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Abstract

In the present study, a numerical investigation was conducted to analyze the effect of the distance between
the adjacent injectors on the characteristics of flow structure, fuel penetration, and air/fuel mixing. Numerical
results were validated with experimental data using a single injection. Subsequently, the same injector
geometry and properties were applied on a non-reacting flow simulation with multiple injectors. Total pressure
loss, penetration height, and mixing efficiency were compared with the distance between the injectors. The
results showed that each injected gas merged into a single stream, resulting in the 2D-like flow fields under
the condition of short distance and lower mixing efficiency along with higher total pressure loss. When the
distance between the injectors increased, total pressure loss reduced and mixing efficiency increased due to
the weakening of interactions between the injected gases.

x 5

w ATolAE 255 F88 Wl AR BAR A7) FAR Alg 210E uEste] B AL
7] 2 wiA 2HAE ®EA7|a o] e fE 7E, AR JFE A 9 d5-379 £3 548 v
W AT o5 fste] dE g G EAME o] &F AY S BEAbete] 289 A B
45 AEsGon, A AP 23S Zke 5579 BAPIE o] &ate] wukg 5 dAS s
thodA AdE nbgo R BAM 1F Aol whet AgE &4, AF A, 2 £F AT 55 A%
2 vwetltt slA Ad ZAR 3 ulA ATE vl g A 24 ARV MR gEEEAN §E5E
o] 22t 545 UEhigla dAnbAow w2 EI g8 SN w2 A9E A4S DAscith 24
T 3 ARZE ool whel BAF 7k A Abgo] HastdA E9 mfo] Srlksta Aoy &4

o] yolx= Zlo] #FH I

Key Words : Supersonic injection(F+<; +A}), Multiple injection(%5= -A}), Transverse injection(5=2] -

A}), Nonreacting flow(H]RE-g- -75), Injector distance(z=AHT- 71 2])

x
]
©

= & G&HQ A A= o] Mdajwojof Fhr
53] A&7 §49 Fo AF Azte] #7] W &
719 Azl mAA Ege] Aotk #He 1

20 = ¥ =0 2 =
HEES T I A Sl 285 AEE gy g mee 999 4% 49l Qols a
A glom, ol HHo X AEgE HaAA <
Received: July. 31, 2018 Revised: Aug 23, 2018 Accepted: Aug 27, 2018 Aol & Zeo =gy s|odshA @k o] g
T Corresponding Author R A . N
Tel: +82-32-860-7355, E-mail: hyoungjin.lee@inha.ac kr ol E 2FE Fed U BAE AR EF SAS
© The Society for Acrospace System Engineering BEAFA 7] 7] 93 theksl BAL drEo] gy o] gro




82 AAE-o1 g3
o, AT FEel web A WE EAF A (wall Ab AESE = FE5e] EFo]l FE AR FR0l A4
injection)?® & W A WA (Gn stream) 2 HE 3 A CVPl il FHE S EelEith
g g k. AAbE e 2EFS o] &% A W o]F AL ¢E, EAF 7IAlY T/ Fol dud R
o] A% adlEy frEol AR =Egel we @ W o £ Aol vAE FFl g AT[6~717F o
g wAL2]e A9 &4 Fo dHE JHE W F FdENe™, Tomiokal8]F "HEEFHI A3 &
W, o8 BAF B Ao R westal S5 AHRE o] &g RS EE A ko ARl o
flomw &2l HAF o R Hriye] gtk 1 gl W& 3 e ¥stE dEsGinh olF
gy iy BAR 5o A ARl dedtel HlE) Ben-Yakar[9]& Z~ARAAE <zl zF AES R
e 5 72E e de® 4eA 3len, Fig. o gAgHom Babetal 49 odddls o] &3 F4
13k ol EAF frsoll o3 v F43, ww o HAF AP S Fdetglon, Wonll0]e i A3 =
FrE Hre Aed 99 9 9 Idske oR% Aol tigk DES #4e Tt 255 fro Wl 4
(CVP; counter-rotating vortex pair) & B3t & BAL A B9 HAd EA tiEk oldlE =2 ul 9l
A4S F3eta ok o] olf=® BAM 9 F o HZ Kim[17]5S A 34 e £33 528
o e, EAF AES F fete A B ER S S AaA s Fall A waskgla BARS @A
4 5 #Es] Slsted vdd AT FAH 9 wet fre 2 EF 540 g2k F ASS A¥AHS
= 2 A
AA 2IPAE AR AsS fEiAE A7l
" Bow @ A oA gk £33 3 dAso HAF AY F
2-‘“'.".,3:.\.'\1 SHipek ;::L'I'_'[';'::‘N o] FastAN, AAle] ATESL YRR v Al
71& ol&3ly fr5e FRE By AL #Esa
e 2 wAYFeIY adE ke FHEear Ak
BOUNDARY ol AN AFX Hrk AAHR A5 il o
i o] BAIE A&ste A5 ISl Schetz[1]
N © 33 39 9o WAIE FROIA WA Kol
E(toe-in) Fe2 W& AL FAE o] &3to] &
Al AAE dAE F e TY AW
HORSESHOE - o RO AT (aerodynamic ramp) 7N'dS At APS E3}o]
v ek S VAL o bsAHa 4%E AEE vk glon, Jacobsenl2]
< Z ko wix®E 3749 A A A=
(b) (toe-in angle)7t dAxe] E3el mX= Gl digh
@_H_I____@& o . 23e FRssith ok @71 Rogersl11]e 2749
| CoumerRonhg Vorex Par Y PAE ol&F F4 BAF 4G Bate] AR
= T — o] FF 54 ©A Bablek & Aols HolA| ko
U dge] 23 B 3 E3 54 2 S 1A
B \  ComterRotating VortexPair S WS ¥Fon, Sun[12]¢ F2E o]&3d A
5 ) 3 32 4L Bape] Al we AE @ E£F 5
\"M?Paff | Counter-Rotating Vortex Pair g Wste] diste] Avugin. H Ali[13]= #Fo&
C] 0] Alejat7] S)g Bxom H4e vlo]aR AES o f
@ - v 3to] BAb AL 7141 @sbel iste] 2bwiugich.
Fig. 1 Schematic diagram of a sonic jet injection oj¢} Fol x&E fre Wl BAF fredt Bdsie] &
into a transverse stream of supersonic flow : A BAPIE o]&3 BAF 2AGFY vlEk, AE
(a) Averaged 3D flow feature, (b) Vortex -2l 5% v, A 4 B mE JAFA
pattern on a cross-plane g W =3 EAo] W3l 713y

tlo
ME

Ben-Yakar[3]¢} Santiago[4]&= 23

of
ol
-
2

wo] skout, ol EARlol wiste] AR ZE wiA|
A 12 5 FXE AL FEe A 52



T A BAREY] A A mE 2

Ho
oft
ol
=
Sh

>
>
Ho
oft
lo
e}
—m
WE,
(ol
it
[
oX,
[0e]
w

St £ 54 wstel vAE 9P Pus 2aw
7} Ak, ool B A AE A BAIA S

A 4Ye FAHOR BARI o] Hgstel HUM
ol WA E BAT 2 WA Ae WIS} £E 54,
Amel A% A L EF Al wAE 9T v
Ly

2. oflA] 2k

2.1 =% 7|H

BoAgel A BARe] WX zkAd)] <% &
A7) §lste] 33 HIAA RANS s14& a5kl
oo A A S olew A fE S A9
o] DES = LESE A &3l BAF AES 85 7+
agke] o oft]e] WA 9 1o mE £33 wAYSF
S s 9% Ak del Ay Arh(14,15] 1
gt B Aol M 71E AT[16, 171014 YERd np

m
oX
tlo

>

2

S} o] RANS 71wl 4% Eatel a4 gae 2
skl Bao] WAL OJ% EAE AiHOR M
suat stgieh AUSM+ 7'M A gskel w4 o
o AW, AAMNM ] Felra 23 w3k Ay
S Agagdct dF BIde k-w SST & AHEate
W, #7) Q il HEES 449 wE PHNS
ol Adsa, £F/19 BAAE A% HF 9

%)
(mass—-Weighted) 2.2 AAFelE o™ WHF Prandtl
9} Schmidt 43 77} 0.92 714310

2 EAS AHRTY oA, dd BATE o] &3 A
g (Ben-Yakar[9])& BAlsta 1 A¥E WSl
AHR2] whskgrE 3.3800W, Hike] AIHEE FEA

SA7A 9] AgE 50.0 mmoltt, AR AL
20 mm °|H, Fx7t §502 54 PMML z7e
% Eq. 128 A4 fAMé—x} %%%} ‘
M= l4oltt, Aot AE &
2 Table 1 o YERAATE

J= L= 2-' (1)

Figure 2 #14 99 4 2 Z+ AANAY =
28 ved Aoz dA J9L A AAD)E
srlom 50D, EolE 30D oW L& B}

o] Aralere xTrE' ZZj, é—_rL-"J 35
qgstgon, BHe od Hz 2HS& HUksisich
o] Lof A= ET—’;Q A7) 7} —r7] oz wjxld A

s F =
ol F23 24 F sy 4

& Z8(SBLI; Shock boundary layer
interaction) .2 W oA f5S HE3] BA}
st Aol Fastrh old ¥ AelAE Fig. 59 u
B A7 o] ¥ Ao AAE "R H

d
)
a

H

A9 AL v+ 7k % 18 7HE 5 AmS S

T RAL B o A AFAAE AL uE
2 Fol7] fIstel wato] MAA 2 AW F9L A
gata 2 EE olEAE F9 FE 2UOE B}
S gAe HIE Stk adu B areae
BATE Al e BAT gl 24shs e
TR AL ARABR olud WS HET 7
 HEY NS AVT S dE Ao FeAHo] A
e shtel melelow dAsT

Table 1 Properties for crossflow and fuel (H2)

Supersonic Injector exit
crossflow (Hy)
Mach number 3.38 = 0.04 1
Velocity [m/s] 2360 + 1,205
Static temperature
1,290 246
(K]
Static pressure
32.4 490
[kPa]
Characteristic
50 2
length [mm]
Reynolds number 2.2x10° 1.5%10°

J (Momentum flux ratio) : 1.4
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Fig. 2 Computational Domain and Boundary
Condition
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Table 2 Difference of total pressure losses(%)
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