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Pipe flow characteristics of pasty propellant based on MAC method

SHAN Xinyou, LI Yingkun, WU Yan, CHEN Xiong, HE Yong

(School of Mechanical Engineering,

Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: Targeting the problem of the pasty propellant flow in the pipe and extrusion swell, a non-
Newtonian incompressible fluid solver based on the mark and cel(MAC) method and the semi-implicit
method for pressure-linked equation (SIMPLE) was developed. Shear-thinning power-law model was used
in the constitutive equation of the pasty propellant. The reliability and accuracy of the numerical method
were verified by comparing the numerical result of the extrusion morphology of the pasty propellant at the
pipe outlet with the experimental result. On this basis, the flow process and extrusion swell of the pasty
propellant were numerically calculated and analyzed in detail. The influences of inlet velocity and pipe
diameter on the flow characteristics of the pasty propellant were investigated. Results showed that the free
surface of the pasty propellant changed with time during the extrusion process. In the stable stage, the free
surface of the propellant was hemispherical, and there was obvious extrusion swelling at the outlet of the
pipe. When the pipe length and diameter were constant, the pressure drop and the extrusion swell ratio
both increased with the increase of the inlet velocity. However, when the inlet velocity was constant, the

pressure drop and extrusion expansion ratio decreased with the increase of pipe diameter.

Keywords: pasty propellant; computational fluid dynamics; non-Newtonian fluid; pipe flow;

extrusion swells

Y75 B H#A: 2022-01-08

E ST H : AR ARBIEIESE (52006099); H i Fi kAR 55 % %30 42 (30920021102)

1B 8 A (1990—), B, Witk FEMNFFEAT LMD, E-mail: sxynjust@163.com

BASEE : lE(1977—), B, i 1+ S0, W+, FENF AT L SPLEAEADIS . E-mail: chenxiongnjust@njus.edu.cn

SIS b A, 2Enh, B8, 55 JE T MAC J7 75 008 MO s 700 A5 0 Tl sl ke ok (). 02 3l %41, 2023, 38(10): 2430-2440. SHAN Xinyou,
LI Yingkun, WU Yan, et al. Pipe flow characteristics of pasty propellant based on MAC method[J]. Journal of Aerospace Power, 2023,
38(10): 2430-2440.



%1040

B S JET MAC J7vE B VR I R 500 45 8 i sh R 2431

BRI 500 2 A 1 R0 AR A, # ab R
BEMT A F SR, BA 0055 e vt fig
AE . R R HERE R B T A T, TE 2N
KOFIAE K R GETE G FH T 7 AR HE 2 790 K s 2 3
LA SE I 2 R 3 S5 HE D7 A f R st i iR
RGN )z, TS, TR b g S
10 2 5 R SN2 0 SRS IE R BHL, LA M
Blhe B A Sk A L 7 R ST, WIAE S KCET
eI 22 0 IR AR il R 8 DL S/ INBU R 2 A
P T AR A

HRT, B0 F A R K5 2 SR,
HhEE NS o3 B BUE AT E L STt i
YR SE 5 T R T K5 . Kukushkin 550 %
T T — M Za 30 A T & sh AL, 1% & sl
AR T BEA , A 2 R 45 1A N TR B R
FH 3K 3y, R F A i A A S 3k sl fE 2
Ja sl I iE SR IR T R ShLIN SRR . 5K
HI 5 A1) 3 ek S 30 XoF — 7 AR 2 ) KRR R AR
PEREHEAT T 9T, 45 R RWIZHEHFE S T 2K
Ja s &P, SRFEANAES R B A TR 0 T
WFGE T AR 2 5] W5 186 781 T % & B ML PN L R
(14D 52 Wi, W 68 781 TR (%) 7% £ 068 1A K /i & B AL~
A7 . 588 R S ) 52 e AN R, T R~ A7 s ] A AR
KEZM o X S 5T T TR 7
TR AR R R AR A AR, IR TR
25 KRR R G A 3 T R AT AT
FLXT P 5L R s e B I I AR X [ - AR
BRI A AR IS B At A7 25 B TRLEE 43 A 17 Dl
17 T BUEBUIT Y, 45 REBIME AN B IRIEFER
P KER 4K H T H R ZE N &R, R
it 1A% T = AR A ) AT

B A A4 T8 DN U S AR R R K R B
LBt R B ST I 22— SR FE A AENY
R A5 = A4 0 A e A A R A Sy T AR AL
1B A it 2l A e M B T B A, B S A B
TR AR R B DL E R4S TP O B i R R R A
SN 3B AR G Ol o TR S IE AN X A
A RIS i /R K A i el A 2 AR DL I AR 1Y) It
AT TS BB AL, 45 0 R JL Al S E00t
TN A B, W AT B 2 AR
SR T AR AR L AR R TR I P A R X
TV W 555 i v B JE 4P 14 790 3 3 R 0 5 e, B (A
REV AR E M EZERNE., LEE
AEUU) 3@ b B AL 7 AR T HETE W AR N

Y58 g 0 70 A I AR R 4 SR 2 I R W A T
SO R S e 28 3R %) B A Ak 5 9 ik
SEYGRIFGE T U PR R R X R R A R 4 o 55 Ak
(R 5 ), 45 SR 98 WG S B S0 1 A B o i o
B 1y W55 55 DV 28 2 A8 R R W), T R A 1 T B4k
TEARSA —, R, B PR E ) & —Fh Ak A 0
TR, AR R B A T O S A &R K
G, RIET 00 MR 1 R AR R A T AR, X
— LG 23 E Y W A K T R Sh AL IR B B ) T
VEREME . A, B A 1 500 5 45 0 % 1R ) kR
R BIHBRE 2 h HEATRR R, I 45 R AT H e
B B R KT R Sh AL N SR A R, (R H
T e 5 O AR 0 R 9 B s A R DA B
i R A S 6 A AT LA 5 1 A FF R

AR S TR A A% (MAC) 3 FE R4S 7
TR By 2 B 2K 7 B (SIMPLE ) %o 8 1< i 1 30 457 16
S PRV TEOE AR . b T B AR ) 4
i sh R, JT R AR D E A B
A H 28 590 38 2 R B AN L K K A s i A 5, Sk P
LB A K R RIE A RGBT RLE ShbLRbe =
LRI ER M i B LAl

1 EHARESHERZE

1.1 RahiEHl AR

5 A8 1 PN R AR S R0 1 0 B0 Ol A i X R
AT AR AR O RZ s, DL x S
] AR A, y SR AR ) AR A, 3% B2 5 i N Bl T #R
bailIl

Ou vyv_y (1

ax Ay oy

%+u%+v— == 2+ =
ot ox 0y p ox Ox oy y

2

ov _ 1 ( %4_ aTxx+ 0Ty Txy)

ov  0v  0v 1( op 071,
—=— -+
0y

—tu—+v—= %+T”_T%>
or 0x 0y p

0x oy y

K Hru, v i x. y J7 R BE A {E; ol p
SR AR BEFNE 15 Toen Tags Tyy Too 70 01 R 25 10
IS % g
1.2 BEERTEAREFRE

B VR 70 @ T AR A WA, B U0 A Y R
X (power-law ) A% ¥4 J7 2 75 Ui A8 R 43 01 A 4
A3 PR AT 20 o AR SR R e AR plg A A 1)



VAN S 1

38 %

2432 = B
T=-n-y (4)
n=K-y"" (5)

7= (i) 2|3 +(5)] @
e, 405U 7 RS YD R, ok B A
N FRAEE L, n I i 3 T AR H, K2 B9 B R 8
1.3 #REMIEE(MAC)

VA T R 4 T P I sl S SR 1 AR T R O
By )8, R HE R B T S A AR A (]
AR SRR, B 7 B B Sl B P AR 2
] 52 P AR AL o AR SCRF R 50 38 2l i v R
JH MAC U7 Sl B O i 3R 5 28 Rz B Y 28
ST, AR BT AR RAK R AR 1C T A, B
[i] 25 A~ BP0 AR 15 AR X I8 AR 9 o7 B R A7 70 25
B1 25 1 T AR AR i s 1, JF A A R AR 9 43
2, [ BER AR IC I B (B) b5 AR A% S0 18
PARHE TR, 5 4 e 4R 2 500 4 11 P ) 0 A i I 26 oy
HEFE A (P) A& 5 T 58 42 78 250 b 10 R A% ) 2 =5
A M. BHA 20— AR H &A%
TCHESE R 0 A 2 SR E R (S) A . A
b AR B IR AR A T A B A RS s
JEE A 5 A T BT BRI TRARTE T — SR 25 i Ak
BB AR A, L I ok FORT TH B8 g 432, T gk
Fric M #% % CFL(Courant-Friedrichs-Lewy ) 4% /4K
il ST AE B ) 8] 2D g 22 B8 3l — > R A%, BRI
AT LA 238 B T ) A% o kel N5

P|P|P|S

P|P|P|P|P|P]|S

P|P|P|P|P|P]|S

P(P|P|P|P|P|S

Bl 1 AR ARARICR ). HEERIAIZS S5
Fig. 1 Multi-fluid cell marked example: classification for

propellant and air
14 BEHERZE
BB AL 2 B A R 300 i s R 0 ok T
AR R4 75 A6, %k T 38 A 1 790 1 3t 3 T LR

SIMPLE 53" S E 1), ¥4l Jr B4 % H
SR AR AT B . SEgh RS T SR R
MAECp ", (), O, RIGTTE H a+1 B[R Y
T AL BE AR ) ! (o) (), iR
fiff 1B I A Cpr ), % R ) 3 Fd B S A & OE,
AR A5 WS o T MAC J7 36 X 8 R4
R I B0 B R R AR AT AR I, R AR
HEFR Bt e
1.5 T EERRIE

B o B AR A2 SR DA N O sl i AR e 1
E AR, FEAE TE N R HE R RS B AR, A
T A, F ok g ) 2 R A A 0N, T AE
P 700 B T A T T, MR SR AR g s BRI AE
FH B )3, R AR SO H A0 i v o 25 pE R g a)
TR S A5 . 2 DB 3 U 3l A5 T 1 X AR
P, SR FH 2l X R D) A AR TR I A S 4 an 1
IR, TR LR RS Qs 2 iR, B K E N
50 mm, ELA243 0 4, 6. 8, 10 mm Al 12 mm, %5
S EE N 1.225 kg/m?, FHE N 1.789 x 107° Pa-s.

POy

K2 AR
Fig. 2 Calculational model and grids

% T8 BB VR 18 390 0 B U AR AL R, i T Ak
DA% TIE AT T 285 Ak B, R TET A 30T D90 A6 152 AT X 1070
m, AR RORS B, TR 4 BGL(bi-geometric law)
DA% 7 LA 1.2 1Y L ] b 37 5 05k BE 1 X A%, T
IR RSN 37603, TR R E A O
R, Y il R, AR 1 BB 0 m/s, 7 )
Y x il H COR A 5, 78 A 101 325 Pa
[P BE SR FH 246 I TC W B 30 45 1, P R AR R Tl
XFFRI TG o TR IG S S SR P e i
12355, JE J120 101 325 Pa; 51 8] 42 4 107 s,
THE I AR P A O 3 AR % E o 0.06~0.16 s,
AR (A 2E 7003 R 450 1 0 B R K
JE A3 BT L H IR R R

A FVHEFE w, A2 55 18 B4R d 2356 5 e
TR 0 45 T s R R 7 AR R, B AR R
SHALHESE R UE 2 R G LR LR T ARIRES, 1
T ARSI T



%1040 BHA A JET MAC Jr i (98 PR 1 500 4830 U 2 e 4k 2433
F1 HHEIR 1.8 -
. = IEE
Table 1 Calculation cases 1.6 g
14
AR i T d/mm u;,/(m/s) ol
1 6.00 0.50 f\é 1ok
2 6.00 0.75 < o8l
N S 3 6.00 1.00 0.6 -
4 6.00 1.25 04t
5 6.00 1.50 02
6 4.00 1.00 0  0.001 0.002 0.003 0.004 0.005 0.006
7 6.00 1.00 7/m
EpLACRC 8 8.00 1.00 N
9 100 L00 P 3 BRI R I AL x T e RSB AT A
’ ’ Fig. 3 Numerical and theoretical velocity in x-direction of the
10 12.0 1.00

2 WEFERIES ISR

2.1 B3R BT b EHIEIE

T BRI T O IR B MR M, X AR
100 mm 48 38 rh B (A 3 0] 1) 3L ) ok R R AT R
R, A 0, =1.00 m/s. SCRK [18] 250 T %
TR RS 2K R T2, 45 m LR 4 1)
il 1) AR AT

n+1

u 3n+1 r\ n
I,Tm: n+1 {1_(R>
O u SRR R A 1 N T S, R NS TE
L r R BV RS o 18 3 4 TR AR R
Ht 1) 9E T R R R A AT A, AIEL 3 TR T LR
Hh L AT S B 2 TR AR ZE RN (<3%) , K
TR 7 A SCH TS A PR 00 4 3 i 3 A A
2.2 F AT H AR K SRR UG E
R HE— P B UEAR SO T vk R R R, Bt
VA T R O 5 K R SR, Sl A S
NGB AR ) it Hh A R S, B S HUE
RERIATI I . S RGN 4 PR, 3% &

W SL —~ THZERT —iﬁﬁ%

7

fif

pasty propellant flow in pipeline

T B EIR 3 R G B R R 4 A8 AN S
ARG, P R SR SR A M . R T
TAERE, W6 FEHE S AEFR N I B R HESE R 9wz 3,
JF3E o A TE U A R LA AR FR TR I
ST ACHE 5 DA S O 1 I AOIRAS o SR R R AR
eV B B Ay an gk 2 FraR, H% R 1760
kg/m?®, 3l i & % A2 A (MCR101) 1) £5 JH: A A4y A
T 37 SRS B0 n=0.4, B 24k K=443 Pa-s",
KIS 45 T8 BN 12 mm, AN
1 /s T30 5 P 0 390 455 1 R 2% 52 56 A B 6F
P 5, ) I, A SCBUE V53 5 5 T AR 52
50 v WL B ) B A HE R SR B 0 ik Rkt . 1 5(b)
R R E R O A B 0 ) g
REIG, T 7E L PR A KT & s LSk TR 7
o AR 2 0 AR AR b w AR SRR, BT DL AE
IR APEAEZEE SR, K 6 IR 8 ki
PR K KR T S B A, B x=10 mm Ak
TR EARKT L, THE 2R 5 S0 45 R R 2
INT 3%, BUE A B 45 R 50 a5 R &
U, FEWAS ST SR A 5125 0 R At P o ] e

B

l

T

B4 BRSSO A

Fig. 4 Schematic diagram of the horizontal pasty propellant extrusion experiment platform



2434 o= 3

% %38 %

®2 BEEHFH—BES
Table 2 General components of the pasty propellant
4y FKE BI85/ %
AP A 70.0
HTPB EERl 10.0
& Jm kL S B I 5.0
Hipts BLHR . BG4 15.0
0.010
0.005
g
= 0
—0.005

.010
0.045 0.050 0.055 0.060 0.065 0.070 0.075
x/m

(a) THAER

e

i
i

(b) SEHREER

K5 CEAHESERIE A B R R S S as R
Fig. 5 Calculated and experimental results of pasty propellant

extruded from the pipe

of —— it
~

y/mm
(=)

0 4 8 12 16 20 24
x/mm

6 TR R RS S AR AS

Fig. 6 Experimental and calculation results of the pasty

propellant extrusion state

HEAT, L 5 4 2 56 P 48R 7 L5 2R mT LA
i (G (378 23 UM, £0 0 RoR B IR UE R AR

P rb x i1y o350 s il ) AAR 1] A A o A HEE
M B B S, B AR A AL T 2R
B AR, I BLAE— B ), M ot 50 A BAR
i e 20 dme K AR, O T 0 M, A SO SCR R
FEFHK R L e, R

(8

&= —

d
A d AT EAR, dy, 9 R R B T A T
FR BRR A i R AR . B ARHEBE A RR IR BT H R
PR MBUL T F KK K B HLAE s KR BRI IR R R
A, [FIRE 22 50 K A S HIL ) 4 s g 0 R A
ARAL, DR A B A K A B AL B I A A6 B R
T PARHE R A B KOS

3 HEERESH

BHEHFINRNEEIT

B 745 W T o0 1008 B AR A 12 mm, AH
HEER 1.00 m/s) A5 T B AR HE 2 ) IE S
AE Iz sh ik #E v B B R TEE S 28k . R
TRl LUE Y, B PR R DL — o 0 AV E,
R T FRF 30T 7 A 208 700 1) 38 T 8 R B 0.002 s
B, B A A A 7] A 2R g AR LR R — S R AR,
ASCAE R T o 30 A gl 5 T B A A A ) A ) T
LB, A T RE T BT S AR R ¢=0.014 s i
ZE PRAE 45 T8 N 3l PR R T I 2R T
RERIE, I HAZW A 76 MR 00 19 J5 22 i 3 o
AR

31

22 I TR
2 o i—
= 0
0 0.02 0.04 0.06 0.08 0.10
x/m
(a) =0.002 s

y/m
g
[
S =
wn o

0 0.02 0.04
x/m

(b) =0.004 s

0.06 0.08 0.10

y/m
o2
SO
O —
(V. e}

0 0.02 0.04
x/m

() t=0.006 s

0.06 0.08 0.10

y/m
g
SO
S =
wn o

0 0.02 0.04
x/m

(d) =0.008 s

0.06 0.08 0.10



%1040

B S JET MAC J7vE B VR I R 500 45 8 i sh R 2435

2 o
= 0
0 0.02 0.04 0.06 0.08 0.10
x/m
(€) =0.010's
2 o —
= 0
0 0.02 0.04 0.06 0.08 0.10
x/m
(f) =0.012 s
¢ o
: 8
0 0.02 0.04 0.06 0.08 0.10
x/m
(2) =0.014's
2 o
= 0
0 0.02 0.04 0.06 0.08 0.10
x/m
(h) =0.032 s

P 7 B R BE A AN R 205 30 H
RIAAIELS
Fig. 7 Free surface morphology of the pasty propellant flowing

into the pipeline at different times

BRSNS A R S R AN 1A 8 R .
H ] 8 AL, B AR R B A T D S, A
FEIE AR TR L EROY, FREIE N ER KT
AR IEEAR, BRI IR R IS . M R R
T B AR I R B e KAB S, 33K 30 2 R 4 s 57 e
DA 7 1 T A5 b 22 [m) i 32 3, T 150 4 4 4 i )
IR DA T AR 20 ik K B e K E AR, e
e 2E ) (0 45 18 AP 2 3k B — e L R, T
RO S R 1 1197 N3 N T | I S
1 =0.060~0.064 s Fi /K .

22, I TR
2 o0
= 0
0 0.02 0.04 0.06 0.08 0.10
x/m
(a) =0.050 s
£ o
8
0 0.02 0.04 0.06 0.08 0.10
x/m
(b) =0.052 s
2 o0
= 0
0 0.02 0.04 0.06 0.08 0.10
Xx/m
(c) =0.054 s
2 o
8
0 0.02 0.04 0.06 0.08 0.10
x/m
(d) =0.056 s

£ 0.010
= 0.005

0 0.02 0.04 0.06 0.08 0.10
x/m
(e) =0.056 s
2 o0
\>\ .

0 0.02 0.04 0.06 0.08 0.10
x/m
(D) =0.058 s
£ oo
=

S

0.02 0.04 0.06 0.08 0.10
x/m
(g) =0.060 s

0.010
0.005

y/m
(=)

0.02 0.04 0.06 0.08 0.10
x/m
(h) =0.064 s

P8 B AR T SRS ] k220 L 3l
RIAIES
Fig. 8 Free surface morphology of the pasty propellant leaves

the pipeline at different times

3.2 BEHEHFNRINFEST

K945 T T8 10 544 T i 3 v AS [m] B %)
B URHEE T 0 F WLEE BE 4 A0 o B URHEE IR A
R, B YT AR AN, DA TE e 2RO A
B, WK 9(a) iR ; b i [a] O HERS , 5 IR HE
BT U AR B 1 PG B 2, R 9(b) TR, 7245 8
A B E A SR R B VR AR K, RWEG ]
W TE =0.014 s B, B (R 550 57 8 RS,
e E A AE S T F AL 9 200 B AR AR | T AE
AT T R U Rl R T I B RE T ) 2R R K
R B VR HEE ) A B D) AR AR, BT U ORI B
ERE T Y ) R, W R B DK A B
AORAS, WnlE 9Ce) s o 48 A 1 300 21 36 457
HR B, A TE A A AR R R Y B ) R O, 3R
R 5t U S ik /), T A 2R TR Ak Y R LA R R
X5 R R R A T Y BN ) ER 2R T Ak Y 2 LA
Iy A AR —F, E 9(d) . 9(e) i, BEE I
E) ) HERS , B IAHE T ) 300 1 45, R JRETH () 24
IR, B VA T 500 7 B U7 4 5 ek )N, 3ROV
% KT % P B RCRAS, nlE o) |
K 9(g) TR o

B10 25 T T 00 10 Z5 4 7 M4 1 5 78 4
TE PR A [R] Bsf 220 B il o] 38 BBE 43 AT o 6=0.002 s Fif %],
BRI B R S A N A RO B A 2E AN K
W A B R HE R R 2k i 3h, ZE VIR I AE R,



2436 o= 3

% %38 %

) 5 3T RE T D) N ) AR, B D) R, F
BB AR R R AL, VIR T, B Y
FAAR /N, SRR A AR A B A R 1
B o R A P S B W R R A, A
DA 25 AR A TR o, e R B PR AR S AR
2 FHHAL s MR S, AR B
—E MR R B R KME, W 9(d) s . & 11
45 T A [ B 200 37 7 b 2R A x T 1) A 3 A A
Wi A B[R] (8 HE S, A i 1 7 7 i e A 14 3 8
Wi 14 K38 B — AR E A 1.53 s, [m] I Al 2k ik
23 S A AL TG O R A A R A B A
TR RS R R A, T Ot B S R Ak
SEHE K, M — B A, SR F] 1.88 m/s, 4N
K 9(d) fiom .

BT T T T T T T 77 T 15
FfE/(Pas) 5 20 35 50 65 80 95

0.02

0.01
0

y/m

—-0.01

—-0.02

0.02 0.04

(=)

0.06
x/m
(a) t=0.002 s

0.10

0.02
0.01

y/m
o

—-0.01

—0.02

0.02 0.04

(=]

0.10
x/m
(b) t=0.008 s
0.02

0.01F

y/m
o

—0.01 ¢

70.02 PRI TSR R
0 0.02 0.04

0.06
x/m
(c) 1=0.014 s

0.08 0.10

0.02
0.01

y/m
=)

—0.01

70.02 PRI TSR N
0 0.02 0.04

0.06
x/m
(d) #=0.050 s

0.08 0.10

0.02
0.01

y/m
o

—0.01

—0.02
0

(e) t=0.052 s

0.02
0.01

y/m
=)

—0.01

—0.02

0.02 0.04

(=]

0.06

0.10
x/m
(f) =0.056 s

0.02
0.01

y/m
S

—0.01

—0.02

0.02 0.04

(=]

0.06

0.10
x/m
(g) t=0.060 s

B9 TOL 10 £ T AR 20 RS A
Fig. 9 Viscosity distribution of flow field under case 10

condition at different times

B 12 451 T =0.068 s B Z1 37 375 P9 A [ 37
Ayl g B i 2k . DI TR BT DU Y B AR A 2 7
TE 8 T8 N IR B A 8 TR A, B T A 3 2 /N T BY
PR ALK, FEOULRG BE BRI e Ak 57 13 328,
VIR 1858 /0N, 2 W3 B AR G 38 K e A k. il
JE A 2 3 v R T P 0 e TR 3 A R
He KGR BE IR F 1.55 m/so B (R HE 1 5RO o AT
W EE, BT UTER 2R, )N 1B N, RO R
BESE R, BRI 52 B AR A, R A T R e, S 5A
P KKK ER)G, SR S, 5E 0
DALY A B R A3 A 22 R AR K, B KGR 0.94
m/s, /N TS TE R B R . IO TR
WV A JE B KRB 5 R 1, B AR R I
G TH R T2 AR, T B0 AR

K13 25 M T 3 ARHE 2 7 AR 45 1 1 1 Ak i AR
o) R BE A o B R HESE SR A A L DA, PN )
B, BY YT R 3G KT ROUL R B R A B A R R
e T AT, YD T 32 e )N, B 1) R
JIN, FEULRE B R U K L TE 2 DR R o AR 2 ) B
15 i 09 I A8 RV R K A YD I 7, B A 4 )



4510 1

B S JET MAC J7vE B VR I R 500 45 8 i sh R 2437

!

HEF/(ms) 03 01 05 09 13 17
0.02

0.01

—_

1
0 0.02 0.04 0.06 0.08 0.10
x/m

(a) t=0.002 s

—_

1 1
0 0.02 0.04 0.06 0.08 0.10
x/m

(b) 1=0.032's

y/m
Lol
o o o o
f=] (=) (=) (=3
[\S) —_ (=] —_ [\
B aaan
W

—_

0 0.02 0.04 0.06 0.08 0.10
x/m

(c) 1=0.050 s

—_

0 0.02 0.04 0.06 0.08 0.10

x/m
(d) t=0.068 s

B 10 28 10 ARG x I 1 A
Fig. 10 x-velocity distribution of flow field under

case 10 condition
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Fig. 11 x-direction velocity distribution on the axis at different

times under case 10
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Fig. 13 Radial velocity of the pasty propellant at the
outlet of the pipe
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Table 3 Calculation results of case 1 to case 5

To  wy/(m/s)  dy/mm  Ap/kPa g S/mm?

1 0.50 6.362 228.16 1.060  167.38
2 0.75 6.378 273.75 1.063 167.83
3 1.00 6.396 306.20 1.066  168.35
4 1.25 6.408 334.06 1.068  168.69
5 1.50 6.414 358.15 1.069  168.86
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inlet velocities
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Fig. 15 Pressure variation curve in the pipe under case 6
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Table 4 Calculation results of case 6 to case 10

T8 d/mm d,/mm Ap/kPa P S/mm?
4.000 4.268 730.67 1.067 98.05

6.000 6.396 306.20 1.066 168.35

8 8.000 8.520 164.55 1.065 252.73

9 10.00 10.640 102.88 1.064 351.10

10 12.00 12.756 70.56 1.063 463.40
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