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ABSTRACT

In this study, computational simulation was performed to investigate the characteristics of air/fuel
mixing according to the shape of the injector exit when the transverse jet was injected into a
supersonic flow. Non-reacting flow simulation was conducted with fixed mass flow rate and the same
cross-sectional area. To validate the results, free stream Mach number and jet-to-crossflow memetum
ratio are set to 3.38 and 1.4, respectively, which is same as the experimental condition. Further,
separation region, structure of the under-expended jet, jet penetration height, and flammable region of

hydrogen for five different injectors compared.
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Fig. 6 Isosurface of Mach number (Left) and Mass fraction of H, (Right) for different injectors
(a)Boundary Layer, (b)Separation Shock wave, (c)Bow Shock, (d)Barrel Shock, (e)Mach Disk.

Yie



58 dME - ol53

oo

o A olFANAE A= Qs B
| g wA AR WY A5t v o
b A Aol AE W BT
dest 727} J1E A4FE B U3
sle.

Moy

32 B Bl mE A5 54
Fig. 6ol AR @40 wWE y=0 2 o

N BA RFE vkl LIS £
3

O
tlo
ot
3
i
o
i)
32
£
M
>
-
Lo
=
o

Bl A B AT fAbeA, A

in
n
b
Y
=
0
0
:10
oft
fo
-
T
i
I.:\E
ot
Zol o 0o o

ot it 2 41 oA
fr oo me & > (U o E

T @

> e ol
i)
2
X

o

ox

[o

il

ol

LN

|

- 10

%y

)

£ 5
El
a0
ry @
_>|.1_5
o
Ll
f
o

E
Ho
ojt M
oz
ot
o
o
ol
ol
ool
o oflt
o
Y,
=)
N
~
it
l-«lj
o
ol

ok

2
i
o
o

11

g
AN

B

gg
38
rr
=
o
i
m o & K

fr &

>

-1

1o
N
oo T

P

X
o
2
L

S

~

N H
©
o pr
>
-

ety
o
o
o P
32
N
T g Lo
re
Sl
o
of frd
e
AV
it
vl

oz
st
O
o
o2t
12
o
1
oz
%

>

o

S
In
o

N
N
e
S
k)
S
2

ol fo @ Lo
£ o
LE o
Wy
=N
o[N—Oa
Y
LT et
4
N
e
2w
rJ_>”|_,l”-?l"
ral

oE

{0

N

N

riot

QL
O
[
iy
lo
i
N
o
Ho
i
o,
dot
ol
sk
N
QL
N

My o i
K3
rr
=
i)
ofj
B
H
Lo
)
bt
N

ol
of?
2
o
ox
ox
n
\JEL
SiA
>
2
(m
Lo
o
o
)

33 4 = oA FRF Folx 0
97 gkgkeh 2 BAT Sl 44E W
FA% 257t 274wt vheh o xze] 2
o} Fastgom, AE Tl 2 AET Y
of AU BT Fa AT AolE ¥
Faha el AEe] FF Ad: (A)UY
BATE o8 A4} FUSHAL

oy

B
o ©
2 -
2 >
KON
iuj —{o{l
[¥ o
W fo
E T
o

e ol
o o
3 H
&
s M
o

L, BATE o] thEdygr EAb
AEe] T A9 Aols A7 @

f Pydm
1= ;
} Fydm
x = Far field

AR oz Ay £

QL “HTO =

Total Pressure Loss vs x/d

Total Pressure Loss [%]

=
l o
o
B
2
N
o
N
xe
@ =

[
U
i
N
AN
o
u

2 AR Aolsh wAEE Aoz ek
ARz Aol we AW, 38 %

of
ral
oz
Lo

o
>
4
o
oft
e
QL
N
ot
o
)
32
o

2
o &
©
_|>;
M
[m

>

-

s

ST
a2
TN jo (m oAz

1o
offt A
= ol
=
ol ==
mg it
ok

2 ood fr o

do 44 ™

gy
Jot >

5ol 2o} A

£42 ooAET %

o}k o] Fig. 7°l
goxe] A

£A&S x/doll @ JERY

x/d

Fig. 7 Total pressure loss along

streamwise direction.



X223 R3S 2018. 6. EALT gdol ME 235 REE U 3 A= EAL S§Y 59

o GFE A WE BAT ZAS AN G o A FAAA Ede (AP BATA )
ol B)FE WF AFF BATY AYY  § w3 B)Fol BF AFF BATRG BE
&40l AR Frkskel x/d>6 9 AWRE A FEOIYO, x/d>25 ¢ TR OIFE (OF B
Ee £A8S HPom, xd>3 A THAH  F BATS A A DS AYY £UEE
OHEEE BAT AGY £A0] BB BA e HOE 2AE], BAT Py o3 4
Fol uls) e AL waTh 59 A7t AT & e FAstar
AT AL BT FY FAAT B

B (OF FF QAP AYY £Mo] b T 33 BAT Pl U A BE By

A BAsAT BAT Al v 72 dolsh  Fig 8o y=02l thFWelA BAT Fehel @
39 F4%e) 257t FUsA e (A)9Y & dmel $1 REE AW Uehiith 2
BATS B)AALE AT A, A Gl AT Feel wel Aol gloy dme IE
N AR A £AE FYV BEE Ryt ot At y/d=3-4 AEgov, dAdom
BIRE W A%y BATY A%, adeld  BAAAY BT A9 Mg we Aoz
Eae b Agton), 58 BFol WE 40 AU Fig 9 & £4E ol§@ JE AT
Z7ketel x/d=55 AMIME (A)AF BATS v ¥ B AsolMe] Fae W wgol
A £ FAsGT O)FFERY BAT 1% AYL 7FORE AND T ¥l E FA

Effect of the shape of Injection ports (x/D = 0} Effect of the shape of Injection ports (x/D = 2} Effect of the shape of Injection ports (x/D = 4}
(&) Circle - {A) Circle — (A) Circle
(B) Streamwise Enlongated | - (B) Streamwise Enlongated - (B) Streamwise Enlongated
c) (5] i <y
A= (D) Diamond | 4= {D) Diamond 4= (D) Diamond
({E) Rectangle {E) Rectangle - (E} Rectangle

= 1 1
02 04 0.6 0.8 0.2 04 0.6 08 02 0.4 0.6 08
Massfraction of H2 Massfraction of H2 Massfraction of H2
Effect of the shape of Injection ports (x/D = &) Effect of the shape of Injection perts (x/D = §) Effact of the shape of Injection ports (/D = 10)
(&) Circle - {A) Circle - (A) Circle
{B) Streamwise Enlongated - (B) Streamwise Enlongated - (B) Streamwise Enlongated
(c) i ) i (C) i
4 (D) Diamond | 4 {D) Diamond 4 (D) Diamond
({E) Rectangle

{E) Rectangle . - (E) Rectangle

|f’-rTr T

04 0.6 0.8
Massfraction of H2

o

0.2

0.4 0.6 0.8 0.4 0.6 08
Massfraction of H2 Massfraction of H2

Fig. 8 Mass fraction of H, along the streamwise direction for various injectors.



60 M

0|53

of et 5 ARAAE EAT g4 W
slol]l W HE Ag oyt HEsA YElGO
o 7 FrelXe] A% AeE Rothstein 5[14
I} McDaniel 5[15]¢] A|AIg AR Alo]
3Ptk BAME 4ol 02 IE E4L Fig
85 B3l Roh AAF #FE 4 Qo
BAT 24 (x/d=0~2): x/d=0 FH A= A
of 2 utE] Fzto] AARE (O (E) I B
ARl A Az HE Eo|7F MR i%r/} ol&
T BEAE g4o] EAEE AEY 2
s whs 9ol a7 HEd 2
o x/d=2 YAAAE BAT g

S0 AT Eol7l x/d=0 9| tin] oF 2u)
bt e, x/d=4%-Ele 2 W

Wste BFHA Aotk x/d=20lA Faol A

F-IE_I

e

F ®ole B)AAAE BATAA M =3
D)rHEEE EATOA 78 w3kor, (B)FA
2E ®ARTE] S iR d9oA B FART
HErh 22 % 7EE dehit

EAMT MR (x/d>4): F50] FE olF el w

gt AE AAN 3 F(z/d<2)ollM F49
Bx7t aA wsketdoh. olE Fig 101 AA €
vkl o] AE o4F ddel st i/ A
Fo E3o] ZHEHAY] WEo|th x/d=10 AH
NA F49 %J_Bk &0l 80% o4 FYol
(A% (D , (©), (B) BAFF 2l
Hlsf kAl %‘@Hﬂ *)F—/J‘—-O/] Efol o & ol F
ozl Ao g Helth 53] (D)IERE #AHS
s F4 H 80%°]%<l ko] EA|3HA

otk F AT ®ol FAAAE B)FALS
1 2

rE p:
2
z
T
0%

2
2o

[ N A u)

e &

L

Y
M= (E) BAAE ZAHT ¥
2 17l gt ol F49 7t T
Wil 9l FHste o FAe] EAEnE
olmto g &3 HEE HrIelr] oH7)
W, WetA FEol 72 gl

o 9
n =
fr O Hr do (o B oW oot

il
E=)
o o

EE #F3h= Aol asin.

olol, Fig. 8l Yehd A A ZAtE F&
o I EXE AWEY] st Fig. 1091 &
SR A FAo AF £&S U ol&

Ap-ol] HlfiH (B)frE W AFY BAT

o
In
4

o

e i 1
EI}L oflt

S
>
>

o 3@

B Lo e 3@ do Mz w2 o
tlo |o

o
G
o
>
=
S
ol

N X
ot
fuj

olN f

RS

o ox FE

2 i

4 W

0,

ui

oz
N

> o A o

oft e o

offf oX
o
e
g o
b
[g:1
G
ol
>

40 ho
P
3
rin,
iz
55,
ot > o

F{E oE', ot
o
fil
1o
do rhor
b

N
-

o Jm

4
o

( J}l_‘
~
(oW
AN
w
of
18
o of = od

off
12
=

Z
&
2

I.:\_Q
oot
fg P
0 <

~

Q.

A
4B

_Qr_{m
32

A
e
G~
=
AV
17
% X
oy
ro i
ol d
offt ok et
otk
M
> o
1o
o 3
o :n:;
N
N

>
td
o
o
3
o
—{O{l O{N
4 3
oo
rr o
e o 4o
of
oL 1R

bl FAFE y/d<4 1 F3F
&7b F2 BRI o9k @7 Fig. 10014
EB)FAZE BTl S

Transverse Penetration Data

Gruber et al.

7H Rothstein & Wantuck
McDaniel & Graves

(A) Circle

(B) Streamwise Enlongated
(C) Spanwise Enlongated
(D) Diamond

(E) Rectangle

*Aave

Penetration Height [z/d]

o

I .
0 2 4 6 8 10
x/d

Fig. 9 Transverse penetration height of hydrogen jet
compared with previous studies.



X227 HN3& 2018. 6.

BAT BNl BE 224 RS U 45

H
2l
=
I
0
(o))
=

1o,
N
N,
e
)
>
2
1o
o
=
)
oX
[o
d
1=}
N
N do

Hob

=
WE FOR AF AAE WA
a4 g

CE
AE FRoIA 7 A4 Aol

o
R

8 9
{0031—%—?&
oo & &

pass
tlo
PN

il s geow, e/ =0
A Gxel A AL B B IF 4%-T5%L.
= guA Yok ol EAT g me

Fig. 100 Jebd zF @A 7k 3k W
< Fig. 1191 ez 2 F 32 (A)Y9y A
T # 71¥ ¥IEE Fig. 12 o YelAct. 3
A At w29, 7t G99 yole 4 o
o A FRAA B)frs WEF ARE BAlA
71 2AA YEelgt e Fig 110 AAE viel 2
o], ¥YF T WelA E3te] 7 =9 e
2 Jebgth 8, (OF HE AAE BA

A hd@ee] 7HE wWe A2 =AEUN A
E Ado] BHFsA A" DRI

o] A% x/d<d 1 FAME (A)YEE A
Hls) 7k WA o] Aoy, ${E AFE I
W R YA SAHWEA 7t WA Fhst
o A 9d9e NFoE (A)YE EAT HlE
He 7t 73hE R mpAg ez (E)A
AZYY A A AT Fig. 10 oA A E
7hata oy - eko
HE (A)EE A

gAY 5 YU

f

Fig. 10 Cross—sectional distribution of mass fraction of H.



62 AME - ol=a - HAN - oz stamzzesx

Sectional Area of the flammable region oﬂ [I]-a}. ;‘(]_ ] ], %}\g o}.Oﬂq 57}_;(] _,_/\}_.?- '5:]}\(}—

F, A% kol ZHAAE AALY BAT B4

) of 4 fEHACH, hd G| =7] Zwol

i — HE Z TE a%Y BAT 340 4 S

: .l i — @ Aoz wBUAL. 53 T PF U3 ¥
< Circle _ B

- Aol A, 98 BAT 94 ol td 3

rr : °] 20% F7tHE A% e B, AT

. . j E}

0 2 4 6 8 10
zld

Fig. 11 Cross—sectional areas of flammable regions
based on mole fraction of Hs.

Area of H2 MoleFraction between0.04 ~ 0.75

H =

(A)Circle (B)Streamwise  (C)Spanwise (D)Diamond (E)Rectangle

Enlongated Enlongated

Fig. 12 Sum of cross—sectional areas of flammable
regions based on mole fraction of Ho.

of WE} Qe Zow dasn, BATe ¥4
of WE Ak wgo Fol, Ak TSl 4
of thE FH AT

o
i)

%o ds
o
N
w2
oo > ot 1
m?l_ﬂ

=
2

0E 94 AY olFAHE A%Y &4l
EAT Fgnn e 13

[e)
Fole AA da wgo] vxE Gl o
27 AFE WA Ao Budn
= 7
AAAE  ATAG AEATAE A

(2013R1A5A1073861)¢] A L& ot B AF5
T8t on, ol ZAA=HYH.

References

and Dutton, J., “Crossflow
Vortices of a Jet Injected into a Supersonic
Crossflow,” AIAA Journal, Vol. 35, No. 5,
pp. 915-917, 1997.

2. Ben-Yakar, A., Kamel, M., Morris, C. and
Hanson, R.K,,
of H2
hypervelocity flows,” 33rd Joint Propulsion

1. Santiago, J.

“Experimental investigation

transverse jet combustion in
Conference and Exhibit, Joint Propulsion
Conferences, Seattle, WA, US.A. AIAA
1997-3019, July. 1997.

3. Koo, B.S. and Kim, H.D,,

injected into

“Study of the air
jet  normally supersonic
Journal of the Korean Society of

4, No. 4, pp.

stream,”
Propulsion Engineers, Vol.
42-49, 2000.



HN223 M35 2018. 6. EAIT g0l IME =25 REF U 3 A= BAI S§Y 63
4. Kim, KM. and Baek, S.W. “Numerical “Verification and  Validation of the
Study on Injecton and Mixing of Numerical ~ Simulation  of  Transverse

10.

11.

. Won,

. Won,

Secondary Gas into a Supersonic Stream,”
Journal of The Korean Society for Aeronautical
& Space Sciences, Vol. 29, No. 2, pp. 10-19,
2001.

. Shin, H.B. and Lee, S.H., “Characteristics

of Dual Transverse Injection in Supersonic
Fields I -Mixing
Journal of The Korean Society for Aeronautical
& Space Sciences, Vol. 30, No. 6, pp. 53-60,
2002.

Flow Characteristics,”

. Tomioka, S., Jacobsen, L. S. and Schetz, J.

A., “Sonic Injection from Diamond-Shaped

Orifices into a Supersonic Crossflow,”

Journal of Propulsion and Power, Vol. 19,
No. 1, pp. 104-114, 2003.

. Ben-Yakar, A., Mungal, M.G. and Hanson,

RK., “Time evolution and

characteristics of hydrogen and ethylene

mixing

transverse jets in supersonic crossflows,”
Physics and Fluids, Vol. 18, No. 2, pp. 1-16,
2006.

S.H., and Choi, J.Y,,

“Unsteady Three-Dimensional Analysis of

Jeung, IS.

Transverse Fuel Injection into a Supersonic
Crossflow using Detached Eddy Simulation
Part I : Non-Reacting Flowfield,” Journal of
The Korean Society for Aeronautical & Space
Sciences, Vol. 37, No. 9, pp. 863-878, 2009.

S.H.,, 1S., Parent, B,
Choi, J.Y.,, “Numerical

transverse hydrogen

Jeung, and
investigation of
jet into supersonic
crossflow using detached-eddy simulation,”
AIAA  Journal, Vol. 48, No. 6, pp.
1047-1058, 2010.

Menter, F.R., “Two-equation eddy-viscosity
turbulence  modeling for  engineering
applications”, AIAA Journal, Vol. 32, No. 8§,
pp. 1598-1605, 1994.

Won, S.H.,, and Choi,

Jeung, 1S. JY.,

12.

13.

14.

15.

16.

17.

Injection Jets wusing Grid Convergence
Index,” Journal of The Korean Society for
Aeronautical & Space Sciences, Vol. 34, No.
4, pp. 53-62, 2006.

Ogawa, H., “Effects of injection angle and
pressure on mixing performance of fuel
injection via various geometries for
upstream-fuel-injected ~ scramjets,”  Acta
Astronautica, Vol. 128, pp. 485-498, 2016.
Aso, S, Kawai, M.

Ando, Y., “Experimental study on mixing

Okuyama, S, and
phenomena in supersonic flows with slot
injection,” 29th Aerospace
Meeting, Reno, NV, US.A., AIAA 91-0016,
January, 1991.

Rothstein, A.D. and Wantruck, P.J, “A

study of the normal injection of hydrogen

Sciences

into a heated supersonicflow using planar
28th

and

laser-induced  fluorescence,” Joint
Exhibit,

TN, USA., AIAA 1992-3423,

Propulsion = Conference
Nashville,
July, 1992.
McDaniel, ]J.C.

“Laser-induced-fluorescence visualization of

and Graves, ],

transverse = gaseous  injection in a
nonreacting supersonic combustor,” Journal
of Propulsion and Power, Vol. 4, No. 6, pp.
591-597, 1988.

LE. W.A,

“Computational of Transverse Injection into

Forster, and Engblom,
Supersonic Crossflow with Various Injector
Orifice Geometries,” 42" AIAA Aerospace
Sciences Meeting and Exhibit, Reno, NV,
US.A., ATAA 2004-1199, Jan., 2004.

Song, CS., and Park, S.O. “Assessment of

URANS and DES Simulations for
Two-dimensional Backward Bacing Step
Flow,” Journal of Computational Fluids

Engineering, Vol. 11, pp. 25-31, 2006.



64 UM - ol=a - FAN - 0y HEE e

18. Hassan, Ez., Luke, E.A., Walters, K, Scramjet Combustor on Locally Refined

Peterson, D.M, Eklund, D., Hagenmaier, Mesh,” Journal of Flow  Turbulence
M., “Computations of a Hydrogen-Fueled Combust, Vol. 99 No. 2, pp. 437-459, 2017.



	분사구 형상에 따른 초음속 유동장 내 수직 연료 분사 특성
	ABSTRACT
	초록
	1. 서론
	2. 해석 방법
	3. 해석 결과
	4. 결론
	References


