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Fuel-air mixing is one of the challenging issues in supersonic velocities that is mostly used
in scramjet engine combustors. Sufficient mixing between the supersonic airstream and the
fuel jet is critical for designing of scramjet engines, and this is due to the very short residence
timescale for the mixture in supersonic flows. Various studies and investigations have been
conducted on enhancing the fuel-air mixture. One way to improve fuel-air mixture is to employ
step before the injection point, so alow-speed recirculation zone is created before the injection
point and causes to improve fuel-air mixture. Employing step causes to increase stagnation
pressure loss and we should compromise between mixing efficiency and stagnation pressure
loss. In this paper, the effects of step on Gaseous sonic transverse injection in supersonic
crossflow are investigated numerically. Two-dimensional Reynolds Averaged Navier-Stokes
equations and k-w sst turbulence model and the perfect gas equation have been solved, using
Fluent software. The results of the numerical solution are compared and validated with
available experimental data. Numerical results showed good agreement with the experimental
values. Then, the effects of varying step heights and distance of step from injection point on
Mach disc height and stagnation pressure loss are considered numerically.

Keywords Scramjet; Transverse Injection; Pressure Ratio; Shock Wave; Numerical Simulation

CITATION LINKS

*Correspondence

Address: Tarbiat Modares University,
Nasr Bridge, Jalal-Al-Ahmad High-
way, Tehran, Iran.

Phone: +98 (21) 82883948

Fax: +98 (21) 88269296

fommi@modares.ac.ir

Article History

Received: September 07,2018
Accepted: November 18,2018
ePublished: May 01, 2019

|1] Scramjet engines: The first ... [2] Numerical simulation of wall injection with cavity ... 3]
Sustained combustion with Ramp-Cavity ... [4] An experimental and numerical study on the
combustion ... [5] Hyper-X Post-Flight Trajectory ... [6] X-43A vehicle design and ... [7] The
X-51A scramjet engine flight demonstration ... [8] Numerical study of supersonic gas flow ...
[9] Investigation on the flameholding mechanisms in ... [10]| Advanced injection and mixing
techniques for ... [11] Fluid phenomena in scramjet combustion ... [12] Historical survey on
enhanced mixing ... [13] Transverse jet in supersonic ... [ 14| Experimental study of effective
factors ... [15] Numerical investigation of transverse sonic ... [16] Numerical investigation of
supersonic injection ... [17] Numerical investigation of the nonreacting and reacting ... [18]
Optical study of sonic and supersonic jet penetration from ... [19] Mole-fraction imaging of
transverse injection ... [20] Observations of supersonic ... [21] Formation of surface trailing
counter-rotating .. [22] Generation of upper trailing counter-rotating vortices ... [23]
Transverse injection of a jet from the surface of a flat ... [24] Influences of the turbulence
model and the slot width ... [25] Penetration of jets injected behind backward ... [26] Laser-
induced-fluorescence visualization ... [27] Transverse injection into Mach 2 flow behind a ...
28] Experimental investigation of single jet and dual jet injection .. [29] Numerical
exploration of staged transverse injection ... [30] Influence of jet-to-crossflow pressure ratio
on nonreacting ... [31] Certain investigations of numerical simulation ... [32] Shape effect of
cavity flameholder on mixing zone ... [33] Experimental study on mixing phenomena in
supersonic ... [34] Compressible Turbulence Model consistency for separated ... [35] A
comparison of turbulence models for a supersonic ... [36] Comparison of first and second
order turbulence models ... [37] An introduction to turbulent flows and its ... [38] Fluid
mechanics .. [39] Boundary-layer theory .. [40] Numerical simulation of supersonic
flowfield ... [41] Computational study of transverse slot injection ...

Copyright© 2019, TMU Press. This open-access article is published under the terms of the Creative Commons Attribution-NonCommercial
4.0 International License which permits Share (copy and redistribute the material in any medium or format) and Adapt (remix, transform,
and build upon the material) under the Attribution-NonCommercial terms.


https://arc.aiaa.org/doi/abs/10.2514/2.5875
http://citeseerx.ist.psu.edu/viewdoc/download?doi=10.1.1.649.9917&rep=rep1&type=pdf
http://isme.iitd.ac.in/journals/thermofluids/index.php/announce/download/28
 https://www.sciencedirect.com/science/article/pii/S0360319917348437
 https://arc.aiaa.org/doi/abs/10.2514/1.12733
 https://arc.aiaa.org/doi/abs/10.2514/6.2005-3334
https://arc.aiaa.org/doi/abs/10.2514/6.2008-2540
https://arc.aiaa.org/doi/abs/10.2514/6.2008-2540
 https://link.springer.com/article/10.1007/s12650-010-0064-8
https://arc.aiaa.org/doi/abs/10.2514/3.23728
https://www.annualreviews.org/doi/abs/10.1146/annurev.fl.28.010196.001543?journalCode=fluid
https://arc.aiaa.org/doi/abs/10.2514/2.5876
 https://www.sciencedirect.com/science/article/pii/S1270963816300104
http://ijmpp.modares.ac.ir/article-15-11825-en.html
https://journals.sagepub.com/doi/abs/10.1243/095441005X30261
https://arc.aiaa.org/doi/abs/10.2514/2.594?journalCode=aiaaj
 https://www.sciencedirect.com/science/article/pii/S0094576514003257
https://ntrs.nasa.gov/search.jsp?R=19700012407
 https://arc.aiaa.org/doi/abs/10.2514/3.10596?journalCode=aiaaj
http://adsabs.harvard.edu/abs/1991aiaa.confR....P
http://l1l.ir/5i7r
https://arc.aiaa.org/doi/abs/10.2514/1.J056442
https://link.springer.com/article/10.1007/s10891-017-1703-x
 https://www.sciencedirect.com/science/article/pii/S0094576511003547
https://arc.aiaa.org/doi/abs/10.2514/6.1999-2106
https://arc.aiaa.org/doi/abs/10.2514/3.23105
https://arc.aiaa.org/doi/abs/10.2514/6.1991-5071
https://arc.aiaa.org/doi/10.2514/6.2018-1363
http://l1l.ir/5i7q
https://www.sciencedirect.com/science/article/pii/S0360319914029139
 http://www.indianjournals.com/ijor.aspx?target=ijor:ajrssh&volume=7&issue=2&article=048
https://www.sciencedirect.com/science/article/pii/S036031991832069X
https://arc.aiaa.org/doi/abs/10.2514/6.1991-16
https://arc.aiaa.org/doi/abs/10.2514/1.A33681
 https://arc.aiaa.org/doi/abs/10.2514/6.2001-1048
https://arc.aiaa.org/doi/abs/10.2514/6.2005-1100
http://www.iust.ac.ir/book_treasure.php?mod=viewbook&book_id=44730&slc_lang=fa&sid=10
https://books.google.com/books?id=egk8SQAACAAJ&dq
http://l1l.ir/5i7o
http://www.icas.org/ICAS_ARCHIVE/ICAS2004/PAPERS/592.PDF
 http://l1l.ir/5i7p

O Alass g esljant; Gibas 1-V5

g oslitwl il & sgdie oslitel wge Godle
sloals sy piasan cdow Ygemo il Yzl sk
ool gloa)ls sl e GhSorue glbedgw g nlad
Ol @ cawd L @Iyl bald b ciies cuwlie
e 398> i cdgw STy @ulSe el gl
AV ey 06 5 sl 505 (aSehe slaedguw I g
15990 31 oslatul Glae digad S glsieas BrHlulaise palyd 5
3903 o)Ll Ll 039 5> FY - odiyy 4 olyie w‘a)s.uﬂ
b cwdlys LXVSY] o2l 39 e camlive ol 51 gl V IS 5y &S
53 43BN 391> (giueleaiibge j5bdy cepySul jgige ;I esliiul
syl o el o bloVeer Loyai L A/F 390 2o dac
oidhotey b Sos dhuwg diged S 5 6lgled Slgy l)ee
aisS g0 01 - Syl oxiy jueleaise ol s e 05wl
oS 390 osmliie O Syl oxiy 51 6yl ¥ JSb 5 sl
oSl 033y ol 03 i OF — oy (slauslsm Sy JU 15 5
Fgy b axlSa jebay 5 copSul jsige b diwy So 0
1990 b (53la5 olejese oy yideny )95 0xipy oyl ol Siige
s¥se b alife waedy cudlyl 5 cwsd ) ceepSul
ausls 515 ods! 53 0V - el oy aylad lgy car Sl

T78l0l s alVeeer glasyl 13 0 (55195 Elo sac

- I|.-'
moT Sl> eSgw yuwgs ol pomdy u>‘o)i»ﬂ 25590 b O — usSGl iy (Y S

el j5ise 1 1eLlS 5 5l gl So @ Gilies 4l
bolie oligS Lo culsl ploy Judsr 45 ool lgds Lo
4lihee diye 5l a5 035 Glyiml dhi=e (y5)8 50 5 wBgw
0oL Jen g wdgw gabbglie 1l s Justy Plewl
Alead w9 slidan Slohd wEgw AL lapiuaw

WAY gy O ojlad I oy98

olz ojg> 5 dy jeax 3l s asllhe
sloe oluz » ©3ee Gise s bl
wyo Ggdlo (b

MSc osljunl; Likiaso

(e ey o&adls SHlKe wiige oaSiiily Ladlgn (wiige 09;
obl ol

PhD * 3/ dllpess

oo ey o&adls SHle uwiige oaSiiily Ladlgn (wiige 09;
obl ol

04sS>

slocew Sl blue 1 S0 152 5 eosw culie gadbslie
Slosgige Ghizl sladhize 13 5u gl 5 prytien & 39 wse Foble
oy o S by ‘u‘?‘o)iw‘ slaygige =hb 5wl w‘o)iuﬂ
by el Gl dlue S oad bl eégw e g @ Gble il
gzl s)lul wge Fgile gl 55 bylie dlisS (s wudlil ploj dulsay
LS sgu0 (sl t_;lob)l(.wf wlidxi g wiellhe Sl . cwl JSiv ;L
slaylSaly 5l o cwd 4k wise gz e il » Ige g g
el il ahi j 8 aly sbal s 5 g bW 338 (sl sniall
czge ol dals I S ool e GhSyzih sl Skl b &S
olyods aly 51 soliiul oS spai Ll b 4l sedse biis| lessly Lialjél
cdl g b¥asl lesily (ialisl o lasllac b 4 el oS HLas wdl U
GIB Gl oje> » dly jedm I LBl IS s andy wyge psSw i
o oy (§33¢ wygody wigo Fhle B lee gl Y 390 e
ui;.a.m"’ J.\A o|)o..m4.3 uufy.m‘ —),!9“ (_;.\s_}gb [ENNEN ‘.\.u‘ B ol
gl lisley j1 eslirl b JolS 5B cdl> alslae 5 k- SST (glalslaegs
9 duglio i sloedls b (gdae (gilwand 51 Jol> il g Lilosds J>

5 aly alold 5 aly glas) uoai yiahly 93 5585 b Gupes Slosd (5l iSaso
G 9w Jlid 8l g Elo S glal y el 53 ol 330 (bl abais
ROW PV

@338 il (slayd zae lid o @bliie (LA el H2eflganls’

WA/ NS bl gl
WAYLAIYY :ipds g0,

fommi@modares.ac.ir : Jgiuus sdiungi’

doddo -\
wigo G383l 8 ol S gax 458 e S gblite (il
9 Sdge slaygige wasly oy JyuS ly Slee by,
2 g g wdgw LIS wiuew 2hb gl Ghgy puizes
2330 Jleisl 4 oS cwl capSul glaysise @Gl dhame
sl ygise ouyiise 51 5o copSul jgige (o35 sui]
Sy cepsSul jgise Mad wwlss Gse shile slajlyn
Ji 5 Ja> lapstus lsie & cul (iung Tsless
Al oSSt Jom 4y 55k U 39l 3529 ]y (s2el)S
395 b |y (srtdion wdgw wlsie Jalwg pal dast 55 9 Wil
Ak plelS Wlgie g culdy @B ojg 9 saled Jeo
Sdige slaysige Gaiholen leasgaxe I G puizes
el slagise soShg 550 (5o 2l 55 |y Glsase
5 omsi lie (65 Symite wilaks digS g oSl ol
S ol deba prizen SN Glgd glagise sgwseS
Wigde Phb by GhE gleeesw 55 o gl bysise
b b 5 skt yidagh 505 (Jgese slaygige 4 ol Ygane
wigw o Ll )3 d2)lLSG et 9 Lad CuSyi iy ol
@izl slanyls 53 GluSsne gleedsw oo 9 g

e SuilSe usige hpg)s - sale dolinle



WYY @igo Goile bse (slsm ol ) 53302 ize (s3I Gl ooz 3> 43 dly ygdo 315 (sdae aalllas

Oxled Solangai 51 osliil b 3935 Gas (59, |y paiiage
slaalyS car JSid s 5 gl [20lsged uny
G383l oxe sz 3 Give o S cuodpnl 38 plueals
G peiies @3 Gilwdnd I eslail b ) wse
ol g gblite (il (hlSen g SoTy (21 22 5ilesga
do b wppody | & dxie S gy wae Gl
k-w L_S*WT Jde ohyemds (sadgd (wSgiwl - gl wYslee
L_;lmd.m ).ub Ol)m 9 giv/;m ‘[23].}.]'0)9».} [Ty SST
53 gblite Gral gl e » 1) SE (oye 9 Suadl
[ 5lesgad uyp e Fodle glagly>

wyo Go8le plyz 5> edly 5l a2y (g3g0s lace 3ga8 Gos
5 S Blewl osd Guyy ohlSen g 2l buwss
bMas (e jobay P71 e § eisSo pizman g 126 5,,5
weo F8le glyz » ) Gise sleee sw ez gblite
3BT bz 53 1y aly 51 asy (glalyegs il Ll .ilosgad (ouy
@ phlSes 5 g/ silesgad Guyy 2T @yged ¥ gl sae b
Se o Uy we il 9 L e Gl GuaS Gy
as Ldg0d saliw LQ;T ‘Aj|4:i.">|.>).4: (G0 @93[4 L9|)“">| dhd>o
9 wlaipe sl (gdon wBgw 39ab Ges (lgy we LRIk
e alols QT)b 45.3;'.) d¢>g Ubw Q‘SA (5|)g LS'% alold
ol Tale g el PBlewl didian ciaw we dgii
G393 wygoa |y dly Sl sy wgo Gedle gl (9yd (s33es
@ e Hlid cad 6 o) San g Kilgo 1291 8l03g03 (s
bl s ay by copSul Gliol daame 1y oy Glyz
Gl BOlosgad ooy pigpiSls e 9 miapsiSls ol
Glyiol dhame 55 (g33s (gilwdnd g9y Guixi 4 S 5
JIssS b aly S 51 amy (slalopegs gblite G5 b wsogsile
G9dle his! dhime Sy gy 4 wisw LROL Alaibly,
5 Glolnl sy e slaghy, 51 5o JIsS G b wye
(530 Bl (63,Shoe balys 51 Gy o3k 53 dlad (5)1055
sl sl 1y 1S aled JlsS IS il 35 ollSan
250 T ailesgad unpy o G53le 0Lz 53 Olsred e
L_glo)gl) 9 L_,L«.k.w.m ‘L_gld.’dj)'s.') L_ng‘JS.w L| 6Lmd|.§9§)| oalastuwl
oS sl las T s ilesgad Gy wigw &i5s8 (535 1y
4l (130 53 503 sladSis 51 el S JSbglaiized JIssS
132l gy

b Gige 55 e ptily g31e siloand Il ol 15 5
b gsas o il 5 el o el wigliie [Lid cas b
slagl 86 Gaaw ilosds (S)l.‘}f&/a 9 duslio =i (glmosls
Slaly alols g aly elasyl yiohly 95 juasi b (AL abads j1 JuS oy
el lo Sas £l cealed 3 canl 00d Ly Ghdly dhais
BosSs b g odel s 4 Gilidee slaylislo (gl osSaw L

Ailoads duolde

GSi5ad Jaeo =Y
sy Bghlen 5w/ buwgi dallbe 33 S Jie
RO w)f 518 esliiwl 3590 yols (33 = g, L_;)Iifw
oylgn 5Lid sloosls 5 (g Sl wds LQ;T =S uLmJLc)T
23 w30 sy b G )lid lacnd jl Gawg o3l g 3l
olz Gl (6US sleosss by alie winie woligle] ol
LS.’>95 b b cowd Jdad g cul oddd esliiul (gaxdgd

a8 0,3 (gaslys gt |y ol Glsise (e Jie

Modares Mechanical Engineering

51 s bl coglgas 51 lsdagly g (3908 (S 5l9e gty il
5'.334_\[) )| oal&iuwl 5&@‘.’%.59).4], ) a(k;.auﬁ)) ﬂ)w ahw
)'| oslasiwl 9 o)|9g.> 89 (o)b) d|>9§ A ‘lmd)_u 9 lm4s_u
SloySHl 9 Sae glg slbce (plive co gleygsl
SISy paizen g slups zlgel slaosiiSudel 9 by
@Lf lm)‘.‘ib‘.w BTN [10-13] 56 4 Gy EFRe (_glme)b
5 Gk sl Judsy el gl dhaxe jy ab S
U gl dhime SO 5l ealastwl 3g50 )5 @ dled ol
51 G50 @l dhize s 4.b S w)u.ub 33 (53908 W‘J
Silolub g lsn g wdgw b)S] soups sl la>hb (g yieske
Wb o L';‘;?‘c)s..d i9ige SO Glyis] dhime jy dlsd
abamo )5 aby SO 5l am wge @8l plyz 0eyd W $d9ee
o oy L.u.uq L9|)"">l

sl gty puyiadyian 5l (o gblite wiged e G5
G CEgw Cawd W gl Gl cwl cgw @Gy e
ol sblgs g paitioge wamd wlins 51 ¢laie olgds lom
3lg0 3900 o3liiuwl Umz_u)g,\f)." 2N Sl = b ﬁ_nk.u b6
33 0byz e98 ol YL slws wablB p Ly Glgioe 1) 0adyS'S
NS i s ciguw g lap bylxe Cglho codsS 4 (i
Glups zoe S gl gliyz LT Glsa gl 3950 L
Sa ol 5l o g d9de sl il dhds (g5l (598 SleS
abds 51 8 puizen wle 392y 4 Gl lups zge
Y J515 Judsdy a5 spdoe wigo (5500 Y Glglaz (bl
Y Glolaz 5l 50 glas z9e SO cwl slus zae 9 S50
daite HleS gl zae 4 dalsl )3 4 Lo 3929 4 (550
9 busio ple - Jily 8 G @b 5l Gige e MBlsgd e
osd @Shie glo Sws 9 glaSiy slayd zgo buwgi Gupw
15> (50 oylgd xhw wlilse 4y bz e cuwsouly 53 el
4ol 95 puized 39d0 ei SIIL slays z9e So s
JS M6l el onds JuSiis il ahats 5l asy g 8 izl
o ol » Sye ce gblite Giil Seled gled ¥
Mamso plas |y wse Fodle

Supersonic Mow

Turbulent

boundary layer
O %
' 0 Y
Upstream recirculation zone

F—Srpuruliun length ([,)——i
83le s glz 53 Gise v gblite plily Siled gles (¥ JS&
[1719_39,0

Downstream recirculation zone

59> 3 wdSege wlallhe By 4 gratie olil il )
U2 39d 0 wgo G8le syl s gblite we bl
Ly gl Ll gl 0o 4 porle e 3585 Gas (hlSen g
L_g)ﬁfo)'l.xﬂ ol polai Gl esliiwl L e dxio SO p
15 o Godle bilisl agllhe 4 ohlSem o oo/ 18] 0l03ga5
G2 bl 53 1y Gl puS (5 55031l g ablay liio! dbize
ST by slo sxe 3 bl 5 samgolls 19101315 oloni
cund g s cawd (Sl Hlad cuawd e lo dac

Volume 19, Issue 5, May 2019



G Alass g esljant; pibas VYA

P = pRT @)
A 335 gy b sad] wYslee

apk) | @ oK\
0 T o, (Pujk — (u+ oppe) a) = TenSij — &
B* pwk
2w | 0 (o ) _p _
o T o (pu]-w (1 + o4 ue) ax},) =P,
pows Ik 90 ™

Bpw? +2(1—F,)

w axjax]-

T 0§ Wygody Fl 9 Pa) wYsles C)ﬂ')) S

4
, kK 5 k
F1=tanh{<mm[max vk ) 02#]'4;7%22])} \)
0.09wy " py“wl” CDyy,y

LM')‘J)' Cyguody CDkw A 4.].5‘.9.4).5 as

2p0y2 0k 0w 0_20]

CDy, = max[ ox, 0%,

)

bl sleglyz Gilwands @ glsice Jse ozl 55 ylse |
slapby> dadignl Js> slaplyz (pwsSee jlis gLl
slaye zlsel hls glaplyz 9 iy glaplyz (JUB J21s

.[37].59AJ o)L'b|

S 31 B gy 5 S 25153 -
63k cmenl Ghls (g3 gilwand 5 cuwlio ganaSd
Ghibive gladshe b anshiglole oSl So 515 ool 55 el
3 bojlans d Suap g el Shbl ys 4 5 st eslatul

ol 04
Lol yF ladie G (she olses 31 sl sl alols duulxe (sl
394 (50 duwlze 1Y ddayly 51 esliiwl b judginy sae

Re = PUxL )
u

SBhol oy &l puedi gl Guad daly So 1 e
sl ks euad hilyy cilihe g2lie 3 d9de eslatl
Jle plgieay a5 ol onds slpiiioy SBhol Cuyps @l (e
Y sl Jilhy piae - So -l o3l 51 Y a5l plsie
138, 3905 oalasiwl VF g W Laslgy b ol ool s db asaisT (6550

39]

BBl axio (59) 2 ol ¢l

0,027 v

f ™ Rel/7
B Gl ¢l
C; = 0.079 * Re~025 %)
Bz by sl
C; = 0.058 x Re™%? o)
OaesS WO dbly 51 eslastnl U oylgsd (S5 (i S Ep0 uso
39450 035
_ Crpu& )

w2

5 S Shel e o oSl iy GRS £y ol U

35 pald 1

_ |z %)
U= |2

IV il b eyl 4 S35 Jslo oyl alols o5l egles 5o

D950 035 (e

WAY gy O ojlad I oy98

=¥ P shxe 5 b U axio des ad ;1 alols
b5 5l alols g o3g ytolae W= (ibly BB pye 9 ehe
53 eleA 0 b sl 2955 jye U G5 e (555
ol nge ol 4 (63959 Slen Gl pelss el oad wdS
b oily Sl HLas FIVO U il ST ol 2lo sae oS
Lo sae sl uslSYAIFY L ulyy Kbl (los 5 Jals))a
ROWIRTUINGS & 2 C)T Siliwl (glod g o3g0 SO odd @, w
Gilho )lSamo (gly s Glol plyz 4w slaylisd cous
a3 J1a5 53 YOO g WIVY O/VA FIAS b ply oy poslie b
9wl 04 w)f)bJ 33 pelS Ve (_,uub o)lgnd (sles .ailoass
F U b ol gueme o)lite wygedy VL e

2350 ol |y Slwle 59> 9 4 1 (2les

Symmetric
0.1

Inlet { Outlet

0.2
X

Wall Injection

Gille 4 5 039> I (aled (¢ S5

&de J> g =¥

os 5 piSlaugie jalyiny LSyl — gl ¥slee (Guizs ol 5o
loss J> FLUENT Jli8ley bawss e &z (ivgy 4l
2 polege dilee (Niwgs dblze Jold oS> wYslze
5 Mt JolS 5 cdls dslas g g5yl dolae Xy locgs
slodse sl ke SST glalslaags KiasT Juo jl praizean
5 Syi k- SST ([Kias] Jao ccwl oad oslaiuwl Suasl
J3e 5 olsas S35 4ol 5 (S 8L ke (Suasl Jae Juo
K- Saaal Jao cwl oylgns 51595 52195 53 3ylailiwl k-€
hee slaglye bl glaayjl s paedi Ysasno SST
33 &Sl oas Ol Jds ol @ Jso ¢l .[34]A,3LAJUA ‘Mbbs
39y o JUl Jae g sladsleegs sladse sble b duglio
L @2lye 5 Olalie guedd 5 95 callB (S
duglio 3 .3ls eadliz glaglyz g pweSee Lis glaglslS
S e Gl e gl Sl @alsS col gladie 55T L
oped glllys Sy Jio eSS e ol
353613l > 055> 51 (5 5t

A 55 @ygody (§3i9d ol sl S wslze

L:i-‘-‘-”s—u dslseo
9p | A(pw) | A(pv) _ ")
at + ax + ay 0

X (_gbhub)) ﬁs,u.as,o dsleo

apw) | d(pu+P)  A(pvw) .. _ 135

o T ot oy div(ugradu) =
Smx

'y (_gbhub)) ﬁs,u.as,o dsleo

a(pv) . d(puv)  3(pv%+P) T _ )
or P 2y div(u grad v) = Smy

ST RINEN

d(pe) . d(pe+P)u , d(pe+P)v i _
B T e div(K gradT) —® =S, (F)
:JelS 58 s dslse

e SuilSe usige hpg)s - sale dolinle



WY8 e Godle by (slem ol 53 (53302 e (651 LRAL ol 655> 53 dly spd 435 (534e dnllhas

50000

Numerical

L 2 Experimental
40000

30000

20000

10000

Ps (Pa)
e Lo s e s e e s e B e e

P TR
0.25 03 0.35 04

=
o

Sl jlid 2365 sln S leesls b 9330 Jo i duglie (¥ lagal
FIAS jlid cund 43 o5la13 (59,

50000
: Numerical
3 L 2 Experimental
40000 |~
30000 [~
= L
£ L
= L
£~ L
20000
i N
I » ¢
10000 [~
P SRS SRS S
%.2 0.25 03 0.35 0.4
X (m)

Sl L8 @557 6l 2T sleesls b (s31e Jo gl dunlie (¥ jlaged
Vel VA HLid o 53 05l933 (59,

50000

Numerical

& Experimental
40000

30000

Ps (Pa)

20000

10000

LI e B B B B B B B B

P I B N P B L
0.2 0.25 03 0.35 0.4
X (m)

Sl JLid 2505 (sl Gz sleesls b (g3ae > lis duglis (F lagal
WIVY jLid cawd 1 o)lgss (s,

Modares Mechanical Engineering

+ +

As = VB _ytu V)
C
aaits S5 53 o)len 31 sk crdsl £lis) alols yls IS 4 a8
L sl sy i 51595 (2188 53 g yiaihaer/ =¥ Ll (idly
(_gl)g lm(_;)uw «dalsl 3 RO XV w)f)hJ)b )IAUJ.:Jm/’\
0L s wsis .cwl w)ax ygo cilie (glaaSius slass
s ool bl b aSid sl o5 390 GadSed G900 W
2ol andls g3se (g5lodund bt (59, (58U Sl slodusl
51 dYELl ) Glaged 5y ekl abls Shgess BB ks> L
J= o592 sl ek slasi (a8l b &le sue Wiyt ¢l S
53053 Elo dxe (1 Sle My ylsgad ol 43 oS 390 camliwe
ol Slwlxe slodglw slasi Negyy 5 295>

3.20

3.15

310

3.00

295

290 " . 1 L | . " . 1 1 L "
500000 1000000

Ncell

S §) PVl it () fgad

(=]

bt -0

wyo @odle pliyz 5 gl G5 ol oo «Lidgly ol 5
51 esliiwl b (g33e ygods c,‘?‘a)i.wl 19ige @Glyis] dhi=e
ol el el ssd gilwans FLUENT féley
@S B3 lSan 5w/ o ld b (s34e (lodund
Gl Iy oylgs jLid gasei (slvdunlio Y-0 (slaylaged .cwl oad
g Jwdse glis Glol gl 4 co Wlixe lylid cawd
U (29> @i gsue S5l oMTw)g 2l 45 dgdd 50 camliio
Elo sae Wil jqilS & Hlagead ;3 ayls (aliolel sloesls
odds o3y ylas YOND Glol bys 4 co jlid cawd slp
dos gilo S wygot eadG Gige co & (il I el
¥ ghxe I J8 g8 SIS lae zee S nleie
e sl sl huwgs (ol glayd zoe g 39de JuSad
oo Jlac!

Goe sy sl sxebl olsiea Elo Shas glas)l 5| Ygane
Gos Nlgi o0 CLO Sesd &Lﬁ)ﬂ 9wl 0as oslasiwl i guw dgii
GZx s B0 Hlas (lis wae Fdle pliyz 5o |y wgw 39a9
paSle 08 glie By 53 g Ele Sy b hug (gilie
awl 0l ymo Flo S glaiyl ylgiedr Flo Suns gl
S 53 g 390 odaline ¥ Hlagad 53 Fle Suws sl J=o
s ple S £liyl lgicds flo K b by (yil>
el 0l o3y lid hyyp b aS o w)f

Volume 19, Issue 5, May 2019



! Alxis g esljanlj Gikuao VA

s)lfw 9 ilwandd laul 53 b csmlin «§ 439§ olen
8l Soaelsl )y 5 wdndy wyge lgen JUIS S s Gk
jhaly alols g aly glas)l s b g oads oals )18 (ibly abads 5|
JLas wdl g Elo Suns glasyl y olly 95 ol 30 (il abads
Sz dwain o aled O IS s cwl edd Gy peSw
abold Lygep 5 aby glasyl Hpep oS 39050 03alie dly ohandy
ol ey b 1 aly

abply wygo aly alize glasl 14 gl baggslodund SIS el 5
s iy Gl a5l ol Lt W ol 55 5
Oloieds A laged 53 el oad aidS s s yiosliole wals
9 Vo) ho aly slagldiyl sl Elo sae @l j5ulS dige
@l e g laylagad ;o el odd oaly lid (6 yte Lol
S A ggSw Hlad el wlsi g gl S glas)l
sanliie 4 lgad > 45 655 lan 350 onlie dly glas)
gy obdy Elo S gli)l aly glis)l (aalisl b 90
L a5 39050 odliio Ve ylogad 4 azgi b g ol aisly (aaljl
e 3 O Tl oS Jlid wlals waly glasyl ol
5 oS sLis wlils AP, S ol 53 4 ol 4Bl Lol
ghie 53 S HLid il )5 a5 039y @230 (98w HLid Prrey
lall (0 ytaS dS 39 50 o lie .cwl osd w)f)lm)b (5399
caal 0313 £ (6 ytosleed aly glasyl )3 sSs Lt

calsl s g ad Guy olyz oje o aly gl 3l il U
wyge plaly daii I ay lise Jelgd gl bagilodnd
133 Lomppt eiilies aly alols Yo slas IS ol 55 sl iy
i8S 515 55 e leald wld jlaio bl aly glas)l Lo loapnd
Elo dae wilyusd (gils digad (lgicdy W Hlagad 53wl oad
oads o3l olid (g ytesleaWer g Ve 00 0 aly alold Loz sl
sl

s il g plo Sums £l wlyadd ¥ g I slaylsged 5
Bgibioe odmliio (bl dladi I aly alold yosd 4 cund ygSw
o 4id)S a5 )3 yogslaeld ali jlaie b il aly glas)l Ll 53
oty ahis 5l aly alold lise uslie sly lagslwand 5
Shaly dlold (ol LY Jlagal 4 dzgi bl adpdy wygeo
ool G 9 OR8] Tl Ele Sy gladyl (bl abats
Ay s rtehelVe dlold )5 Elo Suqs i)l o yiien o« aisly
b 55 ,Lid @lili wlyssd caol oad Jol> (il abis ;|
oS s5dise sanlice W yl3gad )3 55 Gy abaii j1 alols yuds
bt I aly (g ytolieds alold 55 oS jlas wlali ¢ yteS
el 03 Jool> bl

Inlet Outlet

H 1
step
Injection

ah b i dwosio 1 Siled (gled (O JS

<
Lstep

WAY gy O ojlad I oy98

50000

Numerical

L 3 Experimental

40000

30000

Ps (Pa)

20000

10000

LI R S I LIS B L B B B L N L N L B

0.2 0.25 03 035 04
X (m)

Sl L8 2j57 (sl 02 sleosls b s34 J> gl duglie (B ylaged
YOND HLid s 1 oylgsd (595

012 Mach Number 7

020406081.0131.51.719212325273.03234363.38
0.1

0.08

¥ (m)

0.04

0.02

T ] PR | AT T e L L

0o b TRRTT e L |
0.1 0.15 0.2 0.25 03 035 0.4
X (m)

P/ Pro=V O jlid o 55 Elo ae wilyunsi 50lS (8 ylagas

0.015

Y (m)

0.005

032 0325 033 0.335 0.34
X (m)

Elo Suws glayl (Y ylagas

e SuilSe usige hpg)s - sale dolinle



VA wige doile by (slem olaz ) 3502 ize (551 Rl playz o3> 43 dly s 315 (sdae aalllas

Mach Number

][]

0.20 048 075 1.03 1.31 1.58 1.86 2.14 2.42 2.69 2.97 3.25 3.52 3.80

0.06 |- <l

0.04

-0.02 -

0.28 0.3

0.06 - €

0.04 -

R R T SRR S N [ R |

032 0.36

X (m)

0.38

0.06 -

004 -

0.06 - 2

0.04 -

032
X (m)

0.34 0.36 0.38

Rstep="+mm (3 hgpe,=Yemm (z hgpep=)mm (o« hgep=-mm (Gl salideo aly glad)) sz 5 Flo dae wilpnsd gl (A Hlagas

029

028

LN N B N B B B N B B B N B B N N B

v b by b b b

027

o

5 10 15 20 25 30
Hm!p (mm)

L)) sl 4 cowd zoy> ghiie 53 oS jLi8 w8l wlyass (e Jlagad
(el yiaglpole iudly abaii ) aly alold) aly

Modares Mechanical Engineering

30

ol Lo o b o b oo o b a1y o 0 1
0 5 10 15 20 25 30
Hsmp(mm)

S aly dlold) aly elas)) wlyns 4 cuwd Elo S glai] el (] jlaged
(ol yialeole b ply Gl abaiis

Volume 19, Issue 5, May 2019



L Allxis g oslianlj ikas 1oAY

e [ |

bt
L
&

0.3

0.25

0.2

Y (m)

0.15

0.1

S s

0.05 0.1

(=]

OJIII\lll|||III]]TI[IIII]W]II[I[III]]

0.15

o
&

0.3

0.25

0.2

Y (m)

0.1

0.05

L AL L L L |

0 s W TS |

005 01 015 02 025
X (m)

0

0.20 0.48 0.75 1.03 1.31 1.58 1.86 2.14 2.42 2.69 2.97 325 3.52 3.80
S

0.35

0.3

0.25

0.2

Y (m)

0.1

1 ¥ ¥ '
T e e e B

0 005 01 015 02 025
X (m)

0.3

0.2

Y (m)

0.15

0.1

I [NV TSV SETF TSNNSO eoml (rier

0 005 01 015 02 025
X (m)

04

Rgtep=Y'ssMM (3 Ao =\VemM (z Pgpep=0-mm (& ¢ hgep=0mm (&l ¢ il abadi jl aly alio Jolgs 3 Flo sae wilynsd joulS (W jlages

0.36

0.34

AP,

w
5032
a

03

0.28

o b b b b b

0.26

0 50 100 180

Litpp (mm)
old whynsh & cuud (29,5 ghie ;3 gsfu )Lid él wlinss (W Jlagad
(el yiolold aly glasyl) Gibly adads 5l aly

200 250 300

WAY gy O ojlad I oy98

hymp(mm)

50 100 150
Lstep (mm)
iy ) a4l alols @hnst 4 cawd plo Suus iyl whinss (W jlaged

(mal yioihiel aly glisl) Grdly

200 250 300

e SuilSe usige hpg)s - sale dolinle



VAY ez Godla bse slom ol 53 (53302 e (651 LRBL ol 655> 53 dly spdm 5135 (s34e dnllhas

&l
1- Curran ET. Scramjet engines: The first forty years.
Journal of Propulsion and Power. 2001;17(6):1138-
1148.
2- Pandey KM, Reddy SK. Numerical simulation of wall
injection with cavity in supersonic flows of scramjet
combustion. International Journal of Soft Computing
Engineering (IJSCE). 2012;2(1):2231-2307.
3- Moorthy VS, Charyulu BVN, Amba Prasad Rao G.
Sustained combustion with Ramp-Cavity enabled
Scramjet Combustor. ISME Journal of Thermofluids.
2018;3(2):15-30.
4- Kiani M, Houshfar E, Ashjaee M. An experimental and
numerical study on the combustion and flame
characteristics of hydrogen in intersecting slot burners.
International Journal of  Hydrogen Energy.
2018;43(5):3034-3049.
5- Karlgaard CD, Tartabini PV, Blanchard RC, Kirsch M,
Toniolo MD. Hyper-X  Post-Flight  Trajectory
Reconstruction. Journal of Spacecraft and Rockets.
2006;43(1):105-115.
6- Harsha P, Keel L, Castrogiovanni A, Sherrill R. X-43A
vehicle design and manufacture. AIAA/CIRA 13th
International Space Planes and Hypersonics Systems and
Technologies Conference, 16-20 May, 2005, Capua, Italy.
Reston: AIAA; 2005.
7- Hank ], Murphy ], Mutzman R. The X-51A scramjet
engine flight demonstration program. 15t AIAA
International Space Planes and Hypersonic Systems and
Technologies Conference, 28 April-1 May, 2008, Dayton,
Ohio. Reston: AIAA; 2008. p. 2540.
8- Zahedzadeh M, Ommi F. Numerical study of
supersonic gas flow in single expansion ramp nozzle.
Mechanical Journal of Tabriz University.
2019;49(1):137-145. [Persian]
9- Huang W, Pourkashanian M, Ma L, Ingham DB, Luo SB,
Wang ZG. Investigation on the flameholding mechanisms
in supersonic flows: Backward-facing step and cavity
flameholder. Journal of Visualization. 2011;14(1):63-74.
10- Bogdanoff DW. Advanced injection and mixing
techniques for scramjet combustors. Journal of
Propulsion and Power. 1994;10(2):183-190.
11- Curran ET, Heiser WH, Pratt DT. Fluid phenomena in
scramjet combustion systems. Annual Review of Fluid
Mechanics. 1996;28(1):323-360.
12- Seiner JM, Dash SM, Kenzakowski DC. Historical
survey on enhanced mixing in scramjet engines. Journal
of Propulsion and Power. 2001;17(6):1273-1286.
13- Huang W. Transverse jet in supersonic crossflows.
Aerospace Science and Technology. 2016;50:183-195.
14- Jalili B, Ommi F, Nourazar S. Experimental study of
effective factors on liquid jet trajectory and breakup in
gaseous crossflow. Modares Mechanical Engineering.
2018;17(12):354-360. [Persian]
15- Manna P, Chakraborty D. Numerical investigation of
transverse sonic injection in a non-reacting supersonic
combustor. Proceedings of the Institution of Mechanical
Engineers Part G Journal of Aerospace Engineering.
2005;219(3):205-215.
16- Chenault CF, Beran PS, Bowersox RDW. Numerical
investigation of supersonic injection using a Reynolds-
stress turbulence model. AIAA Journal.
1999;37(10):1257-1269.
17- Yan L, Huang W, Zhang TT, Li H, Yan XT. Numerical
investigation of the nonreacting and reacting flow fields
in a transverse gaseous injection channel with different
species. Acta Astronautica. 2014;105(1):17-23.

Modares Mechanical Engineering

(§ 85 4o -5
weeo @gile gl ol )3 Hye gblite (il LIS ol 5
loodls b (gaxe Jo a2l g osd (gilwdnd (g3ae wiygods
Gl cndlid bt duglie a5 Lload s)lfw =S
SO e sl @Liu.ulnﬂ sosls g (33¢ > GJLU D>
93 S b g ol uwsin Jio @ Glbly b 5 Jd ab
93 ol 23U (ol dlads I aly alold g aly £las)) usia yally
ol odd sy ggSuw LS =l g Elo Sy glasyl ol
390 o3b 53 g0 odalin (g3 J> b 5l oS 439§ olen
il elsan Sle Sy i) s €5 il b ey
ALy Gl puow 9 plalS il ggSuo )lid wlals g culye
313 3525 gSan L Wlali (gl (sldingy 4bi dx )5 5
coidly ahadi 5l aly dlols Giohsl b oS Ld camldco uixen
abadi g ol didly GielS Guaw g Glalsl lail Elo Sy gl

13 392 eSuw )l wlali (gl jus (slaine

ol ol lo u‘f.).w.us; 6o 5l )50 15313548 g ;S
al eadd by B ainagi sow 3l (6390 58S dyauls
el 0345 ol o Bingd (o 5l (5290 @8l (ylas
ol ol o B aiuugd sow 3l (53590 ULf.u.“u“y P
ol ol (lo u‘f.).w.us; S 3l (5390 1slle &.!Lm

OF- IR 4

edle

SBhol ey Cr

oSy gl F,

(m) «; glas, Hstep

(M) glo S glasl  Ryp
(WmK1) o Jisl e K
(m?s2) (Saal vz 535 k
(m) Jsb l

(m) ghsly bt abalols Lz
GZ9> gl sse M,

Lesl slass Neen

(kgm1s?) ;L2 P

(kgm!s2) psSw jlas P,
(kgm's2) gzse gsSulid  Prrer
JRUSEPRAE Re

(K) L T

(ms1) 3T bz wepmw Uy
(MS1) gy9me (bl ;3 ey u
(ms™) gagee (gl )3 ey v
(M) il G5 e w
oylgss 5l a0 alols y*

ligs padle

(kgm'!s?) gsSw las ol AP,
(m) alols As

(kgmist) Swloseay g
(kgms1) aasl wey i,
(kgm?) Iz p

(k dsleo cols) SST Jao culps 5 S0 ok
(W dslso o) SST Jao colys 51 o a,
(kgmris2) iy s T
(ms™) ehg JYonesl &8 w

o puntginds

&S Kol f

(Uil e j

Elo S MD

aby step

ECER]] t

ST slsm ooz bulyds o

Volume 19, Issue 5, May 2019



B3 Al g eslianl; Libuas VAR

2011;61(1):3-11.

30- Huang W, Jin L, Yan L, Tan ]G. Influence of jet-to-
crossflow pressure ratio on nonreacting and reacting
processes in a scramjet combustor with backward-facing
steps. International Journal of Hydrogen Energy.
2014;39(36):21242-21250.

31- Sankaran A, Sundararaj K, Santhanakrishnan R.
Certain investigations of numerical simulation on
supersonic combustor of staged transverse injection
behind a backward facing step with cavity. Asian Journal
of Research in Social Sciences and Humanities.
2017;7(2):603-614.

32- Moradi R, Mahyari A, Barzegar Gerdroodbary M,
Abdollahi A, Amini Y. Shape effect of cavity flameholder
on mixing zone of hydrogen jet at supersonic flow.
International Journal of  Hydrogen Energy.
2018;43(33):16364-16372.

33- Aso S, Okuyama S, Kawai M, Ando Y. Experimental
study on mixing phenomena in supersonic flows with
slot injection. 29t Aerospace Sciences Meeting, 7-10
January, 1991, Reno, Nevada, U.S.A. Reston: AIAA; 1991.
34- Séror S, Kosarev L. Compressible Turbulence Model
consistency for separated high-speed flow regimes.
Journal of Spacecraft and Rockets. 2017;54(4):840-862.

35- Payne JL, Roy C], Beresh S]. A comparison of
turbulence models for a supersonic jet in transonic
crossflow. 39t Aerospace Sciences Meeting and Exhibit,
8-11 January, 2001, Reno, Nevada, U.S.A. Reston: AIAA;
2001.

36- Viti V, Schetz ], Neel R. Comparison of first and
second order turbulence models for a jet/3D ramp
combination in supersonic flow. 43rd AIAA Aerospace
Sciences Meeting and Exhibit, 10-13 January, 2005, Reno,
Nevada, U.S.A. Reston: AIAA; 2005.

37- Shojaeefard MH, Tahani M. An introduction to
turbulent flows and its modeling. 1st Edition. Tehran:
Iran University of Science and Technology Press; 2012.
[Persian]

38- White FM. Fluid mechanics. 7th Edition. New York:
McGraw-Hill; 2011.

39- Schlichting H, Gersten K. Boundary-layer theory. 8th
Edition. Berlin: Springer; 2003.

40- Amano RS, Sun D. Numerical simulation of
supersonic flowfield with secondary injection. 24th
International Congress of the Aeronautical Sciences, 29
August-3 September, 2004, Yokohama, Japan. Yokohama:
ICAS; 2004.

41- Dharavath M, Manna P, Chakraborty D.
Computational study of transverse slot injection in
supersonic flow. Defence Science Journal.
2018;68(2):121-128.

WAY gy O ojlad I oy98

18- Hersch M, Povinelli FP, Povinelli LA. Optical study of
sonic and supersonic jet penetration from a flat plate
into a Mach 2 airstream [Internet]. Washington DC:
NASA; 1970 [cited 2018 Jul 14]. Available from:
https://ntrs.nasa.gov/search.jsp?R=19700012407

19- Abbitt III JD, Hartfield RJ, McDaniel JC. Mole-fraction
imaging of transverse injection in a ducted
supersonicflow. AIAA Journal. 1991;29(3):431-435.

20- Papamoschou D, Hubbard DG, Lin M. Observations of
supersonic transverse jets. 22nd Fluid Dynamics, Plasma
Dynamics and Lasers Conference, 24-26 June, 1991,
Honolulu, HI, U.S.A. Reston: AIAA; 1991.

21- Sun M, Hu Z. Formation of surface trailing counter-
rotating vortex pairs downstream of a sonic jet in a
supersonic cross-flow. Journal of Fluid Mechanics.
2018;850:551-583.

22- Sun MB, Hu ZW. Generation of upper trailing
counter-rotating vortices of a sonic jet in a supersonic
crossflow. AIAA Journal. 2018;56(3):1047-1059.

23- Volkov KN, Emel'yanov VN, Yakovchuk MS.
Transverse injection of a jet from the surface of a flat
plate into the supersonic flow over it. Journal of
Engineering Physics and Thermophysics.
2017;90(6):1439-1444.

24- Huang W, Liu WD, Li SB, Xia ZX, Liu ], Wang ZG.
Influences of the turbulence model and the slot width on
the transverse slot injection flow field in supersonic
flows. Acta Astronautica. 2012;73:1-9.

25- Yamauchi K, Kitadani H, Masuya G, Tomioka S,
Izumikawa M. Penetration of jets injected behind
backward-facing step in supersonic stream. 35t Joint
Propulsion Conference and Exhibit, 20-24 June, 1999,
Los Angeles, CA, U.S.A. Reston: AIAA; 1999.

26- McDaniel JC, Graves Jr J. Laser-induced-fluorescence
visualization of transverse gaseous injection in a
nonreacting supersonic combustor. Journal of Propulsion
and Power. 1988;4(6):591-597.

27- McDaniel JC, Fletcher DG, Hartfield R], Hollo SD.
Transverse injection into Mach 2 flow behind a
rearward-facing step: A 3-D, compressible flow test case
for hypersonic combustor CFD validation. 3rd
International Aerospace Planes Conference, 3-5
December, 1991, Orlando, FL, U.S.A. Reston: AIAA; 1991.
28- Liu Q, Baccarella D, McGann B, Lee T, Do H.
Experimental investigation of single jet and dual jet
injection in a supersonic combustor. 2018 AIAA
Aerospace Sciences Meeting, 8-12 January, 2018,
Kissimmee, Florida, U.S.A. Reston: AIAA SciTech Forum;
2018.

29- Sriram AT, Chakraborty D. Numerical exploration of
staged transverse injection into confined supersonic flow
behind a backward-facing step. Defence Science Journal.

e SuilSe udige hpghs - (sale dolinle



