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Numerical Analysis of a Highly Unstable Detonation
Considering Viscosity and Turbulence Effects

Ki-Ha Kang* - Jae-Ryul Shin** - Deok-Rae Cho*** - Jeong-Yeol Choi**+*"

ABSTRACT

It has been suggested that turbulent effect should be considered for the study of highly unstable
detonation of hydrocarbon fuels, as in the case of pulse detonation engine (PDE). A series of
numerical study are carried out to understand the characteristics of the highly unstable detonation by
considering viscosity, turbulence model and turbulence-combustion interaction model. Through studies
of the different levels of modeling, it is understood that the viscosity and turbulence have negligible
effects on low frequency characteristics, but tend to enhance the high frequency characteristics. It is
also considered that the turbulence-chemistry interaction model should be taken the influence of the
activation energy into account for detonation studies.
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Fig. 2 Comparison of temperature distributions

ol sheie] 7
M 2ol

7] 9ete 2
HEvold =4
B AEY HdF¥ez AT o
Aado] wjS EfEg S
A G Hol —‘—ZH?J'W
. 71%—8: Al X8 A3 Qo= &
ﬂﬂ% 1]333]' gHe Fxe 4
A Fx7F FHE
EH5S HAETh
—_;’-o]-_T_' Arrhenius g Zdl-S
, Navier-Stokes 34 % LES
o|%, Fui7t 21
dazl Ao vHeue %%Zﬂ &4
EBU =4S
HEYeold el Fx7
2 gug s
ATl A EOE]Z] 7:‘J"’Jr*':‘f’)rh

BN HE
it

N

Xl o
ok

r;
iy e —?L e

2 rp

—Lr&lﬂ-{%ﬂ—\i
o

[«

Qe 7‘<j§]— 2%

Aol A5 HA
, ol olze]

SEa mes a

ste] 49 2 4% ouAd uF 3B
e weldes mde AN selob

T AR wet T;—qo}oz] I FA A
gt 7]i (numerical smoked-foil record)
£ Fig. 3914 Hlwstdk o] "X HEY
old Aol A= ALt 99 Eold dMIste

Wy 2 2719 ARE v A AZA o
A UEhta &S & 5 Ao, AF Bt
Ao st A A718 FAste] MY, A
A R dRY Y e aAE AFHoR
A= g F27t glo] Helth EBU &
D& A3 Agolx Ao AVE FH
= AN A ofgk o HAY

g A3 59 dEYold o
& Hstr] fste] At o
o] FAFAM Azt WE 4y WHES 2y
X3 FFT(Fast Fourier Transform)el <]g+ PSD
(Power Spectral Density) +24& F3stdoh.
Fig 4 © Aol we ¢ ygs wd ¥z

Ele?) > 3 N e
. »— ,: T ™ -

Fig. 3 Comparison of numerical smoked-foil record



62 2218t - ANE - =H - 2FE S=ZFEZE (K|
200 ———M8 8 . ,
———— Euler
————+— Navier-Stokes Euler
2 Navier-Stokes
150 E 'z 6 .
=}
o)
A
E
o7 100+ S 4r .
‘ ‘ \ )
\ \\ | “\\\ | \ \L\\ ‘l‘ }\ ‘\ ‘1 | | E
50 1 LW g RN LR O Z ot .
\ "y AN Y AN g X N A~ /\ A
0 I L L L 1 L L L L 1 L L L L 0 1
5.0 6.0 ; 7.0 8.0 10° 10! f 10° 10°
(@) Euler vs. Navier-Stokes (a) Euler vs. Navier-Stokes
200 T T T T T — T T 8 — T — T
——+— Navier-Stokes ) 1
...................... LES —— Navier-Stokes
—————————————————————— LES
61 ]

150f ; 1

7 100}

50R4

(b) Navier-Stokes vs. LES

200 ————————
rrrrrrrrrrrrrrrrrrrrrr LES

LES-EBU

T
150f ‘ o
&7 100

50

50 60 70 %0
(c) LES (Arrhenius) vs. LES-EBU

Fig. 4 Comparison of pressure history

g 1Ye]™, Fig. 5= PSD #4418 3%
Ao|tt. o] AHME 4 HES

H B F£ 52 t=50~80 779 AHS
3l o}, PSD E42 t=2.96~858 o Ktk
g F7boll ikl sk

Power Spectral Density

0 L Lo L i ORI i
10° 10" £ 10°

---------------------- LES ]
———— LES-EBU |

Power Spectral Density

(c) LES (Arrhenius) vs. LES-EBU

Fig. 5 Comparison of power spectral density

o] oA Euler ¥ Navier-Stokes 341
F957t 379 duHez e A v
£ PSD ZA&E Rt oKt ¢ 2v] =
f=7.0014 F WA o] JepAR, F

g5o A Rohe @4 oFg A7]E Rolw 1

e Ho X



28t 220y QEY0[M Tte| X 8

1=

63

}%]% & F Utk

Euler ZA3ol] RHlste] HA axrt 234
Navier-Stokes®] A¥+= F Fu¢9 XY =2
7lol= WEol AT, =10 o] nFu F
NN tx & FEE Hole AHo=E Uit
olggt Aole F A AU © wrgd
LES A3l A &3] vEhdth wepa g

‘]
Evbe e AdAe) e FEE A

onl

de ALoE AAZG
EBU & A8 Ads F8 F97 4
Bue e vE Ao} v A F 3t
FollM e Frert &4 Z—Wﬂ L]'E}L]"I] T —rJJr-r

oMol Fr=rt 23, 33k F
o Aol7t A B2 AFHE Holi, T
a3 Ggelre Ae %
Helth Fig. 39 1&% ¢
oz HgE ¥ Y 54

e oA Aug
dhel o] A gty ZEel Aold] 719F A
o AR olge] AnE B W, 1 B
dEWIA stel AHANA W I BHHA
of el AR Wi EPToR whg 5

e APEAE REA OR Ak wdd
dE A7 6 Baw Rom mald.

2 dAFolde A3 EdRES HAE HE
Yo] A wte] EAS ola)sl7] 9)5te] Euler WA

21 Navier-Stokes *¥A4], LES Wif =g o
EBU <& ®dg 133 4 Z234= PSD &
s Tt EAE AT 2 ATy 2y A%
EA dEY oA ge JHE v g 99,
Z 7HE & AdA P A Y AEE A
= As ¢ F dRen, 3F7 oz AF
g, & A9 ZV7t ZAotdFE ¢ Axe &

o

2 HeAt H¥Ag g "G A9
Aol g Holsz Ut F&
Ao|B 2 Zpol7t AAE wAAR, T4
T3 dgeA Ao FEE Aslete
= Ao JAAL.

StH B Agel] o] g3 EBU WR A4 2d
S 9F Az Azt gEs Y] wiEd 243

rf

A 2o vehde #Hd HEYClA
& BAREl] FRA e Ao EOM 3
g Eobg HEYolA el sfAelME a
g whdstrieta 43k duAE 12%?‘&, =
g el A EE gEAS IR R
A BdS ofgstelol & oz Addr

1. Fickett, W., Davis, W.C., Detonation Theory
and Experimental, Dover, New York, 2000

2. Austin, J.M., Pintgen, F. and Shepherd,
J.E., “Reaction zones in highly unstable
detonations,” Proceedings of the Combustion
Institute, Vol. 30, No. 2, 2005, pp.1849-1858

3. Shepherd, J.E,
Proceedings of the Combustion Institute, Vol.
32, 2009, pp.83-98

4. Gavrikov, A.L,
Dorofeev, S.B.,
cell size prediction from chemical kinetics,"
Combustiob and Flame, Vol. 120, No. 1-2,
2000, pp.19-33

5. Sharpe, GlJ.,

numerical

“Detonation in gases,"

Efimenko, A.A. and

"A model for detonation

"Transverse wave in
simulations of cellular
detonations," Journal of Fluid Mechanics, Vol.

447, 2001, pp.31-51



64

o0t - tINE

10.

11.

Bourlioux, A., Majda, A]J., "Theoretical and

numerical structure for unstable two

Combustion and
Flame, Vol. 90, No. 3-4, 1992, pp.211-229

dimensional detonations,"

Lee, J.H.S. Radulescu, M., "On the
hydrodynamic  thickness  of  cellular
detonations,"  Combustion, Explosion, and

shock waves, Vol. 41, No. 6, 2005, pp.745-765
Radulescu, M. I, Sharpe, G. J.,, Law, C.K.
J. H S,
structure of unstable cellular detonations,"
Journal of Fluid Mechanics, Vol. 580, 2007,
pp-31-81

Radulescu, M.1., Matsuo, A and Law, CK,,

"A  Convective-Diffusive

and Lee, "The hydrodynamic

Reaction  Zone
Structure Model for Turbulent Detonations,"
ATAA 2006-951, 44th AIAA Aerospace
Sciences Meeting and Exhibit, Jan. 9-12,
2006, Reno, NV

Powers, J.M,, Multiscale
Modeling  of Journal — of
Propulsion and Power, Vol. 22, No. 6, 2006,
pp-1217-1229

AL, 4G, 9538, ALY, 255 FF
oAl A 71#-f5 <] Detached Eddy Simulation,”
sty 33731354, A37H A10E, 20099

"Review  of

Detonation,"

13.

14.

15.

16.

17.

18.

- HAE,

10€¥, pp.955-966

z4d], “tEMold A
A FAH o =70 d7FFEH,
A104 A23, 2006, pp.1-14

Choi, J.-Y., Ma, F. and Yang. V. "Some
Numerical Issues on  Simulation of
Detonation  Cell Combustion
Explosion and Shock Waves, Vol. 44, No. 5,
Sep. 2008, pp.560-578

Smagorinsky, ],

Structures,”

“General  Circulation
Experiments with the Primitive Equations.
Month. Wea.
Rev., Vol. 91, No. 3, Mar. 1963, pp.99-164,
Eddy  Simulation for
Incompressible Flows, Springer, 2006

Spalding, D.B., “Development of the Eddy

I. The Basic Experiment,”

Sagaut, P., Large

Break Up model of turbulent combustion,”
Symposium  (International) On
1976, pp.1657-1663

Poinsot, T. and Veynante, D., Theoretical
R.T. Edwards,

Combustion,

and Numerical Combustion,
2001

Austin, J.M., “The role of instability in
gaseous detonation,” Ph.D. Dissertation,
California Institute of Technology, Pasadena,

C.A, 2003





