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Fig.1 Schematic diagram of the experimental setup
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Table 1 Raw materials of NSS
name specifications
nylon 6 CM1017

carbon fiber 7 wm in diameter

phosphorus particle

|2 NSSHIEEAMERE
Table 2 Properties of NSS

p./ MPa p,/ Q-cm A/ wem K™

15.02 4.72x10" 0.57

Note: 1) p_is compressive strength. 2) p is volume resistivity. 3) A is ther-

mal conductivity
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Table 3 Maximum explosion pressures in cylinders

p/kg-m™ 0] Pinax | MPa
1 0.744
0 1.5 0.956
2 0.567
1 0.664
21.9 1.5 0.706
2 0.509
1 0.573
38.7 1.5 0.631
2 0.451
1 0.519
45.1 1.5 0.592
2 0.357
Note: 1) @ is equivalence ratio of propane-air mixture, p, . is maximum

explosion pressures.
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Table 4 Average flame velocities in cylinders

p/kg-m™ @ S, ./ mes!

1.72
5 2.54
0.71

12.41
.5 12.74
0.81

.5 13.24
3.26

11.9
5 11.58

1
1
2
1
1
2
1 15.96
1
2
1
1
2 1.77

Note: S, , is flame velocity.

B 7 #rid K, T NSS 5 K 0é 2 18] /Y A B AE
FH K da B T AR R AR 5 R 7 AR I I L, Y R L
1S B AN ) NSS S5 R B R TN KA R B
TOUmE IR B4 R ER ok g o B B, OF B
NSS B 75 5 F R 55, 0 2R o R 0 {H 5 7 8 =2 1)
e KR BE 25 BRI, L PN R R i AR S . R R 2
IF, H T P N JEE R BOH AR E AR R i

N XK 2021 4% $ 294 %9 (840-847)



844

KUK B R, T e sk R AL, s AE ik %

AN TR NSS 31 78 % B T, NSS XF M B 42 1 7 4%
L P K 2R ity B R AR IR . OhP AR I 5e 45 1
BT 0 A S R S AR R R BRI OE R
J7 00 KK TR TR R T BE A RE R ) R R R KA B T
B AR it TR S 2 R SRR AR ) S O K M
T, RE 7R RLAE B, NSS X KM 1L 4% A A TR
B 52 ), T LA JE T8 NSS J& BT Y KO0 2 it 5 B A i B
TS T B 1Y R
M52, KA NSSHLFE % R, KA
feiE s Eg K 8 i . MR 8 ] LLE i, 78 ]
[l NSS 3 78 %5 B~ , i T 608 8178 5 R 81 78 NSS X
B N A 1 AN A, TR 2 43 3 AR NSS Ab

KO R RK R B B K T Lk 4 R M TR NSS Ak
NG B KRR TR I KOk S Az 3 2 ) Y B A
R be 7= W I K 0 R 7 M L R 1 1.5, NSS
R 21.9 kgem T EF I L 1.01.5.2, NSS
HFE % N 38.7 kg - m7iF, BT I T2 BE 25 R ok
Y, W 8 ik R . M ol 2, NSS S R R
21.9 kg-m7 B, KO 2 IF F1 8 G AT T P L 3R A%
&, JF HONSS BT a8 [N R RE 52 Wi KA G 45 BT
DL P9 A T 1 B IR KM o NSS SR % N
45.1 kg m7 B, A Y a5 HN BN E AT T R
G R I I AL B 3 TR R Ra e, NSS Xt U 1 3 3
YER B/ o

60
E—— 40¢ 12 ——=2
= 501 = 35} T
© © » 1.1
E w! E 301 E o
= = 251 = 0.9
[&] [&] (&7 .
§ 30F § 20} § 0.8 AJV\W L
2 0} 2 15§ =
e eyl e | W\
s 101 s S 06r ° 1L
ol o 05 L
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 4 20 40 60 80 100 120 140 160
position / mm position / mm position / mm
a. p=219kg-m™
40r 30t | ——a=15] of =
fw [ 7’(/) 7(/) 8,
g ¥ £ 2% £l
= 30 = 20 2z ol t
Q (5} (=} 6
o 257 o o
e 2 15 e 5
s 0 2 s o \J\
%15- % » % 3[ \N\/‘v‘\[ \,L/ ﬂ 1 L
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160
position / mm position / mm position / mm
b. p=38.7 kg-m™’
35 ‘
25+ —e—@=15 4.5¢ . —a—p=2
L0 . 40} ‘
2 ol £ 20 £ 35} /\
2 15 2 2 Jw\j\w N
o o 10f o 201 “ \
s 10 s o 15 } \,M /
e 1S 5t e 4
I 5 I S 1.0f jy’%} R
of of 0.5
20 40 60 80 100 120 140 160 20 40 60 80 100 120 140 160 °0 20 40 60 80 100 120 140 160

position / mm

position / mm

position / mm

c. p=45.1kg-m>

7 N[R] NSS ST BT 0T P9 M R b 3

Fig.7 Flame tip velocities in cylinders with different packed densities of NSS

Chinese Journal of Energetic Materials, Vo0l.29, No.9, 2021 (840—847)

o
Il

AT A www.energetic-materials.org.cn



JH 78 8 0 BROE A 4 Jm B A0 ) D9 bk K 1 AE RO 5E T

845

»=2

b. p=38.7 kg-m™

»=2

c. p=45.1kg-m™

B8 AN[A] NSS I % B T &1 N K MG IE 3, 80 B

Fig.8 Flame propagation schlieren images in cylinders with different packed densities of NSS

3.3 NSSIE £ 2 E &L A i it B 22 1
it Uit 18 5 FR A& R =k (6) R

52.3

s
Horpr S, AT NSS B (1 N B S 24 K 3, mes™!
Sﬂaﬁmﬁﬁ NSS BT A 01 35 KOOI B BE ,mes™' s

IR YL F, 3F8 NSS 5 B i 0 R R
WME 9 ffan. ATLAE M, Y& 1150, NSSH 7
WA A5 kgem” LAY & B AL, AR T A o 2

(6)

§=

CHINESE JOURNAL OF ENERGETIC MATERIALS

O 2 W, NSSHH 78 % 0 21.9 kg-m™, il N €
I, B i B 55 o 4B R KA AR 1R BOE UR 1 40 BT
JE HI T NSS S5 78 %35 B AR A X A A% 19 52 ) R
INFERY .
3.4 HIERNES MW

NSS Jhy HEBE B 025 0, HA AR KAy L i 1, B 5
NSS &, kM 23 55 NSS 3 1422 fish DA 17T 7 A= FA4h 2% | AR
NSS 2 f T A K K¢ 2 it 380 B2 5 i O 184 5, 5 M 7R AR
DR o N P 37 FEOE A (i R s o5 R VAR i 4

ISIA
7

N XK 2021 4% $ 294 %9 (840-847)



846 X AR, BE R, T PEVE SRR 2T, i A 18, 5k 2f 3%
10 B 0 5 R AR HE 4R A S TR 52 )
+219kgm
gL +387kgm
AL SRR T (B Ak e TR T 4 T 0 95 5 A
el By
o
4
52
2r (1] B EB . BRIEAE 4 )m BB B 1 Rk B e B % 4 52 iy ) R AUF 5%
ob—u . , [D]. Mat: MatH T K%, 2016.

1.0 1.5 2.0
equivalence ratio

9 ANIR] NSS I L AT P4 i O e AR K
Fig.9 Turbulence enhancement factors in cylinders with dif-

ferent packed densities of NSS

Z A, NSS £ A fin N K KA T 7 1 o 8 28 D P I
SF 43 BICFE R TR) B4 7 ), AT 3RE e R T I Y & it
JU 70 NSS i I 25 (i (1 PN e KR KE 77 35 N . NSS
23 W4 BT KK I A% 4 B AR 0 B — A A 3 YRR
7 AR I, A SRR BE E T IR BE 7 ) 1Y I A A
BB R K T A 5 A, AR AR B T R A AR
BT IR K T R R KO S B IR R A% 16 1 T
BRVEH , R BOIE R 58 SR e s & AR R i
KA RE SO EUE AT LR & & T HA NSS I
FEHE R 451 kg-m 7 IFED P KM A B 5 B
%01 HBA TE BF B 4 IR 0 B A I 55 o i LA
% B A 45.1 kg-m7 B 45 i HL T NSS #F B A
U B AR SR <

4 %t

(1) BLFE NSS 2 fiff it A fi ROARR K T 00 R B, O 3t
BRI o &AM HR  NSS S 7 R R P
MR K T W AR 3R R A 2 R L L %&{Eﬁiﬁ_%’uatt
AR Ak U B R (B AR SR ROR MRy, X AR I
FAGEIT  HTH EE  45.7 kg-m’jﬂﬂ“,NSSEﬁ
IR U A IR .

(N%%%ﬁ1L5N%ﬁﬁ%ﬁﬁ4mkgm*
I, 450 A F 2 i o 0 (1 5 TR st 22 ) e R R JE 22 L)
T2 L PA i T G R AR RO AV s 2 A Ll 2, NSS B A
9219 kg-m I, o1 T KOG SZ B IV HNSS i %
1L/ | AN B8 52 W) K 1 5 5T P9 7 289 K07 3 1 R s
R AR AR GARE SN YRILT  HABE N
45.1 kg-m7HF, NSSXF KA 4R S B/

(3) 3 75 NSS X L P d5 K48 4 e 07 A7 4 ikl VR T
(XS KA A 7 2o AT A R A5 T, NSS X 850 1 48 4 AT
R E /400 0 B U A FH o NSS4 910 8 B3R A7 HL G R

Chinese Journal of Energetic Materials, Vo0l.29, No.9, 2021 (840—847)

YANG Zhen-li.Reasearch on key influence factors of explosion
suppression performance of spherical non-metallic material
[D]. Nanjing: University of Science and Technology, 2016.

[2] CHENG Xian-feng, QI Zhao, DAI Hua-ming, et al. Effect of
metal mesh on the flame propagation characteristics of wheat
starch dust[]]. Journal of Loss Prevention in the Process Indus-
tries, 2018, 55:107-112.

[3] JIN Kai-ging, DUAN Qiang-ling, CHEN Jia-yan, et al. Experi-
mental study on the influence of multi-layer wire mesh on dy-
namics of premixed hydrogen-air flame propagation in a
closed duct [J]. International Journal of Hydrogen Energy,
2017, 42(21): 14809-14820.

[4] WANG Xin, ZHANG Ping, HUANG Zun-chu, et al. Effect of
aluminum diethylphosphinate on the thermal stability and
flame retardancy of flexible polyurethane foams[J]. Fire Safety
Journal, 2019, 106(JUN.):72-79.

[5] LIU Lei, WANG Zheng-zhou. Facile synthesis of a novel mag-
nesium  amino-tris-(methylenephosphonate)-reduced  gra-

phene oxide hybrid and its high performance in mechanical
strength, thermal stability, smoke suppression and flame retar-
dancy in phenolic foam.[J]. Journal of Hazardous Materials,
2018, 357(SEP.5):89-99.

[6] AN Gao-jun, LU Chang-bo, ZHU Xiang-dong, et al. Study on
Explosion Suppression Performance of Spherical Nonmetallic
Materials[]]. Procedia Engineering, 2014, 84:369-376.

[7] CHEN Yang, WAN Hao-tian, YU Jian-liang. Research on Ex-
plosion Suppression Characteristics of Aluminum Silicate
Wool in 90° Bendl[J]. Procedia Engineering, 2012, 45(none):
464-469.

[8] WEN Xiao-ping, XIE Mao-zhao, YU Ming-gao, et al. Porous
media quenching behaviors of gas deflagration in the presence
of obstacles[]]. Experimental Thermal & Fluid Science, 2013,
50: 37-44.

[9] LU Chang-bo, AN Gao-jun, XIONG Chun-hua, et al. Prog-
ress on Fire and Explosion Suppression Technologies for Light
Petroleum Fuel [J]. Procedia Engineering, 2014, 84 (84) :
384-393.

[10] Ciccarelli G. Explosion propagation in inert porous medial]].
Philosophical Transactions of the Royal Society A: Mathemati-
cal, Physical and Engineering Sciences, 2012, 370 (1960) :
647-67.

[11] Ibrahim S S, Hargrave G K, Williams T C. Experimental inves-
tigation of flame/solid interactions in turbulent premixed com-
bustion [J]. Experimental Thermal and Fluid ence (EXP
THERM FLUID ), 2001, 24(3): 99-106.

[12] Park D J, Lee Y S, Green A R. Prediction for vented explosions
in chambers with multiple obstacles[J]. Journal of Hazardous
Materials, 2008, 155(1-2): 183-192.

[13] Ciccarelli G, Johansen R T, Parravani R. The role of

Sttt

www.energetic-materials.org.cn



TUIE % JE 0 BROP AR 4 J B R 410 1) 14 e A K PR BE B9 5

847

[20]

shock-flame interactions on flame acceleration in an obstacle
laden channel [J]. Combustion & Flame, 2010, 157 (11) :
2125-2136.

Babkin V' S, Korzhavin A A, Bunev V A. Propagation of pre-
mixed gaseous explosion flames in porous medial)]. Combus-
tion and Flame, 1991, 87(2): 182-190.

LIU Rui, WANG Lu-ging, PAN Jun, et al. The influence of a
crimped-ribbon plate on gaseous explosion characteristics in a
closed vessel [J]. International Journal of Hydrogen Energy,
2020, 45(20): 11866-11874

WANG Lu-qing, MA Hong-hao, SHEN Zhao-wu. On the ex-
plosion characteristics of hydrogen-air mixtures in a constant
volume vessel with an orifice plate[J]. International Journal of
Hydrogen Energy, 2019, 44(12):6271-6277.

WANG Lu-ging, MA Hong-hao, SHEN Zhao-wu. An experi-
mental investigation on explosion behaviors of syngas—air mix-
tures in a vessel with a large blockage ratio perforated plate[]].
Fuel, 2020, 264(Mar.15):116842.1-116842.10.

WEI Hai-giao, ZHAO Jian-fu, ZHOU Lei, et al. Effects of the
equivalence ratio on turbulent flame - shock interactions in a
confined spacel]]. Combustion and Flame, 2017, 186(dec.):
247-262.

LI Quan, SUN Xu-xu, LU Shou-xiang, et al. Experimental
study of flame propagation across a perforated plate[]]. Inter-
national Journal of Hydrogen Energy, 2018, 43 (17) : 8524~
8533.

DONG Cheng-jie, Bl Ming-shu, ZHOU Yi-hui. Effects of ob-
stacles and deposited coal dust on characteristics of premixed
methane-air explosions in a long closed pipe[]]. Safety ence,
2012, 50(9):1786-1791.

WANG Lu-qing, MA Hong-hao, SHEN Zhao-wu, et al. Effect
of a single orifice plate on methane—air explosion in a constant
volume vessel: Position and blockage ratio dependence[])]. Ex-
perimental Thermal and Fluid ence (EXP THERM FLUID) ,
2019, 103:157-162.

[22]

[29]

LIU Yan-lei, ZHENG Jin-yang, XU Ping, et al. Numerical sim-
ulatin on the influnce of environment temperature on the leak-
age and diffusion of high pressured hydrogen due to storage
tank failure[)]. Journal of Engineering Thermophysics, 2008,
29(5):770-772.

2 kA L A T T R R T A A BT C /7 e R
A % A ERE B 22,2008 7.

LI Wei, ZHANG Qi. Numerical simulation of leakage injec-
tion and diffusion of high pressure gases[C]//China Occupa-
tional Safety and Health Association,2008:7.

Leyer J C. Contributions a |’ étude des instabilités de la
com-bustion et des phenomeénes de transfer de chaleur aux pa-
rois dans le cas des combustions & volume constant[J]. Rev
Gén Therm, 1970, 98: 121-38.

AT . o0& MR SR S A pF s )] S TR,
2007(2): 30-32.

SHAO Jian-xin. Relevant problems of multicomponent ideal
gas mixture[)]. Physics and Engineering, 2007(2): 30-32.

Oh K H, Kim H, Kim J B, et al. A study on the obstacle-in-
duced variation of the gas explosion characteristics[)]. Journal
of Loss Prevention in the Process Industries, 2001, 14 (6) :
597-602.

YANG Xu-feng, YU Ming-gao, ZHENG Kai, et al. An experi-
mental study on premixed syngas/air flame propagating across
an obstacle in closed duct[}]. Fuel, 2020, 267:117200-.
Ponizy B, Claverie A, Veyssiere B. Tulip flame-The mecha-
nism of flame front inversion[)]. Combustion & Flame, 2014,
161(12):3051-3062.

Teodorczyk A, Lee ] H S, Knystautas R. Propagation mecha-
nism of quasi-detonations []].
1989, 22(1):1723-1731.
Ciccarelli G; Dorofeev S. Flame acceleration and tran-sition to

Symposium on Combustion,

detonation in ducts|J]. Progress in Energy and Combustion Sci-
ence, 2008, 34(4), 499-550.

Influence of Packed Densities of Nonmetallic Spherical Spacers on Propane Explosion Suppression

LIU Le-hai', Bl Feng-rong', YU Yang-yang'*”’, ZHANG Jun-hong'*, MENG Xiang-de’, ZHANG Xue-ling’

(1. State Key Laboratory of Engine , Tianjin University, Tianjin 300072, China; 2. Renai College , Tianjin University, Tianjin 301636, China; 3. Tianjin
Jiegiang Power Equipment Co.,Ltd, Tianjin 300410, China)

Abstract: To study the correlation between the packed density of nonmetallic spherical spacers (NSS) and its suppression of pro-
pane explosion, a newly designed constant-volume combustion cylinder combined with high-speed schlieren photography was
employed. The explosion experiments of propane-oxygen pre-mixtures with different equivalence ratios(1,1.5 and 2) were con-
ducted in cylinders with different packed densities of NSS (21.9 kg-m™,38.7 kg-m™ and 45.1 kg-m™). The effect of packed den-
sities of NSS on maximum explosion pressures, total heat loss, flame tip velocities, flame propagation characteristics and turbu-
lence in cylinders with different equivalence ratios of propane-oxygen were analyzed in detail. The results show that NSS has sup-
pression effect on the maximum explosion pressure, and has promotion effect on the flame propagation process. When the
packed density of NSS is 45.1 kg-m™, the maximum explosion descending rate and heat loss in cylinders reach maxima, while
the peak flame tip velocity , the maximum tip velocity difference between two points and the turbulence enhancement factor in
cylinders are relatively small, which indicates the best explosion suppression performance of NSS.

Key words: nonmetallic spherical spacer;packed density; propane-air equivalence ratio;explosion suppression performance
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