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Numerical Investigation of Dual Mode Ramjet Combustor
Using Quasi 1-Dimensional Solver
Jaehoon Yang', Jachyun Nam', Sanghun Kang” and Jai-ick Yoh’

Department of Mechanical and Aerospace Engineering, Seoul National University"’

Aerospace System Engineering, Sejong University”

ABSTRACT

In this work, a one-dimensional combustor solver was constructed for the scramjet control m
odel. The governing equations for fluid flow, Arrhenius based combustion kinetics, and the inje
ction model were implemented into the solver. In order to validate the solver, the zero-dimensi
onal ignition delay problem and one-dimensional scramjet combustion problem were considered
and showed that the solver successfully reproduced the results from the literature. Subsequentl
y, a ramjet analysis algorithm under subsonic speed conditions was constructed, and a study o
n the inlet Mach number of the combustor was carried out through the thermal choking locatio
ns at ram conditions. In such conditions, a model for precombustion shock train analysis was i
mplemented, and the algorithm for transition section analysis was introduced. In addition, in or
der to determine the appropriateness of the ram mode analysis in the code, the occurrence of a
n unstart was studied through the length of the pseudo-shock in the isolator. A performance a
nalysis study was carried out according to the geometry of the combustor.
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Nomenclature
p = 3= MW = JEAF
m = A% &F kp = Aukg &=
U = % v = HHEEC] o]& ukg Af
A = dad 9HF v,” = ARE o2 kg A
7 = vy G = iFdE =
M = mhets mp = BATA FUHE A dw 4F
c, = U As N, = E¥EE
D = Yty 4% m; = weol Bojsie Am AF 4%
€ = A5 FULF AF Ly = FYF Al
T = 2= L, = &% &°l
MW = BE AP M, = OF wss
Y; = | 3%Fo AFEE w = crocco F
M added Fod i st AdF R c = shock train ZAo] &
C = 48&F
h; = i 3stFo wdgy] Subscripts
hy = gy
Tow = TOIdAH He f = 9=
T, = Hm a = 37
Pr = X¥E F 0 = AR 4T
w, = i BREY A4 &= 1 = dar] 9T
R = AT 2 = 9% vwde) day) B RE
.M 2 A& AAG B doh o]&k FASHA Bolender F[3]
S 2545 Az 3H of AT HHY =dE A
2APAE, FAE A0H 2L 2% FANH AFAT ol 2 tas RAEL wWE NS
AF7E U QA ke o] FAX 1 ok tixFH FAT F dvks Aol o dae #HEE F
O 2 NASAA AT Folm, 20100 Z=Hlde] A& HFH ALsHA ot FAHARD 7Hedol Uv=
BT X51 HIFAE d2 & F Utk =3 S50 AV Uk ol& EaE7] 98t Torrez[4] &
Al 18 F< HyShot ZZA E+= HyShot II, HyShot — otdlU-¢2= EdE 7|wtog 3 disd 7[He 1
IV 59 A2 HIPAF A5 Busgion, of  2d W el =gt 31 nds :VL%?} vk 2l
£ ulgor @ we A9 U a4 A7k F98 ok old dstd 4% Aur EASE AaTwd
uh ook oo} e 25& FA/T WE %5 54 S ddoE @ A = 540;12111, *é%&“ﬂ
o S 98 MAFAYGE(CFD) 716k dHAx  HAFol FAHJT E=F Birzer[5] T strut type
4 EWI7E o]&HT. EHORE Furby 52 ¢F  injector 7]‘?}«1 EARE S A8 A 1A e
6405t Mo vAE AAEES AME3ES strut type ¥ A BDS FFHIATH
ATE FAE 284 94718 AHoR AT Fu 1umped Rde o]gd oFRE F/FY
vk ATH1]. o9k 22 33 4F 59 255 A FIAAZHE A4S o A Sl EI’_Q‘H Ao,
e HE ﬁ&% o] g3t F2 FIYPHY F& ?iii%g =5 9 g ti3 drr dedts
ARes BA%tE Aol gtk aEu FRA L o d&dMSe JPF vk Utk Choil6] %——E— Taylor-
Ho] dA nxo] A3 HFH FHI FEkHle] 2 Maccoll Tr%J* ]"1‘]’]— Quasi 1-D 2d& 7 &3}
AL YA E o] =AM o] eTHY, 1 o]FAA HAE mdo] tiF ATE FIPsPon,
A AFES oW A ArE a7etE 3akd A FEE AREAS Kim[7] 52 3Eshekg 2dlsg
gt A4 RAdsi ool W 0-149  HeHY 2de ~3PAE 149 o4 e A

Ao A sl =AE 7H48E lumped EEE©]
A= AT HEZHOZE Chavez[2] 52 47 ¥
Ao A 37 FHoE FAE 03 B
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Assume no PCST and
estimate the combustor
Mach number

l

Yes The Mach number
of the combustor is
supersonic

Enter the outlet value of
scramjet inlet

Mach number at
the end of the
constant section
combustor is
greater than 0.76
times the
combustor inlet
Mach number

No

Early Scram mode
Yes No

Late Scram mode

v

Derive the isolator outlet Mach
number such that the Mach ¢ R d
number is 1 at thermal choking Hin frete
location
Calculate the isolator PCST —_— Calculate nozzle inlet, outlet
and combustion inlet value value

Fig. 1. Ram—-Scram transition algorithm
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G—(1+—2 M) 2 + (14~ M)To dx} (13)
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— = 14
M odr 1A a9
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G=0 fyp)(u dr p dx pda:) (t5)
1+[(y—1)/2]04
\/ [Zw TEILT »
M= [(y=1)/2]

M, <1—10¢ (17)
=4 ] o T"r% | 7H5 e HEste] net
T7F 12 WHales A4S 9 l?‘{E} 2] LAt
= 9A+= G} vk l ik 24 (12)-(15)2FF 2t
< F Utk Ge FAEAP|AA AAE FATFTE
A skl AdE 1Ak A A (12), (13) 59 F

o]uq @1 (14)2 A" dTo/dﬂOl

*@t‘ﬂ—t— AE Z2A HA T l%‘jow °d¢
nskErt 10] HEE e A4V 479 sk
etk d47) JTY miekeE ofEf 2 (16),
(17)2] WS WolA ¥kE ALks ﬂﬁﬂf‘fh:}. o], e
0.005°]t}. 7] Q]Fe] ulstss
st TAY 1I)EFE a7
OH11]. A&7 J7-9 =9 o4d, E=
:rL E:I‘L %}x_a
& AA79F =

4z

X]HH“”“*‘-J H4°ﬂ A, AL A
of FPHAT. A EW= 1

Aol 170 ¢ X}%Oﬂ o 3H
A 171 AA-ol gk o]~ 2]

A A2 Fekx A2 59 0x1Y H]Zé’\c]'(tran—
sient) A[HAG A o] AHE YT A4 =

oA del®E Jachimowski®] —’Fd:oﬂ gk 1374 9]
s}stE 33709 ofEly-9-2 WA 2ol AHgH H3)

14:56(KST)



M 49 # H 11 =, 2021. 11. A 1A EHE o &

3]

il

°
ofN
Rl
Il
o
2
|
re
B
>

913

w

-
(=}

¢ Present ODE solver
—Reference

/
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™

Ignition delay time (microseconds)
S

-
(=}

0.4 0.45
1000/ Temperature

0.5

Fig. 2. Ignition delay time profiles for various
initial temperatures

0.196m? || Combustor Nozzle 0.608m?

3m 10m

Fig. 3. Schematic of computational domain in [4]

A A7t EAEEA ot 4o sk 11
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Row, oo tia A Fig 29 Zrh Al u
29 27 257 ZAge] wEk "IAA AlRke]
2Ia2AYE Z7IsHAT ol BdddA AAH 2
o} vw A FAstF o, d &8 YA AHEEE
2ddE g 2ok A4 Rdo] I
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o] ATE Yot A EdHe nlwrt o] FoH
A g WA tigtmelM AFH, sl A
T7F o] Foz Ahv]-=E RY[4]S ulgo R 3%
o, ojo] thg MFAFEE Fig. 33 Zth Fig. 3¢
At o] ATE A% A& A4y YFHEH
=F 2T7HAE 183ty APHAST e T
H] 029 oA FHEHA oY, ofo thdk A FAL
& Table 13 o} olo] Wik A= Fig 49 2
th 9o Ao M2 d F=9 4 AUt FY
Zh0A TP A EHe] AAE vnd & A
At stAdARA st L, TIIA A%
Ao g ALt W=, ojof wpe} G FIEA 2
=9} §ho] A&H o g Fedta &£57) shst it

olojA stATAR o] Fell= A&7 WA Ai
7h @AEkA] gdaol mEl EAAEC] AT %S

o

¢

¢ 1D code

© 1D code
|—Reference|

emperature(K)

1000

5 10
Distance(m)

15
Distance(m)
(c

V
)

¢ 1D code
—Reference

"Tﬁ)ﬁif
|—Reference|

10 0 5 10
Distance(m)

15

Distance(m)

Fig. 4. Comparison of computational results of
(a) density, (b) temperature, (c) pressure,
(d) velocity with the reference [4]

Table 1. Initial conditions for solver validation

Combustor inlet velocity 2,000 m/s

Combustor inlet density 1.5 kg/m®

Combustor inlet pressure 0.5 MPa

Injector diameter 8 mm

Injector length 219.0 mm

Mixing length 7 mm
FABY Ao g x>3mel sdete kT T
ol e AR EA w2t £=7F 484 T
e e, exrt Zase 2wt =EEAC

2.2.1 Late Scram modeol| A 2] ¢4 a5
3

AYEd oAl Aol vadFol IBE F Scram
modedl| A Aasfajo] A FH o ofo] ek A=

S+ Fig. 59 #th

A FUTF &7 2UE inputlE ol 5
om, sfae A A7) YRAA EALEE AE
Aol g mddgo] o] FojHth AE A5 A
Al Adghel ths) de EEiA EAE A4
WE fF5dAd FFE vA= ZFHE 7HF strut
typeo 2 7R E A0 M[13], sid EAED g =
dgo] SEHIIT EARDLS AdYPS 7NeE &
o] Birzer®} Doolanol] 2o]dle] A &= om, o] tf
& ARALLE A (18)-24)9 ZTH5. =T AR
i3l Feketshdt-s 2de Jachimowskie] G243 7]

9] 33HA wkgwdo] A-g= A THS]
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different equivalence ratio at late
M= U= U (22) scram mode
¢ a;+a,
. o) a, k, d, Kt A¥HoR AFD HFEA
—3M; *
J(M,) =025 +0.75¢ (23) 247t o =1.06492, k=3.69639, d=0.80586, A =390
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Table 2. Considered flight condition A2 o] Q;dded ol s zro] =/tE Tt a2
Altitude 25 km PAAL E7) 4D ¢, hiE T 2 4 (25),
] A} 5L o= e =
Flight Mach number 5.844 (26) 22 A= ATH14]. 38FF kol tidt ¢ 9k b
Tat7l A% AT #F g, NASASY polynomial
AOA 4 coefficient& AF83F5 TH15]. Late Scram mode 3l 4
A

o] olFoixl Faw MYz, AeH 4T, Ax7)

Table 3. Isolator, combustor inlet conditions Z7& Fig. 6, Table 2, 3% 2t} B AFo|M: 2
. I8 9 dar) W 450 WHE w5 98
pensity 0377 ko’ of EYTF FF % 2L Ay dTEAL FI B
Temperature 609.6K o] SCo1-A =S ARgsl A skiti1e]. s 2
7= Fig. 77 2ok F#4] 0152, 0185, 0.218 =71
Pressure 6.630x10* Pa A sAle] AAFP o, FEH S /AL A A
a7) R AR vlelse) 7z, el 7lE

. 3 7
velooty 1508107 ms A + Atk 54 @ oo sl 27}
Mach number 3.037 & A] Early Scram mode® &l 4lo] X =t
RdoA FEAZIS] X9 0m AFANAFEH AR
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Table 4. Combustor inlet conditions (scram mode)

Density 0.375 kg/m®
Temperature 612.2K
Pressure 6.588% 10* Pa
Velocity 1,501 m/s
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Fig. 9. Observed location of the thermal choking

Table 5. Combustor inlet conditions (ram mode)

Density 0.339 kg/m®
Temperature 1,514K
Pressure 1.472X10° Pa
Velocity 663.0m/s
Mach number 0.85
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Table 6. Unstart simulation details

Combustor Inlet Mach number 0.85
Isolator length (Dimensionless) 5
Pseudo shock length (Dimensionless) 3.587
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