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Pressure-bearing and fracture behaviors of metal diaphragms
in a small double-pulse engine

XU Ming', FENG Feng', CAO Qinliu', DANG Jiantao®
(1. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, Jiangsu, China,
2. Seventh Institute, China Aerospace Science and Technology, Chengdu 610100, Sichuan, China)

Abstract: In order to obtain the suitable structure of the metal diaphragm in the double-pulse engine compartment, this study
used the Johnson-Cook material damage model to numerically simulate the pressure-bearing and rupture process of metal
diaphragms of different specifications. The results determined the metal diaphragm of a certain specification to meet the design
requirements. A set of two-way pressure measuring device was designed to study the pressure-bearing and rupture behaviors of
the metal diaphragm. The results show that the metal diaphragm has no structural rupture during one-pulse operation. During
the two-pulse operation, the metal diaphragm breaks along the pre-cut and no metal fragments are detached. The pressure-
bearing and rupture behavior can meet the working requirements in the engine. The results obtained by numerical simulation
are in good agreement with the experiment data, which shows that it is feasible to use the numerical simulation method to study
the bearing and cracking of metal diaphragm. Furthermore, simulation study shows that as the diameter increases with the
thickness-diameter ratio of the metal diaphragm kept constant, the pressure required for the rupture increases at first and then

decreases, and then it increases again.
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(a) Cross groove surface (b) Smooth surface
K1 aEEr K2 mE i = 4eais
Fig. 1 Metal diaphragm Fig.2 Three-dimensional structure of metal diaphragm
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(a) Front of model (b) Back of model (a) Cross groove surface (b) Smooth surface
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Fig. 3 Pressure calculation model of metal diaphragm Fig. 4 Rupture calculation model of metal diaphragm
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x1 ERERMXERNSY

Table 1 Parameters of metal diaphragm and support frame

HBAL g ¥/ (kg'm™) MR L/GPa HEL/N A BLhissE/MPa T2 iy A
SRR 2A188 454 2770 71.7 0.33 405 0.080
SR 30CrMnSiA 7 850 196.0 0.30 1080 0.057

13 HEERSR
HRE XUk b & S AL BT 2K, AR SCrihseat 1T A LR B9 6 R I A, W3 2. R B34 Johnson-
Cook 1o Ui R 7Y, Xof < Ja R 7 o A L 0 28t 7 R AT A ELASEALL, 453 1) DU o LS < J JIEE A 80 (R 4L 25
RER 3, R R D RR R SBERBCRTT & 2K .
*2 &RBRERR
Table 2 Metal diaphragm size

[ R EAR JBE L/ TFAIR TFRIRAE a4~ B AR PR ATL ZVRIA )

L mm mm R /mm A3 FE /mm RPE /mm JEJE /mm /)
A 28 1.5 1.0 0.5 0.7 0.8 60
B 28 1.0 0.5 0.5 0.2 0.8 60
C 28 0.8 0.4 0.4 0.2 0.6 60
D 28 0.7 0.5 0.2 0.3 0.4 60

*3 sRERESHNTEN
Table 3 Structural integrity of the metal diaphragm

i IR e
A AR, HATIEA B
B AR, HATIEA B
¢ A3, AR 1, (R AR AN
D A3, AR WL, FTITIRLBE I I 2R

131 AREidf

24 4 R A S AR AT — Ik o A T SR AR PR, < Jo MR R S 3R] I ) — Bk v D e kA Bl 1)
AL . MR BETHEOR, — ko AR 50 MPa. <53 @ 58 J PRl A7 i) 2098, HORERBE I BRA% . B,
FH S DR < s B A B[R] R 52— Ik T T o, (8 46 Jad 9 59 0 (S T AR B Dl /D o 7R R AR ADL 0 A 5 22
g, R R R AR — ko A P s el T S5 S8 BV T BB o BUER AT Y < e R I AR
A TEL, ANEL 5 BTz o <2 Je B R T 220 9 Ak g 17 A WD A L A 3 A7 4 778 /0, 38 B S 4 20 4 s i R S [
AR TR A — kb B R o R T BN 3, AR 6 s o fEARRCIREST, BRI BT 2 M 15
FEHTHISR EEAR LE, R TOA AR 25
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12.37
0

(a) Strain of cross groove surface (b) Strain of smooth surface

5 RITARAET S R AR

Fig. 5 Strain of metal diaphragm under pressure

o/MPa

468.8
393.5
318.3
243.1
167.9

92.6

17.4

(a) Stress of cross groove surface (b) Stress of smooth surface

6 RIRET & m AR

Fig. 6 Stress of metal diaphragm under pressure

IR RV AR AR 5 SO AR R S A A S G i 2, O 54 0.074 21 30 1K B W RN A £=0.081Y,
JT LG o R A 45 R S BE PR R A5 58 M8 ol BT SR A SR AN AR I3 AT, AP 7 B o fESCHEER b,
A SR N )7 B R RO R AR SR AN B AR ) O O B, 5 SEBR S DU o SO RO 0.021, B
AL LB BN AR £=0.0571, AN gx ke A Wi i o X RE, e gl — Bk IE AR . BB SO AR N
ARGy A, WA 8 BTN o AEARTOIRZS R, SRR 32 19 1 1 A AR > — 873 B S AR A ST ho B, (HAR

SR SR IEH A

(a) Front of model (b) Back of model
K7 IR T SRR AR

Fig. 7 Strain of support frame under pressure
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(a) Front of model (b) Back of model
K8 RJARE T SRR

Fig. 8 Stress of support frame under pressure

132 #EIAE

FII A1 Johnson-Cook i {5155 Y, A5 H01 43 J < L i) 209 A I 4 ok 7 . 7 kb T80T, Bl BRBE P 1Y
JE i G, < J N5 R I i e AR TR AR, LI 2R Ak 1 2 R R 0 22 < e O Ao TR 2R
A 14 13788 5 B W BN AR =008 I, il i) 2 S A7 B T At B E, WEAE BAR 2 e 3, St ke Ak 1Y
HEUGEY R, HRREA S8 B A O A B AN LT IR AL 2L, BRI R KR ERE T . &)
B B DA 3 A ) 2 722 43 A Al 9~ 11 B

e/1073 a/MPa
121.9 603.3
101.6 506.8

81.3 410.2
61.0 313.7
40.6 217.1
20.3 120.6

0 24.0

(a) Strain (b) Stress

P19 0.021 ms B HI ) IR L
Fig. 9 Crack just appeared at 0.021 ms

(a) Strain (b) Stress

10 0.027 ms fif v ] @ LR TS
Fig. 10 Intermediate rupture state at 0.027 ms
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e/1073
2409.0
2 008.0
1606.0
1205.0

803.1
401.6

(a) Strain

o/MPa
1094.0
912.0
730.0
548.0
366.0
184.0

(b) Stress

Bl 11 0.038 5 ms B 2445 AR A
Fig. 11 Rupture end state 0.038 5 ms
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JELET5 1 AR AR, Ry R ST R T R R A5 005, PR e R TEAR BRI AN 2 R AR AR . X BB,

ARSCHT BT I B IR A AN 2 A Bk iE AR

2 SCIHTOIE

2.1 X/

STES AR BE R = AN 12 Fros, R A P R
K 2T TR AL K, R SR AR
IIME GG 5, BN 7 B EAR A Ak 2
T AT b £ B 8 AR AR A
22 LHERE

D258 P TR 55 . SRS SRR
JRE [ E T S5 S B, I A
PR A& 13 firR o R (4R I A R
A1) K FH 30CrMnSiA (S 4 45NN, BER %
TR R, IR ke B A H

I 25 P A R 25 S — Bk . Rk
h S K R i SO PEARAE ] R ) i R R 4
0SB — ik b 4 i RS R R e kb & R B R
T 5 5 MR e B DA A R A
23 LWHER

XF 4 JE I R D) S 25 AT TR A T
i A FE 75 IR I SR R e D R SR Y AR Ak

Image processing
computer

Pressure detector

K12 st

Fig. 12 Experimental device

Front cover Support base Pressure measuring chamber

L E

%
-

{ /

Metal diaphragm Fixed propellant board Rear cover
P13 ke A A

Fig. 13 Pressure measuring device

Mo XA BEER D 4y AT 5 IR ESE S . S WY RS0 Ss . — kop TR, 4 I R R R s e o i
L nE 14 FER .

PROF R 8 i 2 — B A A, &) B 7R A2 RS 4350 50, 51, 55, 45, 46 MPa, —fik il TAERT, 4
o S T SR A o R AN L 15 B o W R TR i R R — B R, 4 R R B S IR SR A B 6.1, 5.3
6.3, 5.0, 5.2 MPa.

— Jik b TAERE, 428 5 D AR RS20 45 S0 8 16 B, 16 W 2R kb & A= R i A AR . %)
RIS AL AT S PR S, i LA — ko TAERS, &8 R D RB7KZ 50 MPa JE5& i) it
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Test 1

Pressure/MPa
(%)
(=}
Pressure/MPa

0 pr | L W L i L L L
0 0.2 0.4 0.6 0.8 1.0 0 0.2 0.4 0.6 0.8 1.0

Time/s . Time/s
Kl 14 RS Y R K15 WS i o
Fig. 14 Pressure curves of pressure tests Fig. 15 Pressure curves of crack tests

16 RIEIH ) &8I A D 17 WERIRIFH SRR D
Fig. 16 Metal diaphragm D after pressure test Fig. 17 Metal diaphragm D after crack test

Tk AR, 4 JE AR A D B SIS R AN A 17 R, )R IR D B R AR B AT A TUIROR
G JE R L A A B 209, N R s SRR . R IER D R IR B 2R AT IR R AN NMERHE AR, A
AT m AR SORIHE L, B 1k sh LR BE % sy ad Ok, 25 A shLIE 3 TARSR B T — % B RIIE

EJRIEA D RS EE RS BUE AT R A R EEAAAT, BARALE T SRR D W 2 UK & s bl
BTt oK Rl AR A SO BB A B — e il ATk

R HTRE R BN L Z AL A 5 08 4 i IR i Ak 9 i R R e I &R, e B ERH R S R Bl
—UEIRIE . R PR (e 2R R AL, G A S A < R A SR A R A — R R LR TR
BRI A5 R o SR B0 IEAS B A9 45 R A2 BT 2R, U TR UL /e BT 25 R ILEE PR 3R T 34 i 45
SRAR R AR BT R Y, DY IR DR A R AU 2 SR M ]

3 eRIRAHWAMNE

B TR A AL SE IS v AL, &R A D ARGk . &R MR D MJEAE L 0.7 mm/28 mm=
0.025, 1 FZIIRE b A R FE FE 0.2 mm/0.7 mm=0.286, PUA™ [ 9 AL i A 20U H 0.4 mm/0.7 mm=0.571, H;
BT AE B0 B R 4 T A0 A FE ) 12.5 mm/14.0 mm=0.89, i BRI FERY L), it T — R4 )R
JEE Py 254, N3 4 Fos . R, WA R IHER A BRSO Y R

I AR SCH A5 0 BB AR AB s, 448K I o KUk v 6144 i e stbIL 1 A8 B4 398 K 4 T8 i v e e 1 o
ZVIRE A M B SN JUT e S o ) R, R A 1 S ek ST 5 R RS 4 i T A il S ) U i ) R R A I Y
AT LA, FRAN R RS 1) 4 T BBy () 2 B T 75 2 iR A R AR A 38 S, B ST R A 1 Bk
iR SHLAY 4 B R 2 2 AR
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x4 GREREH
Table 4 Metal diaphragm parameters

R ER BREE TFZER PEZURAN IAREIRZER B 2R RERZREER S R

S mm mm HE/mm  ARUEE/mm R /mm JEJE /mm FEE/(°) L RS /mm i FE58/MPa
D1 36 0.9 0.65 0.25 0.39 0.51 60 16.20 5.5

D2 44 1.1 0.75 0.35 0.47 0.63 60 19.58 6.8

D3 52 1.3 0.93 0.37 0.55 0.75 60 23.14 8.0

D4 60 1.5 1.07 0.43 0.64 0.86 60 26.70 9.4

D5 76 1.9 1.36 0.54 0.82 1.08 60 33.82 6.5

D6 92 23 1.64 0.66 1.00 1.30 60 40.95 7.5

D7 108 2.7 1.93 0.77 1.16 1.54 60 48.06 8.4

D8 124 3.1 2.21 0.89 1.33 1.77 60 55.18 9.4

D9 160 4.0 2.86 1.14 1.72 2.28 60 71.20 11.2

F| H Johnson-Cook #4 Rl A 7 Xt 3¢ 4 vh () 45 @ B R A5 A R A7 i S BB AR UL, 75 3 AS ) RF 1) 4
Ja JE 7 77 A LS A A 2 IR, G 18 BT o B 18 T, Ar SR 4 JE IR R e 2R AT BV FH R g 728 ik 5] by 24
M AE £=0.08 B 7= A= S48 st [a] .

(a) Metal diaphragm D1, A=0.275 ms (b) Metal diaphragm D2, A7z =0.330 ms (¢) Metal diaphragm D3, A=0.200 ms

&/1073 £/1072

192.8 138.3
160.7 1153
128.5 922
96.4 69.2
64.3 46.1
32.1 23.1
0 0

(d) Metal diaphragm D4, At=0.235 ms (e) Metal diaphragm D5, A=0.130 ms (f) Metal diaphragm D6, Ar=0.150 ms

£/1073 /1073

(g) Metal diaphragm D7, At=0.140 ms (h) Metal diaphragm D8, Ar=0.145 ms (i) Metal diaphragm D9, A=0.160 ms
18 AR RS Y 4 I R D 7R 7™ A= B4 4 B

Fig. 18 Strain clouds of different metal diaphragm D when cracks occur
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1 Step BLHL H Time period B4 0.001 s, 75 Ja i 7468 50t in 2 1k iy, mI AR 016 5 Je M A )™ A 2R
LU Step time FET SR AT, WA 4.

MR 4 b B BE U515 B 4 a5 B9 AR | JEEEE R AR SR TR R B G R, A 19 BT o
JEAR L 0.025 I, < Ja [ 7= A 2RI 114 F 5 ) R SRR A T o

12

by
o

| —=— Thickness of metal diaphragm

111

| —e— Pressure when cracks occur

w
W

110

g
=
T

— N
n o
T T

Pressure when cracks occur/MPa

—_
=]
T

Thickness of metal diaphragm/mm
)
W

¢
D

A A A A A A L g
40 60 80 100 120 140 160
Diameter of metal diaphragm/mm

K19 @JmE A DR EAR, JR A" A A 3R A L5 56 R

Fig. 19 Fitting relationships between diameter and thickness of metal diaphragm D and pressure when cracks occur
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