TS, Pk, AHTHE . A K Bl B A T O
5 i F1 5 BAS THEE 0] fEE R R, 1994, 15(1): 23-31,22.
SUN Jufang, SUN Bin, XIANG Shenghai. Theoretical calculation
of complex nozzle’s temperature profile and stress profile in solid
rocket motor[J]. Journal of Propulsion Technology, 1994, 15(1): 23-
31,22. (in Chinese)

AMAKAWA H, NEGISHI H M N, NISHIMOTO M, et al. Nu-
merical investigation of longer life combustion chambers of liquid
rocket engines based on coupled thermal-fluid-structure simulation
[R]. Grapevine, US: the 58th AIAA/ASCE/AHS/ASC Structures,
Structural Dynamics, and Materials Conference, 2017.

SRR, WA, B8, S5 RS R R s R S HLR
8 = PO 55 B ST 0], PH 22 200l K 2 24 A, 2018, 52(5): 149-
156.

ZHANG Junhong, DAI Huwei, LU Xin, et al. Research on the ther-
mal fatigue of aero-engine combustor under fluid-structure interac-
tion[J]. Journal of Xi’an Jiaotong University, 2018, 52(5): 149-156.
(in Chinese)

Whar &, BRW i, XU 2, 45 ST 8l 0 R Uk A AR
A H A BUE AT 0], HE R R, 2022, 43(6): 208-217.
CHEN Qifei, CHEN Shuwei, LIU Shijie, et al. Fluid-heat-solid
coupling numerical study on a gas generator of an ejection power
system[J]. Journal of Propulsion Technology, 2022, 43(6): 208-217.
(in Chinese)

WO T3 (8RS A A R 20 AL HE OB B - O
Br[D]. B A PR R 4, 2016.

CHEN Yafei. Analysis of thermal-mechanical fatigue for engine
exhaust manifold base on fluid-solid coupling[D]. Wuhan: Huazhong
University of Science and Technology, 2016. (in Chinese)

BOTHA M, HINDLEY M P. One-way fluid structure interaction
modelling methodology for boiler tube fatigue failure[J]. Engineer-
ing Failure Analysis, 2015, 48: 1-10.

DUARTE C AR, DE S F J, DAS S V F. Numerical investigation of
mass loading effects on elbow erosion[J]. Powder Technology,
2015, 283: 593-606.

KARIMI S, SHIRAZI S A, MCLAURY B S. Predicting fine parti-
cle erosion utilizing computational fluid dynamics[J]. Wear, 2017,
376: 1130-1137.

MOSHFEGH A, SHAMS M, EBRAHIMI R, et al. Two-way cou-
pled simulation of a flow laden with metallic particulates in over
expanded TIC nozzle[J]. International Journal of Heat and Fluid
Flow, 2009, 30(6): 1142-1156.

LI Xing, ZHANG Haibin, BAI Bofeng. Particle-free zone of the
two-phase flow in a convergent-divergent nozzle[J]. Powder Tech-
nology, 2021, 394: 1169-1177.

BN S, SR T A R KR e s LA TR I 3 S 46 R
JBE 3 — R A B {E A 480 5 PR S B, T S PLE B TR,
2009, 18(2): 25-28.

HUANG Yulu, LIANG Guozhu. Integrated numerical simulation
and software implementation on two-phase flow field and structure
temperature field of solid rocket motor nozzle[J]. Computer Aided
Engineering. 2009, 18(2): 25-28. (in Chinese)


https://doi.org/10.13700/j.bh.1001-5965.2009.06.016
https://doi.org/10.13700/j.bh.1001-5965.2009.06.016
https://doi.org/10.13675/j.cnki.tjjs.1994.01.005
https://doi.org/10.13675/j.cnki.tjjs.1994.01.005
https://doi.org/10.7652/xjtuxb201805021
https://doi.org/10.7652/xjtuxb201805021
https://doi.org/10.13675/j.cnki.tjjs.200767
https://doi.org/10.13675/j.cnki.tjjs.200767
https://doi.org/10.1016/j.engfailanal.2014.10.012
https://doi.org/10.1016/j.engfailanal.2014.10.012
https://doi.org/10.1016/j.powtec.2015.06.021
https://doi.org/10.1016/j.ijheatfluidflow.2009.09.001
https://doi.org/10.1016/j.ijheatfluidflow.2009.09.001
https://doi.org/10.1016/j.powtec.2021.09.055
https://doi.org/10.1016/j.powtec.2021.09.055
https://doi.org/10.1016/j.powtec.2021.09.055
https://doi.org/10.13700/j.bh.1001-5965.2009.06.016
https://doi.org/10.13700/j.bh.1001-5965.2009.06.016
https://doi.org/10.13675/j.cnki.tjjs.1994.01.005
https://doi.org/10.13675/j.cnki.tjjs.1994.01.005
https://doi.org/10.7652/xjtuxb201805021
https://doi.org/10.7652/xjtuxb201805021
https://doi.org/10.13675/j.cnki.tjjs.200767
https://doi.org/10.13675/j.cnki.tjjs.200767
https://doi.org/10.1016/j.engfailanal.2014.10.012
https://doi.org/10.1016/j.engfailanal.2014.10.012
https://doi.org/10.1016/j.powtec.2015.06.021
https://doi.org/10.1016/j.ijheatfluidflow.2009.09.001
https://doi.org/10.1016/j.ijheatfluidflow.2009.09.001
https://doi.org/10.1016/j.powtec.2021.09.055
https://doi.org/10.1016/j.powtec.2021.09.055
https://doi.org/10.1016/j.powtec.2021.09.055

%11 WRaT & AT TR A VR - 28 VRN Bl ) R 0 2 A 5 A T 1 T A [ R S BT 2679
[15] ZHU Hongjun, ZHAO Hongnan, PAN Qian, et al. Coupling analy- B 20 F W (M. d6 3 MUAR Tl iR A, 1995: 156-162.

[17]

(18]

(19]

[20]

(21]

[22]

sis of fluid-structure interaction and flow erosion of gas-solid flow
in elbow pipe[J]. Advances in Mechanical Engineering, 2014, 6:
815945.1-815945.10.

Goossens W R A. Review of the empirical correlations for the drag
coefficient of rigid spheres[J]. Powder Technology, 2019, 352: 350-
359.

GRANT G, TABAKOFF W. Erosion prediction in turbomachinery
resulting from environmental solid particles[J]. Journal of
Aircraft, 1975, 12(5): 471-478.

RANZ W E, MARSHALL W R. Evaporation from droplets: Part
I and I[[J]. Chemical Engineering Progress, 1952, 48(4): 141-173.
ROUSTA F, LESSANI B. Near-wall heat transfer of solid particles
in particle-laden turbulent flows[J]. International Communications
in Heat and Mass Transfer, 2020, 112: 104475.1-104475.7.
WAGNER W, COOPER J R, DITTMANN A, et al. The IAPWS
industrial formulation 1997 for the thermodynamic properties of
water and steam[J]. Journal of Engineering for Gas Turbines and
Power, 2000, 122(1): 150-184.

o 28 4 T 00 ) 4 2= 2 ob I S B OB A 1
SERIAY . A Y M. b5 b [E AR o G RRAE, 2001: 208-214.
CHUBE TR b1 B 08 0 ) 40 2= 22 HLW T B2 b1 1

FAT, BESOM . B Ty 2 518 M. JERT b R R A D R,
1982: 94-96.
Wi, NSO, 530K, 4. 12Cr I Mo VAR & 7 I it IR 7% ) 41
SURCHL M AR Y IR A (0] LA TR A1 R, 2019, 43(7): 24-27.
YANG Bin, SUN Wengqi, JIANG Wenchun, et al. Deterioration of
microstructure and tensile properties of 12Cr1MoV steel pipe after
long-term service[J]. Materials for Mechanical Engineering.
2019, 43(7): 24-27. (in Chinese)
FARTLIBE SR, F WAL, FAAb BT 200 30CrMnSiHR i {1
B 11 5 [J]. #4in L2, 2008, 37(6): 64-65, 68.
WANG Dongning, XING Yurong, WANG Shuhua. Influence of
heat treatment technology on tensile property of 30CrMnSi steel[J].
2008, 37(6): 64-65, 68. (in Chinese)
A TE . P 57 BT M. Jb st HUBE Tl R A, 1994: 128-
149.
SRR, RN, FIBUE, % 12CrIMo VIR $ K 1 AR 58 5
A 1 RN AR 95 E R (7], 58 7 B R 1995, 26(10): 8-13,16.
Guo Dazhan, SONG Xiaolong, ZHOU Jingen, et al. High tempera-
ture strain fatigue characteristics of welded large diameter boiler
steel tubes made of 12Cr1MoV[J]. Boiler Technology, 1995, 26(10):
8-13,16. (in Chinese)

(mig. T2E)


https://doi.org/10.1016/j.powtec.2019.04.075
https://doi.org/10.2514/3.59826
https://doi.org/10.2514/3.59826
https://doi.org/10.1115/1.483186
https://doi.org/10.1115/1.483186
https://doi.org/10.1016/j.powtec.2019.04.075
https://doi.org/10.2514/3.59826
https://doi.org/10.2514/3.59826
https://doi.org/10.1115/1.483186
https://doi.org/10.1115/1.483186
https://doi.org/10.1016/j.powtec.2019.04.075
https://doi.org/10.2514/3.59826
https://doi.org/10.2514/3.59826
https://doi.org/10.1115/1.483186
https://doi.org/10.1115/1.483186

	1 物理模型和计算模型
	1.1 物理模型
	1.2 计算策略

	2 数值计算方法
	2.1 流热耦合传热计算
	2.2 结构热弹塑性分析

	3 结果与讨论
	3.1 气固两相流动
	3.2 弯管结构的温度响应分析
	3.3 弯管结构的力学响应分析
	3.4 固粒粒径对结构的影响
	3.5 结构低周疲劳寿命

	4 结　论

