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a. photograph of INSTRON VHS 160/100-20 test apparatus
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b. uniaxial tensile specimen
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Fig.1 Test apparatus and sample
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Fig.2 SEM images of the tensile fracture surfaces for NEPE

propellant at various strain rates
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b. stress-strain curves at different strain rates (233 K)
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Fig.3 Stress-strain curves of the uniaxial tensile test for NEPE

propellant at various temperatures and strain rates
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Fig.4 Constitutive model prediction results compared with
test data
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Table 1 Constitutive model parameters

parameter value parameter value
Mo 0.15 H, / MPa 4
f 0.01 e, 1.0
Po 0.715 n 0.3
PN 0.315 R, 5.0
Sy 0.2 m 0
EN 0.8 o,/ MPa 5
k, 1E10 ENES 1.0
k, 0.912 A 0.1
k, 1.5 B 7.5
k, 0.5 p 10
k, 1 q 1.0
k 0.6

Note: £, p,, py» Sy» €, are parameters of damage evolution. H, €., n, R,

m, o,, &,, A, B, p, qare parameters of viscous response.
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Fig.5 Flow chart of contracting cross-scale method
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Fig.6 Finite element mesh of the solid rocket motor
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Table 2 Material performance parameters'®*’

structure density Young's modulus . . thermal conductivity /  specific heat thermal expansion
5 poisson’s ratio 4 4 . 4

components /t-mm / MPa mW:(mm-K) /mJ-(t-K) coefficient / K

case 7.81x107° 206840 0.31 46.88 531.72x10° 0.11x107*

liner 1.1x107° 0.8 0.495 0.25 1.7x10° 1x107

grain 1.75%107° - - 0.51 1.25%10° 1.43x107*

223 HEEGSBREH

AR 4 2 4 AR BRI B 331 KL, 4215 h
LAV H B 293 KRR 9 h, & & shHLIKHR A5 K T
Vi B 5 (R IR 3007, 8 4 h e M HIBIRIE 233 K, J5 iF
1720 hRi . BFEIRATEA 2 do i KBRS R
X fof 75 KW —40 CEFR B 0.05 s & P K % 5 MPa.
X R 3 B AT A R E AR E NN TR
JIBBBE AN 8 FL A T Ak R A A AR A

R4l %2 2h AL 25 44 F Bt L i F &1 6 vp T 2 3K 19 3]
RN A S AIL I 2 A R R i i Bkl B Ak . 42 AR
A S 0 R AT 5E 4 [ E 2 oK, Xk 1E R /R JE A2 L HE BE
/et CHT G 82 /4 JE FE AR B i 1 ) /4 JE oe iR
F14) 22 fish SR JFH RS 245 2 ik 2% 17

E
(ave: 75%)

+4.5366-02
+3.018e-02

a. strain distribution

7R - R AT 2 A B AR

2.3 HHEEMEHSHT

K AR AL AT 25 B0 25 40 53 BT I, 75 [ 4k 1%
Tk ARG U 0N R B A T VR T 285 1 1 1 A2 37 43
AfE LN E 7a fis . m B 7a BT 0L R & sh AR B
B Aar AP 207 S AE T 2 R AR KSR A AR
21.23% , 2k 3 K Von Mises 2524 % 71 7 1.209 MPa,
B 7b g5 TGRS K T80T i 1 ) PN L % T R AR T
By A8 Ak, 6 WY IR RE 2 AT RN R B - R IR S 2 f R Y
Von Mises %5 &5 7 14 RN AR H5e K B3R A Y947 T 25
FE N R T LA

&l 8a 4y 1 T RVET 48 %5010 A8 B B 18] 1 28 £k o DA
8a Al LU th, W B B 25 M 77 A — 2 1 T AR
BUHE SR N AR, R 107°s™ . TER IS 1Y a5 K Tt

0.28
0.24}
0.20
016
012}
0.081
0.04
0.00

cool down
cool down and ignition pressurization

strain

200 400 600 800 1000 1200
axial location / mm

ol

b. variation curves of inner hole surface strain along L1 line

Fig.7 Strain of grain under combined temperature-internal pressure loading
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Fig.8 Strain vs. time curves of different RVEs
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Fig.9 Particle packing model of NEPE propellant
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Table 3 Mechanical properties of meso-components'*”’
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Table 4 Interface mechanical model parameters

K T ) E

max f m

load condition 4
/ MPa-mm / MPa / mm / MPa

cool down 400 0.45 0.1 0.9

ignition pressurization 400 1.10 0.35 7.5

property AP equivalent matrix
Young's modulus / MPa 32450 -
poisson’s ratio 0.14 0.49
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Note: K is the interface stiffness. T, is the interface strength. §, is the com-

plete failure displacement. E_ is the equivalent matrix modulus.
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Fig.10 RVE1 macro-mesoscopic stress-strain curve
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Cross-scale Analysis of Low Temperature Ignition Cracking Failure of Solid Rocket Motor Grain

WANG Gui-jun', ZHOU Tao’, WU Yan-qging', HOU Xiao’, HUANG Feng-lei'

(1. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China; 2. Xi'an Aerospace Chemical
Propulsion Co., Lid., the Fourth Academy of CASC, Shaanxi Xi'an 710025, China; 3. School of Aerospace Engineering, Beijing Institute of Technology ,
Beijing 100081, China)

Abstract: To accurately predict the cracking of propellant grain during ignition at low temperatures, a cross-scale analysis meth-
od coupled with global-local unidirectional contracting was proposed. For Nitrate Ester Plasticized Polyether (NEPE) propellant,
uniaxial tensile tests at low temperature and intermediate strain rate were carried out, and the typical failure modes of the propel-
lant were obtained. The results show that the ignition of solid rocket motor grain at low temperature can be analyzed successfully
with macroscope method based on the developed nonlinear viscoelastic constitutive model, and the location of the dangerous
point for propellant grain was obtained. Meanwhile, a mesoscopic particle filling model considering the particle-matrix interfa-
cial debonding and particle fracture was established, and the analysis results on a macro scale were applied to the corresponding
mesoscopic representative volume element (RVE). Finally, based on the established mesoscopic failure criteria of the propel-
lant, it is shown that the structural integrity of the propellant grain meets the requirements under low-temperature ignition condi-
tions. Furthermore, the proposed contracting cross-scale analysis method can be used as an effective method to predict the crack-
ing behaviors of the propellant grain during ignition at low temperature.

Key words: Nitrate Ester Plasticized Polyether (NEPE) propellant; low-temperature ignition; cross-scale analysis; particle-matrix
interfacial debonding;grain cracking
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