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Mechanical erosion characteristics of carbon-based nozzle

in solid rocket motor
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Abstract: Based on two-phase flow theory and empirical formula, a two-dimensional ax-
isymmetric carbon-based nozzle model was established to investigate the mechanical erosion
characteristics, with consideration of evaporation and reaction of droplets. Results obtained
from computations with distributions of droplets trajectories and mechanical erosion were de-
scribed for the 15-1b BATES engine nozzle. The effects of Al mass fraction of propellant and
chamber pressure on mechanical erosion were investigated. Results show that the calculated
result of maximum mechanical erosion rate is 55um/s, which falls within the range of experi-
mental results. Al/Al; O; mixed droplet is the main factor of the mechanical erosion, Al
droplets cannot hit the nozzle wall due to rapid evaporation and oxidation. The erosion oc-
curs in the nozzle convergent section, with the peak located upstream the throat, while no
mechanical erosion exists in throat and expand zone. The increasement of Al mass fraction
shows no significant regularity effect on the mechanical erosion rate. The erosion rate has a

superlinear relationship with the chamber pressure.
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Table 1 Parameters for the empirical formula of

mechanical erosion rate

S BE E 2 v ¢IEN
¢/ (kJ/kg) 215.7 K/(m/s) 0
e/ (kJ/kg) 95 n 4.3

1.2 YEER

AR AL Sy 15-1b BATES & il A1
S|WE . RS PLT e Y AP/AL/HTPB, 24
A -0 TR A B FE A S R 1 1 TR, R Sh AL
K2 0.53m. 2NN 0. 117 m, 25K 4 N
0.3m.

0.3048

$0.178

B 1 15-1b BATES & 3hfL45 4 faf B (AL . m)
Fig. 1 Schematic of the 15-1b BATES engine

geometry (unit:m)

T DX RS ] 73 DL BT 2, 2% 1 ) LA &
ey A 370 14 0 B SR T A b X R R A )
WA XS P 20T B TR ) A AT 3 2 A o . DL R
i U T SRRG B2 30 5 A () 0 A B A% 4 R 0 TR
56 A A GF EE L B UE 145 2R B ROAS JCOGPE. T2y
HE KR8 AN 2 0 24 1 45 A4 JE 5L 2R A Y 3 3 1
A 32 By » 100 A SC T AR B 58 W0 A7 2 T S B



%3 HOMTRE T ACK T R S AURRIE AR LA AR T R 759

0.10
£ 005

0

005 0l 035 045 055

x/m

2 15-1b BATES % shBUBHE 155 9 £l
Fig. 2 Computational grid for 15-1b BATES

engine nozzle

THT AL 2 e LA PR O A 3 R v AN 2 24 A B T

BB OUOT R TSR A S S IR T RS
e

V245 48 V96 i 1AL R0 Ty BT A S T N R
AL K3 — B4R 50 pm; Al/AL O, JRA WK A
12 (D) R % BOE 5 43 A LA #9058 100 pm,
Xt EbR il 22k 0. 28 AR /(D) i &
3 7R,

2rr

»

S (D)%

0.7 F

1 | 1 |
0 50 100 150 200 250
D /um

B3 Al/AL O, IR -E B0 EAR 53 i 55 i
Fig. 3 Probability density of Al/Al, O, mixed droplets

diameter distribution

2 FERKSH

2.1 HiEHIT

B 4Ca) JB7R T AL B UK B B A o3 A 1
D N2 REK 100 BT 2 ) > AL 80T A TR 2% K
A AL TEWGR R A b - Fe Ak S AL O, .
B B 0T LUA S AL RGBS TR IR
PR DD 5 B AT K s AT A P AT AL P A
AT AR /N0 53 T LASE ol 76 WSS BE - 20 R 20 YT
PN BE T T il b 0 WA RE TG S SR . HL el T
A AN W /N R T J3E A o AL JRCTTE Xo B A BIL B 1 e
(9 STk AR /.

Bl 4(b) 2y Al/AL O, IR & W AR S 1) |
A A RV IR . 24 R T S T R 90T K R 0 5 K B

BL Sk 8 2 AR Rl At /NS 23 S MR TR S R 2 1 Al
LR BT AR IR p R B B 2 X B 5 254
i S AL ) 91 28 0o 7 4 T 3 ok e 4R ol A AT S
B i) i A8 s 25 B 1 ) — 8 2> AL/AL O, 1R B W
i 22T L -5 AR A IO 4 S ik S X e Al
{8, 2 LR AR ks 75 — 882> AL/AL O; TR 5 W
TE— 7 f1BE A 5% i B0 P Al 2 AR A
UL X388 R A5 AT ] B TG A A 4R A

I T T 1T 17 T 1T e
D/um 0 7.5 150 225 300 375 450

0.10
[ IR T | .II\/ll

£ 0,05
s,
0.05 0.15 0.25 0.35 0.45 0.55
x/m

(a) AL

] [ D Enaeet SN
D/um 506 728 949 117 139 161 184

010

E Y
":;‘0.0:) _-

- - el ]
0.05 0.15 0.25 0.35 0.45 0.55
x/m

(b) AVALO, I A it

B4 Al/ALO; IB5 WRBLk & B4R oA
Fig. 4 Trajectories and diameter distribution of

Al/Al, Oy mixed droplets

H T AL/AL O, R G W0 i 1582 A L w4
M 758 A9 5k Bt BT R R A JCORE T IX R 1)
R - AN X W S R 5K B A LA AR o A
A S S T A JC IR WS e T L A B
B0 (Ma) 5315 h T 007 38 8 1) 3 i o A R
DX 3 b B AR . B AR /N A YRR TR /)

160 -

»
———— Ma. with droplets
——a—— Ma. without droplets

40

0 0.01

| N T M T | Lo by
0.02 0.03 0.04
¥m

B 5 WA e Al/AL O 1RG0 B4 2 k5o A
Fig. 5 Al/Al,O; mixed droplets diameter and Mach

number distribution at the outlet



760 o = 3

%31 %

53 B TAH L 3 0 PR 1 6 0 4
i R L2 R K 0 5
R FOBURL S LT 5 L R B T O K
I,
22 HUHBBERS

WAL 6 o1 L L b 15 kS o A
LB A 0 X 52 1 W0 58 40 B e
e S B R G W S 541 LB £ B 2 .
R 16760 55 30t BV E T 35— A5, AR 7
BRGS0 21 SR B LIRBE S I bR R B
R AT [y 0~88. 9 /7 AR SCH FEA Y
A BB £k 3 g 55 /s 7 55 B0 45 SR T 18
2.

60 020 490
- F:’ .

s0f ¢ —o— Hit number 1
z - i w—e—-—-Impact velocity —0.15 z
i 40 Nozzle contour (y) - 60 §
5 30F 4o0E ] £
: | 2
E 20 ] —BUé
= 11 0.05 =

0k 3 Felboaaal a-bolala 1 0 Y]

0315 0403 0447 0491 0535

x/m
B 6 VT 5 RE TET I Al 4 S B R ML AR
Fig. 6 Impact parameters and mechanical erosion

rate between droplets and wall

H AT 6 )R A A AR P 300 K0 H T A
2L MU W oA B 1 A I S A AE BB A
AR 3 2 PR DA 24 4 I i T R TR ) 0T T
R KA T 0 VE D et B AR S A T BE T 5 5
2 A WAk T 0 b U 32y 24 R O TR
(1 00 TR (LA T 100 A2 R 114 R RE R e
HBtit 2 & 01 B AE R [ e sE . — ok 3t B
A /N BRI AR S BB TS Tl 4 R
IR+ DAL DM R 45 3 B2 e DR ) A7 5 R e A Al A

BH A EIFAE S, X d ) ) rJnL AL
AR AR ot 25 2 YR o I R L L R 4 2 RO 4
3 RRR TR AL AR 122 et 23R 14 i K (L ) B AE BE 17 19
P EALT BRI R R EZ ).

V7SS 1 900 R A 5k S e JFLk 1) A D) 1)
it TR AL AR O 18] s o B VT E A 3 P R
Bt I [A] AH , JFG 55 ORH 4 20 1) Bl D o 5 i
FEG3 » PR AS WA L 325 1] il $5 3o 2 R LD f) Al 45 5
JIE 24 2 B O A B AR RS i B v, Y 1) RIE AR
R I RT3 1) il AR TR R Al A R Y T
. AL RURE L AS B g BRI T TR
{1 X B TR P LD B R 0 i . e 3 B A A R R
S LG a5t (A B 3 39 R IR 2l BT P i A4
HIE 8 BT BL 42

100 B Nozzle contour ( )

———— Normal impact velocity
———— Tangential impact velocity

80 - ——=—— Impact velocity -H0.15

60 -

0.10E
40

20_‘ Z \)\]\

W

0 o o EL N -_L=== 0
0310 0325 0340 0355 0370 0385 0400
x/m

V7 R S A BE THT RIf 4 5 B A

Fig. 7 Velocity components of impact velocity between

Impact velocity/(m/s)

—0.05

droplets and nozzle wall

2.3 Al RESHXHMAE B R

Xf 15-1b BATES % gl HILA 8] #E 2k 57 26 53 1)
FRA TCOC S AT RS R A HE R R LR R
ALy ot o3 B SR i R L AR 2. R pes
T o390 K e 3 s s AN B2 .l T4 LA AR <
IRt JBE R 26 8 R S O (SR B SR I Ol R X
A 3580 K.

®2 BEHOLEREE.SHEHASRESHERERERE

Table 2 Pressure, temperature, gas-phase mass fraction and mass flow rate of droplets at nozzle inlet

Weo weo, WiCl Wy, Wi, 0 WN, WAL, 0,

ma/ (kg/s)

7'.71/\1203 /(kg/s) p./MPa T./K wWa

0.175 0.040 0.240 0.02 0.145 0.1 0. 28
0.200 0.015 0.195 0.02 0.070 0.1 0. 40

0.200 0.005 0.190 0.02 0.025 0.1 0. 46

0.018 0.159 6.9 3580 0.15
0.026 0.227 6.9 3715 0.21
0.030 0. 261 6.9 3745 0.27
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