Bl g S g sdmghy - sole 4y i

ARl oJsl ol e jons Jlo
Ol @l yia! cpaasil

abbozxo 5o o,&m)u‘..é <l 5L %’)bgé'P‘ oojlg)go).é; o|..u.3’).,,3'l3’ )
Ogwo §52lo 3l

TS oalel o 5 s e
mohammad37@gmail.com «:,| ! «b] Cazes ¢ oMol 03T ol&itils bl oz amrly « SslKe  cmsdign 09,5 byl (ol IS (ggzmitils -
sobhan@pmc.iaun.ac.ir )l 5 bl caze e oMol o7 olKizils bl cazs amly « Sl cusdige 09,5 ¢, Loliwl =Y
cbolore odis g
QAN 1Y 503y QAN aldlol o 5T el s QA VNV FEl s k)

S nl drng Soy0tm oolbel Sy o Sul slaysige o alad gl Al 4 axgi L oodnSy
ol ails y G Sl S g §a8le Gyl dbaaze (0 00> 3L goue ) p ) ol ddllas jo (nls jgige
solazwl (PaSR) bglsuedos olfiuSly Bl Jow g o lasliwl K-g colazel Jow 5l egamgs oilwands cpl jo ool
30 39 059 0ed S g e o0 3)lg lsl alhase 4 V00 Flo sas b g Gge 358l O jgoas lga b > ol ol
Sealad iluloly jslaiear (il ol alaiome (pl )0 0d 0 B2y 190 0Ly 050 dblite jsbar 5 (Fse Lulys
b il s 5 il esil (ol L s Lo i ol 5 6 jin (505,15 ey il 5 00 el o
Sl ool ez USG5l o yas slass (o8l b wass o plis Jols gl cwol 48,5 )8 aalllas 0,50 (ys5
5 AR Sl Bl ol w0y oz b an Sy (sl loon GBS (35S L L3l s Lol casdly gl
5 Bl onil LY aaldl b Loy 0,am S5 (g0 Sy dscard o5 Conl LEENY Ly oS Lid cilil ouyo
At g pe anllan 3,0 slasan S 5o Skae (e o olyad (5 L8 Sl iyt T 8IS

el 3 gm 00y 90 5 (55190 08> 90 L 3l

Ls‘)‘).._>| m}L} cdleds °“\-;-;5)“-\'3.L3. 0,82 (459,90 CSgas 4&?'5)&.»‘ g d9‘9L‘° &.9‘)“""‘ ulf)b..u.b’

doddio
o 5l YL Al olael 4y pbcews gy bbaes Sul 0,5 a5 Cglay I b wils Copy s ygige 4 4l (60,5lec
Sgo 38k slace o jo jlaly Sl ay Slows (Sl a5 glaisS ey wop Sl jgige 3l ool daaos olb Dl
@z b ool ol pty slodilols g5 0l (65318 axugi )0 59t @lo (it 09l ol 1) Gl Al J51s 5o
g Caaldl oy b el a3Y sl il o sl D cabballs cpl gl abase J51s 0 Sgo Godle (3 i
&\.la.w (_g)lb\al.: ).309)1.6‘- sQ)}o& U')‘ )& &).5 r:l.?u‘ ‘9.& 9 u}}.w u.u u,_wl...n Ja}l..}‘ 45 \.\...ula 6..\}4; d‘,o‘ d.'a.w J}‘é )\)
pll sl Joo G 0ga 0ligS gloy Saw jo Gl Jes wse Bgdle Bl o il oo GialiEl 5 sl essl
ol dasine oloj Lilil (il abize )l yee lor by b S e ol 5 e Jdoas dA) Y]ogs

1. Residence time

aA



$bsS olel Gl g SlonaY s

O ge Bdle 3l il S jsliieds canlie (B9 5l esliiul nlplo sl (pulul 5 e Pl 51 ES g
Syse 3, 8bee b Dpo Bodle Gl il alaizs (b 5 (55550 (5 sl atBls a5 Gl il alaaze (45,0 )0 aled a5 L
Dl olaas Ll
eins g (Syo Gsile 3yl alaime o alad E5aSlal slaiedy «hliie Syt 5 Jub slagss,
a5 Olfse 0h sblya 5 ITT S o il o jan aliwgas aled (23l0aSS @ Gl oo WagyT (5 g0 5l 45 00 (b yme calises
i S o [#] st &5 lidl doloasS oSt g e gu LS| Laul3sl dF] 5l ol abaizs jo a8 jLud il sl
o3> Bas 4y Jsb e 5eli5 alies sloyially 5 calaly el 53 05 o8l Slibae Laylyd 51 sapms 03l 5 colic
Cogus il Jlad g e g 0> dwaie wyi> e 4 4 aslr A gl)] o )i b ol w4
85 IR emip oy Sl eojl g Coge bl ploy LIS i (Ghp Y Sleogas ol plaee »
oo Ly Al 0aiS Il ojis s Ggo sile Gl alaime o, Shas (AL Ken 5 crwganl, [V e V-0] el
A SH0p g g B,y Jome LS 0 £l a8 sl Al SO wis S sdaline w0 pe Sl G g 3,5 Lol ais S
Slamb o aads 0gd oo dlad g b Gl 5005 Jae dlad 003 )l0a55 S yazmed 4l (] 05d oo Sl 00> o5l
095° 375k Slapl 2 dlewgas Els DY gase (s 398 o0 00iS 0 i LIIE g oud sbml (Lip Y I Sl
5 Sily 5l oo w08 1) (639, Cigus Jlail Sl g sols LS 1) Els OY game 4l g ol o CawdVl 4y 04>
bl a1 0yin S SVl 50 0aBB,5 O Sgo Gedle il aue 5 02 ouyn a4 N Ses
>l Vb 3,5 gla)lad gly cusl oad ol (Lhp Y (Soj j0 g 0> (9,0 alad & Wl asuie bl @l
ST oyi (y9)0 syt slo)S ol )0 05 e 0udS 0ji> CuwdVl 4 dlad 5 ST, 0> (9,0 S
ol 3l S byl gl axisls p Sgo Gedle 3l ol alaime G o Shoe aliolej] cyp @ [A] ) Kan 5 S5 005 oo
095° 5l 2 g 0> StV 5l oo g S By a5 Sl wales 1y 0 Shes (e Sy el dhime o Zul
5 Dyo Bodle 3l ol abiome ;3 0y 8Shes 0)25 (o p 4 VYT 5 95 0,5 00 (b2 Caz p9) 0>
il o] sl s o,i> slel o s, aY Cuwlis a5 Ws,S saalie bap] w2l e Gl sl
Swl 4250 Y7 a9l5 b ble laspo zoe o o azmiipe g o bloie (ol by Caomts (Shp 4Y (b > b o
YL oylg0 51 GulSal 51 ey 5 0,8 ales a5l eaboln! Gl o Zae g oo Hhyz 9SS e el A 3ad o0
GInb sl p3Y Lald o ja 500 oadobml i3 2 ik anl b ol Gelulyy S se sl culSail zae S, abaizee
Sl e Sl Gl absiome S5 5 (g ,ded L F 25 gy p 4 DTS 5 SUl5 05l o 0l 8 1, alass
Jsl Sl s el g)laly cdls g shls ales a8 ol o Silas Lol gls asls,y ode o)lgs bl b o>
D) Gy sl ped aled oS sdipe Sl atuls (LB AY abiwgar ped S o 5 (B Y alwsa aled
O3 ol allhe ol 53 axSlsy 0y gy LM 31,5 S b 028 yn & DS 5 sl
Ol @l b B3 1A gl sae b S0 Gsile ol 030 05 eVl Sl n S 5 3,5 115 allas 55 5o
50,8 o0 Dygo WS o in bl ojas Job o) ojlail 4y 0 e ales ad 5l 555 e alold a5 Sl (o s s
abiims )3 gleard GlotiSly (g 4 DO See 5 Sl a0 055 Jlake ditey @ 0)> (5,0 Sxas] B
o STl als cel 0,8 g Cdgu oaidly (o alold iuli8l a5 0l 5 ases byl oSl 00> 0929 L 5l 2o
JSbEe VA VY o8 slalid o yo a8 Wols olis Giliee oges il slaylid oy b ooppiomad 058 oo
el HLEd b il cdle s aST e S e bl jsige ,o |y Cdle oy icanlio 1Y MPa Ligie [Lid b cdgu il

Odbbgle cae s po jlady 2Bl e o b e ralS ) (69, il e 5 ead o5 la STy bl ey

19



WA [l oJol ol cpd s Jlo «3l il § S gas iy — sole &y i

Exoge (nl wlioe Gl 00> 7)l5 g S labimdle JB jsbay pleed sl psSTy 5 adh l3l e 5 oS sm
oo alad (5l pae ame;o 5 STy sl S g Sl Gloj o S el
DNFlas cos ) ales gl ova Wit ols Shlas Luls 48 0yi> G 892y duy oo laia a5 bl
b gy 2> WVl w85 18 (gl 4255 3590 (s5lsn b g g0ty 0i> 93 (655,50 3 slalo 5o
adlae 4 VAo, Ken 5 Slg DAL oo G2al38l 0,8 50 65,50 b cop Sl Jsl Sllg a5 ol ools las
\j))'.g sloals 5 gilwars 0,5, 5l gl aslo, silge oyh> ¥ Glls Corp Sl Gl daize o Sloe (go0e
il sl (Yt J8x wb) bl 8 Ks, b cderls oo oSy 5l 5 €a8T lyz 535 (il splaies; (LES)
aS ol flas bl (giluacd ais )5 oolaiul (59,008 S g gl lalo e VA olond Siiw ol poay azall Gl
FVTIC NP N IOYE ST ASTIRORV.SE JUCHUPIIN U5 W | PSS B PRV MRS W R
Ol 05diee w258 Sl o Glyr S, s am b cnl o ol Lad LolS dgzg gl e Woshs e po YL HLid
e e el gl 25 il ] asi s 45 ools o alais slaoylgys Caandy |y S g slaie oo b,
S LS i 5,0 4 g JWl (aal3l el b oS ul sl bl o Gl 0jhs e gbaolsys 5 Cgus
GIL s 0038 e slo,S (g5lunly] Culgs ) a5 oad abaizes (5,0 ! B bslie coaldl loy Sialdl 5 lsmacgus
5 Sk 0pSe S8 LS siluslil 5 0lz om Sute o b a5 S nlply IS e Cus ) lae i
5 Sslae 0> g0 b Cop Sl 3lsl abise o aled [bSle slodasiin oo 5 30 ey p a4 [Ve TV ol S
2 GrE e sl glge lro,hax Sl 50 (gan, Sy 90 (ol e dslie jo aS Sl las o] bl aiS s Jlsie
Sl Jlgie sloojis o gl alabms s Lid il a8 I s il s 3| S g 1,5 5l da Sl ek
$lr o Jyo wasoe s5) Oigad o (b Y o Loy gilse 0y 0 Sl o LS (gilusliT ol jreS
6308 oy 4 [YY] ] IKan g gile .ol 0o 557 yaiie 0,8 90 G (Shoo Coonnd 10 Lo)S (55kwslyT ¢ Jlgio 0 i g0 >
Slse i 38 b e Sl 3l abaima o Shes 5 il i ol o S0 5 0y s 4 Jsb s b
Craiz jobay ahame Blisl o Slae (Y plp LID) e Gos @ Job Cod jo a5 ol olis bl ol acslsy,
oo sty 5 485 USE ble (slarys g0 Cumbse e o 5355 ¢la S0 Gl comizean e Gl
033l g 0351 Sgaome alrass o)lgrd S0y >lg 4 Gl ey T U Y Fleoolael o5h o 0ad oo gy By
5 Dot bl jlad sose w4 [VYI e 5 oty ;oo 095 ke cp i 4 VYO Elo sae o 3o
el S g Bl Hlad ol oS ad S Al g w10 0ya 90 092y b 3l yie] abadze ;0 (63959 lpe sled 5L
idloo)ls ol emas | 1o 5 (59,000 LIS Giol8l pol (nl a5 090 so oo ji a4y 0035 6 55,5 slaals 5 aelogsa
wor 4 [Vl Gan 5 sz 05be Csllacl Sl it Ghgscans Gt )l «sogy5 slsp g5 sloo I3l L
bap)l aisloy g5lge oyh 99 b crpySl Gl aaioms (o (Blmt by (e 2 69955 50 bulpd b goue
5 3959 Sloa glo dae Gl o)ls aliize by Glie p 2l 36 198 60959 50 Laalpd s 45 Wsls plis
by 4l al o ge baoji SBLbI o JLadyy 4l 65 JSS Sl (999)5 55 slos 5 ,Lad Jl8l o Jlisa,
9y 2 Lol wyn o)l Jsa 1y )k @lial g e LY g osls o laoji> JoIs ) oo 5l 6t jlade
ol el g slod (il Bl oS (639)9 (95 sla)lad jo aS sls (LA (39 s S g (63959 550 Lulpd e
5 Sly w1 ol penay aladzme 3 1) (5t 8w Jlad Sl Sl (nl )y Bl osnsy Cagl adl sl oo (Bl el
g DS 5 gt 0,h g0 b Co p Sl Gl il abaisee jo alad g Il Sleogas oy oy p 4 [YO] ol Ko

1. Large Eddy Simulation
2. Probability density function (PDF)
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1. Specific Impulse

2. OpenFOAM

3. Reynolds averaged Navier-Stokes
4. K-epsilon
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1. Mass-Weighted or Favre averaging
2. Kronecker

3. Prandtl number

4. Schmidt number

5. Arrhenius Kinetics model
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3. Perfectly Stirred Reactor
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1. Merged PISO-SIMPLE algorithm

2. Pressure Implicit with Splitting of Operators algorithm

3. Semi-Implicit Method for Pressure-Linked Equations algorithm
4. Limited linear

5. Courant-Friedrichs-Lewy
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Figure 1- Geometry of scramjet which is used for validation (all dimensions are in mm)[36].
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Figure 2- The effect of Prandtl and Schmidt number on pressure distribution in the scramjet
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Figure 4- Geometry of scramjet with quad-cavity (all dimensions are in mm.)[43]
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Figure 5- The 2-dimensional scramjet combustor model with boundary conditions
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Table 1- Properties of the inlet air and fuel

Specification Air inlet Fuel (Hp)
Mach number 2.05 1.00
Total temperature (K) 1897 300
Total pressure (bar) 2.83 2.30
Mole fraction Xy, 0 1
Xhz20 0.1768 0
Xoz 0.2558 0
Xn2 0.5674 0
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a) Mach number distribution in the supersonic single-cavity combustion chamber
Sloyoo G Wao a8l 3l o] ahizxo ;0 Flo due &9 597 (A

Reflected shock
Incident shock /'

b

\ Shock caused by cavity obstruction

b) Mach number distribution in the zoomed area
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c) Static pressure distribution in the zoomed area
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d) Temperature distribution along with streamlines in the zoomed area
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e) H, mass fraction field in the zoomed area
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Figure 6- Mach number, static pressure, temperature and H, mass fraction distribution in the scramjet with single cavity (The
dotted line rectangle denotes zoomed area.)
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Figure 7- (@) Mach number, (b) static pressure, (c) temperature along with streamlines and (d) H2 mass fraction distribution in the
scramjet with tandem dual-cavity and single fuel injection
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Figure 8- Combustion efficiency for the scramjet with tandem dual-cavity and single fuel injection
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Figure 9- (@) Mach number, (b) static pressure, (c) temperature along with streamlines and (d) H, mass fraction distribution in the
scramjet with parallel dual-cavity and dual-fuel injection
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Figure 10- Combustion efficiency for scramjet with parallel dual-cavity and dual-fuel injection
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Figure 11- (a) Mach number, (b) static pressure, (c) temperature along with streamlines and (d) H2 mass fraction distribution in the
scramjet with quad-cavity and dual-fuel injection
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Figure 12- Combustion efficiency for scramjet with quad-cavity and dual-fuel injection
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Table 2- Combustion efficiency and pressure recovery factor for different configurations

nt?n?l,)ver Number of cavity Number of injector Model of injection cgfr;ill;iuesr::g,n pressufr:czgfovery
1 1 1 simple 714 56.5
2 2 (Tandem) 1 simple 76.5 54.6
3 2 (Parallel) 2 Parallel 97 53.1
4 4 2 Parallel 98 46.1
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Effect of the number of cavity flame-holders on combustion efficiency and
pressure recovery factor in a supersonic combustion chamber
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In the present research work, a computational simulation of the multi cavity scramjet combustor has been
performed by using the two-dimensional compressible Reynolds-Averaged Navier Stokes (RANS) equations
coupled with the two-equation standard k-e turbulence model as well as PaSR model for combustion
modeling. In this combustion chamber, the supersonic air with Mach number of 2.05 flows in the enclosure,
and the transverse hydrogen fuel injection is employed at sonic condition. The cavity is used to stabilize the
flame in the combustor and the effect of cavity location and also the number of cavities on flow structure,
combustion efficiency, and pressure recovery factor are studied. The results show that by increasing the
number of cavities from one to four, the combustion efficiency is increased but the pressure recovery factor
decreases. For the four-cavity configuration, the combustion efficiency is around 98% and the pressure
recovery factor is 46.13%, which shows 26% increase in the combustion efficiency and 10% decrease in the
pressure recovery factor as compared with the single-cavity. In the considered configurations, the best
performance is achieved by the parallel dual-cavity with two-injection combustor.

Keywords: Supersonic combustion, Scramjet, Hydrogen fuel, Cavity flame holder, combustion efficiency
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