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Numerical Study on the Propagation Characteristics of Detonation
Waves Affected by Weakly Constrained Boundary Effects
Induced by Lateral Expansion
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Abstract; To investigate the propagation characteristics of detonation waves influenced by lateral
expansion with weakly constrained boundaries in a narrow straight channel,a two-dimensional numerical
simulation was conducted using H,/0,/Ar mixture as the fuel and a detailed chemical reaction
mechanism consisting of 48 steps. The study examined the effects of type of weakly constrained gas,
temperature ,and height of combustible premixed gas on the propagation speed and wave structure of the
detonation wave. It is found that using argon or products of combustion as weakly constrained gases has no
significant impact on the lateral expansion extent and wave structure of the detonation wave. When the
temperature of the weakly constrained gas is 1 000 K, 1 500 K,and 2 000 K, the shock wave propagating
within the products of combustion exceeds the detonation wave speed, resulting in the generation of an
induced shock wave pointing towards the detonation wave. This induced shock wave leads to an increase
in the velocity of the detonation wave. Increasing the temperature of the weakly constrained gas from
300 K to 500 K has no effect on the propagation characteristics of the detonation wave. Higher heights of

combustible premixed gas results in less loss of velocity for the detonation wave, and there exists a
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minimum combustible premixed gas height that prevents the detonation wave from extinguishing. When the

temperature of the weakly constrained gas is 300 K, the dimensionless critical propagation size of the

detonation wave h/A>0.13. The findings of this study are of significant importance for understanding the

mechanisms of lateral expansion losses in detonation waves.
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Fig.1 Schematic of the computational model

TG 55T R BABEE AFGD Fl MNCG X 5,
PIHFE H, 0, : Ar IRFREE N 201 :7 WY AT R BIR <,
TR AR B S 300 K, JE 18 20 kPa, B2 X 4
AEHD RYIREE K 3 000 K, JE 1% E K 1 MPa,
FBNM X 35§ 5 70 5 P SR B35 A [m] 3k BE iy 94 e 7
Y, 10 20 kPa,

WILAIRZS R, BETH MN FIBE I FG 4358 8 A [ BE
1, RIAL T 2 PR ZS, MN B9 47 B i T
PG WA AEHD X BGERAR 2 J5 A [ A5 164, ek
LUALRE 2 REIH GF B K% GF A1 MN H [ BE 17 5 24
M Interior NFRFLIAL , (75 49 55 I RE US4k 211 45 14 75
A B B, AU B 5 C 8™ W AH BAE
DA b 22 0 vl B2 M 1) 55 2 R SR 2% A
1.3 EBIIGIE

S UE T B 45 R0 AT SR R A SC A ]k R
0.1 mm,0.25 mm,0.5 mm 3 Ff R ~F A4 DU LT 45 k4 1k
[ Sy SR Ny Q=R s AN A RTINSl o
BETAT 25 mm L1528 J7 Wil 3 161 2 R 3 g R
SR W S A e Ty BE RS TR A AR A e, TT LA #,
3 Tl s RST Y R A A5 4 B8 B, HG(E s )
A Forh e R e 07 5 S /N B R ) 22 (HAL R
3%, 53—7J71H,0.1 mm P& R SFAT 0.25 mm W%
RGTR B N R 1 58728467 B — 5,5 0.5 mm PI#%
RoF TP AR, TR B0 e ) 28 8 A 8 38
REAT, GAF I E & M A,
0.25 mm 8 RSF A TA SO 5 2ebit 52

Sk 355 U (AR ) o A BE B 0.25 mm Y
K ROST HE A7 90 55 W W B 58, W DR Be & 0 ~
0.05 m 35 [l N H o0 2R b A% A5 R g B S ] ) AR
b, B3 H:=0.01 ms,:=0.02 ms F1:=0.03 ms i}
Mhek LA R 1, ATLVE W, R TO0 N R 2Rk
1) A% R 2 B2 FNgE (A R e T e, B & o fe
FEHF- 248 BE R 1 656 m/s, i ] NASA CEA %k



24 #MoooHE FE R 55 36
PR TR TR 8 5% U 89 B8 Chapman- 251 : E— 1=0.01 ms
Jouguet(C-J)#JE D, H 1 647 m/s, HTEMESM 2.0 oo =0.02ms
WHTIRIRHR AN 0.5% , RWIALMITHLR 2 15 S oS
AT e HOMEBE T b B

237 — 0.1 mmM#% 0 I‘ :
200 N T 025 mmPA 0 001 002 003 004 005
RREL ! \ W — 0.5 mmPt% .
SN A B3 i b A B L
05k Fig.3 Pressure variation curve along the
) ‘ | central axis over time
0 0.01 0.02 0.03

t/ms
2 BMSAEHTL L
Fig.2 Pressure variation curve at monitoring

point with different grid sizes

2 HRSHR

2.1 SBARSEMEIRE R E BT ER R0
Pl 4 A (o JH S A A O 1 g2 i 555 249 TR A
PSR WAL R r IR 1A
I | I B

/K 300 600

0.04
=0.02
t=0.02 ms
0 0.05 0.10 0.15 0.20
x/m

t=0.03 ms

0 0.05 0.10 0.15 0.20

t=0.04ms

0 0.05 0.10 0.15 0.20

¢ S,
PN ¢4
i#&i@.ﬂh i1} t=0.06ms
2 1 R Y ey b e el
0 0.05 0.10 0.15 0.20
x/m

900 1200 1500 1800 2100 2400 2700 3000 3300

t=0.07 ms

0 0.05 0.10 0.15 0.20

t=0.08 ms

0 0.05 0.10 0.15 0.20

B t=0.08 ms

0 0.05 0.10 0.15 0.20

t=0.10 ms

0.05 0.10 0.15 0.20

t=0.11 ms

0 0.05 0.10 0.15 0.20
x/m

4 BRREBEIEPHEERE

Fig. 4 Temperature contour at different time

Forp, FEZME N D1 P AR BOE D, AR
S WISFGEFTRIRE, D B 1 1 2 A5 TR ORI AR
BB, IR O AL G FH A BE T A 26
0= 0 20, MR 2 o A W e i e s DX RS

kIt WA B AL, 78 x=0~0.05 m JEE N %
kR B RE R, BT 5 N
1 656 m/s, X} T00 R C-J R 1647 m/s, 1)
ARSI R 22N 0.5% , Y1 3E DL 1%



5 4 4]

XU Bh, A S22 SR SR W R AR R R R 5 25

2 x=0.05 m AL R @ LAELD B BE | FTIT, 45
PSR U REAS AREE 0] A A 46, OF SR M SRR AR
PRAEM A K 24 R B A B ) B K X U
TESRBE S L Al AR T TR S 7S XAk 2 A 4, i
TV TR IR Z OB, T 243870 1) FE SR e
ASCRR) — T PR BB 4% 2 A 4%, B0 ¢ = 0.04 ms I £1Y
Y N K VS 2 e S AR s W A
P AR DX 1 7 5 IR K, T % S 90 1 47 i
FE RN B R ) 15 307 Sk AR S A PSR —
AR AR il T 5 B T ) — {000, 5 B % e )
T E B R BRI A A B
JRR S e — ARF O - T Y B S A5, e =
0.06 ms FAH B 2 B BT/ Her 32 Mk i A 48 552 10
BRI A S5 P R B o ST, SR ok S
PR PN A% 3% B8 S8 o RO 2, TR RN
FEPESAR A B ) LR T JE R T R AR
JIT R IS SR P T X, A T A S R AL
VRS 71 N Ak T TR BT £, 4 2= 0.08 ms (3R == K]
JIe 7R, XA A BE B DR /N R LA S I S A 1) 2 fi
FORERE , 8 2 32 B2 AT 3k — 20 T S AR S e i)
T,
x1 ARBARBATERENEHEEEE
Table 1 Average propagation velocity of detonations

under different weakly constrained boundaries

T/ Dey/ Dy/ D,/ D,/D¢;/
K (m-s™) (m-s™")  (mes™) %

Ar 300 1 647 1655 1556 94.47
ETY 300 1 647 1653 1558 94.59

Bl 5 BT o 55 29 SR 23 0 o SRS 7
f R AE R D 5P C-] 3 D, 1Yl
Bl O « ARG O, SR T i TR
TR ARG e R oy, E 8o IR
HER 127 MK R SR A9, T SRR 22 P
I BE 3R 300 K,
1.05 — PR, DR

- - Y, ReE SR I
— T, BRI

1.00 .
& - G RSER T
3
0.95 i
0.90 1 1 1 |
0 0.05 0.10 0.15 0.20

x/m
E5 AEBARDATERKNEEEE
Fig. 5 Propagation velocity of detonations under

different weakly constrained boundaries

P 4 v B S 2 RN 2T (6 SR A R AR
FIVG AR R 1] 2 K 55 240 SRR 0 22 D AL 1% 1Y)
RIS BEY o Bl AR A b R R AR A 5
T RETE A R Fr AT R TRD R S, RO B AR 4
PRI B 20 252 U0 47 11 5 SR A8 5 0 3K 1 i [])
BN T2 TARE | I 1 R A Sy S — 1 B 20 1
IFEE R, IS ] [A] B4 0.001 ms, F I AT %0, 25 B
P22 0H 1A N R T AR SR I ESE I, TE v =0.05 m
I, 355 T 0 5 55 29 SR AR e 7 A= A ] R
PRI, AR — P S, 1 I
TAE . TR S50 0 N AE AR E M, Bk
(R SRS I T /IR BE R MERR G . A B
[Fi) 555 240 SR AR A 8 2 B S 0 R T AR A -4 R
& D, PR G AR E L 7R D, 145 R
W1 IR S BRI E R S, LA
A RS AR A O ) 2 i 55 29 R ASAA
B B T 5 AR e AL B BE D, 405l C-)
FHIE Y 94.47% 1 94.59% , KB AVAH 2 0.12%,
Ui B 43 Sl FH AR 2 R = A Rl 1) 55 249 SR AUAA
AN X 2 T 1 T 5 8 A B SR R

40 - G, kT
e G, BREAR

~ 30 - R s 552 eSS
= — =, el £
2 P, S F

20 - e m——— -

10 L ]

0.05 0.10 0.15

x/m

B 6 AE5EARINFR TR IR RYHR 0 E E W
Fig. 6 Shock wave angle and interface deflection
angle of detonation under different weakly

constrained boundaries

SR ARAH IR A AN [+ 583 9 3 S A S T 1Y
M ) REZ IR BE , T3 1 8 S 00 4 TR A 0 R 4 f
T[] BT 71 F BEAE o Bl B9 0 A, AL 6 s, R LA
RS PRI FF P-4 S T ) OB A B AT A ) £
ASAEE S B S N, el T AR, Bl
WS ALREZE 0=0.08 m I AR 11 fik 1 [7] 18T £ e
R, I I — 7 1 S5 T 1) 2 A8 2 4 2 1k 1)
R, X4 R 5 B8RSR OH B i 2 i) 2 1k
H—2h, AN, ISR NSk AL 2 +=0.08 m I,
PRI I ZE A AN 7 s, EIh a5 R R ff
SRR WA Ay 55 2 R AR 458 5 0 i )

I IS KA — 25, HLRCA MR A B i 2544



26 i

B

%R 36 4

EET [ [ .

T/K 400 800 1200 1600 2000 2400 2800 3200

(b) KABE =4
B7 FAREBAFRARTREKNKEE

Fig.7 Structure of detonation waves under

different weakly constrained boundaries
2.2 BARSEEEIRER K EBEFERR M
&l 8 S ATHR TR s FE O 5 mm I 5 22 U 1Y
WIS A2 1 R RE R o« BRSO . BRI ZE A
et AE x=0.05 m b5 00 15) © 45  P % fik O % 2R
MRz . 5 R0 IR ) 1000 K I, HAN )
i M g vl i A L RE NPT 9 R

1.10 -
1.05
2 1.00
0.95
— T=2000K
090 | | | J
0.05 0.10 0.15 0.20
x/m

8 AEBARSEEETREZRNEETL
Fig. 8 Velocity variation of detonation at different

weakly confined gas temperatures

T/K 400 800 1200 1600 2000 2400 2800 3200

FREE

¥4

5 i
(a) 52 U5 0 B K P

' HRER

(b) RN RS E
9 BARSKMEA 1000 K HERHAEEEHE
Fig. 9 Structure of the detonation at 7=1 000 K

& 9 (a) AT, 7655 20 SRR BE R 1000 K
4 T8, 2440 ] 2 N 2 A s B 2 U8 %) A 40 o B
J& TAEC B ) AL 46 0 W B2 X2 i T 2
PR B B B Y Mo AN, PR T —E
P EL R 0 v ) T O o e A AR SR D Sk i
U 25 T T 2 0 TR SR I AL 1 T 2R S5 I Ui
77 Jmy S v U v R DX el 8 5 A% 1 2 DXl
SREEE N, ELIG NS 00 0 2% i e KU K TAE 2R
P AL A AU B B RS AN 9 (b) TR, Z A,
i 5 A 2 T U 2 S I XA T E R = DX 3y
Pk FIZ K , 95 22 D5 1) 30 0 34 R O, L R AR
FE , L HS A0 o) 2 5 B0 R o K TS S B
AL B, PRI i )R R I T Sk R R
W, B E T ARUE A,

X ERATE YR E N 2 000 K A T 00, Hos
AN 7 L e s, AT LR B, Y
W 1) B RK T G I, R SR, e ik B T
1.087D, , B Ji5 ¥ B /IN 1 B B AR, e 24 ol 5 T At
FE R JE B BTSSR R T C- R, Lk 1 25 4
AR ULE 10,

[ 1 [

1380 1920 2460 3000 3540

PSR

T/K 300 840

Oy EPNE]
[ [T

p/Pa 100000 800000 1.5E+06 2.2E+06 2.9E+06

(b) 1=
10 BARSEA 2 000 K BHESE KA EEEWE
Fig. 10 Structure of the detonation at 7=2 000 K
HITE 10 (a) FTHT HRBE S AR 2B 8000, Bl E ™
Py IXIl A — T8 5 TSR WAL FR A, IRl A — 18
MAZE B TR 5 1) RS 5 A SO A B
P AL , CR W AT RE A5 1 2R, TRk
P 2 R, (E R o TR SR v A [ BE T
AR, 22 ) B RARLAR A 2 AR A IR, A
T AR A A | O A e A L — PR T4
e, ZTOUT A B AR R IR 454 5 HOUIM
AU 3 500 K P AR 4 55 Bl 1) Bk )



5 4 4]

XU Bh, A S22 SR SR W R AR R R R 5 27

IS B B I E5 B —3, X TEI10(b) Bk
2= B AT A 375 5 Y0 41 sk i) Al R PR AL X
BOE T R = MAIE m R X, 32 s RS I
S5 TR — 00 %) 5 30 A T 0 R T — 00 )
TERE U, Bzl i os i T &2 AR (A57E T
PRI TS P4 25 1B R 3 38 S T 1

PEAb, S SRR EE S 1 000~2 000 K i, 52
A1 g JH 555 24 oA ) R 25 U B AR RL ) T 2 A L 1L
C AR R B g | A7 ) N T 1 £ 3 T B
Ko XS PR Ay TR ARy > 7 SRR R W R A
ARTR]EAH T 25 11T 0 % 7% i e e

8 v SR il BE o 300 K FT 500 K
PR 5 ORI b 5 8 RE S 20 e A e A
W—BiEE e, M TR, H89 20 AR
M 300 K F+2 500 K B X 5% 2 10k 110 18R s 7= A
B RZm, BOER ORI 2 S TR, 2= I ALA
A0 o) J2 K 7 A R RE o O, ke = 7% DR X AR 25 1)
AR P TR I I S A 2% B g XA B A 5K A
g2 I AR 2 T B S e /N

2 NFHSMRIELEE 43514 300 K #1500 K
I e I T A i U TR % fh T [R) BT £ 0 I
8 RN, R/ b AARTIRBUR AR, AT,
2 T R U SRR R R f T T T /N BEAR
— B0, T TR U v ) i) M R R — 3

F2 300 K F1 500 K B 45 35 i $2 fil T 18] B A K /s

Table 2 Interface deflection angle at 7=300 K

and 7=500 K
S T/K h/mm 6/(°) 8/(°)
=) 300 5 20.2 33.2
LY 500 5 19.7 33.6

23 BERENEREESYE

11 520 SATRLEE 435120 500 K 2 000 K
IF J 5 AR A ) T RIS v b A% 3% %)
ASARAE S, FIE 11 (a) RTAL, X T 55 4 SR IR
h 500 K 1% 00, 4 5 TR & A= 0 1) B ik i R 2
B#AR, Z 5 A TR E , W MR TR %) oo B IR, R 3%
PR S R AN e T P R B R B ik —
585 RUDY 46 mFse g R —2,

XFFE ARSI A 2 000 K 9 T3, AN TR
R RTR S BT R e A A% s N & 11 (b) Fr
TN TEM IR RK A o, M 22 T 1 B S o, B fe
WA TRRE , B &R 8 1 A5 SR B 2 1T R il
TR BRI R A . BE AN, 790 5% B 2E A0 )

TARK DX IR, T RR TR A e B BT, M 0l ke 2
SEAMER, TCRE A D A AT R TR s BE LA, 375
P A 0 T o PR A 1 2B B R SR DAY
¥,

1.051 — h=2mm
— h=3 mm
1.00 - — h=4 mm
— h=5mm
5 095+
S
S 090
0.85
080 Il Il Il J
0 0.05 0.10 0.15 0.20
x/m
(a) T=500 K
121
1.1
gﬂ
Q )
LOF Ay W
0'9 Il Il Il J
0 0.05 0.10 0.15 0.20
x/m
(b)T=2 000 K

B 11 FEUTHFRSEE FRERNEEEEE
Fig. 11 Detonation velocity at different combustible

premixed gas heights
F— 5T, A DRI A SRR sz i
I 5553 22 SR8 1 S5 AT AE foe /D DR PR R
YAPRIOR I = BE h>h, B BRI A BRI AR
Pt . P12 Jis S A ] i JBE T 4 5 a2 5 4% i
ARTR R AR

L2 wr=300K v 7T=1500K
e T=500K * T=2000K
11+ A 7=1000K
DS . - *
5 - v v v w
SEETE v
) R a
a .
0.9 - .
0.8 Il Il Il Il I}
0 I 2 3 4 5
h/mm
B 12 ARBERARAMIFESSET
BERNEESR

Fig. 12 Velocity deficit at different temperatures

and different combustible premixed gas heights
LA Y 55 29 SR FE AR TR, AT A BTR
i JEE A R R D ) R 5 A AT A SRR IR



28 G|

¥

5536 4

T PSP [ s 5553 240 SR/ AR TR R R g, A8 5 e ) 38 it
PRHAK, X F 55 29 AR h 300 K #1500 K 9 T
B, AR S B 1 mm I R 2 e 44 R 0 g
Bk TR, 3 33X T 90 B8 4% T 8 35 T 1 e/ s
A BATSUIR S B b, 7E 1~2 mm ZJA] i 24 55 20 )
SARIREE R 1 000 K. 1500 K 12 000 K B 42
FE h=1 mm [IE BT IRERRE AL 4G, B0 ) i Ak
55 A SRR TR R 2 0 1) /N TR TR AR
JEE ARG, BT R A RE 7B

20 Hh i R S Db R N XK
FIVER 22 U A RS A X 05 5 U0k s A% 1 R ST A7
Te AL H . ff F SDroolbox ™ THE A SC T F
T B R 25 B 5 T XK 8, A5 B0 55 I 1) JE i 4
i FALRE R ST h/1>3.8, 5 HABWF T & B 45 R X He
UL 3, AT AN [A] T8 9 TG o 4 I A5 46 RS b/l
BHEABRKNZES, /i 1E 56.8~ 1 653.4 Z[H],
PRI, Ak B 0775 5 XK B R A FH 6 1 25 DI
FHALRE R 7 Tt 494k

£33 FARAMRSEVBFGTERENLTENIGFEBRT

Table 3 Dimensionless critical propagation dimensions of detonations under different premixed gases and initial conditions
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