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Performance Load Balancing and Sensitivity Analysis of
Ramjet/Scramjet for Dual-Combustion/Dual-Mode Ramjet Engine
Part 1. Performance Load Balancing

KRE Loy

Sun-Kyoung Kim*, Chang-Soo Jeon**, Hong-Gye Sung**, Jong-Ryul Byen*** and Hyun-Gull Yoon

ABSTRACT

An analytical study based on physical understandings and aero-thermodynamic
theories was conducted to observe the performance characteristics and to derive the
essential design parameters of dual ramjet(dual-combustion/dual-mode) propulsion for
wide Mach number. The performances and operating limitations of the engines with
two types combustors, such as constant pressure- and constant area- combustor, over
various flight Mach numbers was investigated. Finally, the transition Mach number
from ramjet to scramjet was carried out to optimize performance load balancing of
ramjet and scramjet.
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Nomenclature

A : SAree.lf.ofhcross—section Cr  : Thrust coefficient
c : 1fic heat at constant pressure
b pec P : Thrust
o] ano] 3o o] 100] Al f : Fuel-air mass flow rate ratio
t2009'd 10€ 30 H ~ 2010 5€ 18Y AAlgtE i ‘
+ 39 Szgzysn gt 9 : Acceleration due to gravity
= g3, =g FF¢F L VAR H : Heating value
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: Specific impulse

m : mass flow rate
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M : Mach number p  : density
P : static pressure o) : equivalence ratio
P, : total pressure ) : specific thrust
q : heat input rate per unit of air mass )
flow rate Subscripts
Q : total heat a . Air
T : static temperature f : fuel
T, : total temperature is : isentropic process
|4 : Flow velocity lim : limit
th  : throat
Greek symbols 0 : free stream, atmospheric conditions
¥ : Specific heat ratio(y=1.4, air) 1  intake entry
. . . 2 : intake exit/Combustor entry
ng : Combustion efficiency o
o 3 : flameholder/stabilizer
M, nozzle efficiency 4 : combustor exit/nozzle entry
n,, : thermal efficiency 5 . nozzle throat
0 : static temperature ratio( 75/ 77) e - nozzle exit
I.d & 3284 9 medoz AEh
gebd 2ggel FReEAN BEed
BAE/2TWAE 27| B 2T% 4313 g s WEA717] fF HgAE S =
< 9% BAFYA FAABeRA Ay s FAEH 2AWAE T of= @ sk FAvR
WA R W 2SE o), agm xms g SRE EVEEH, R AsdE 2o
W EAS A% 7] Re) pAbge] BF sor R M8 dash Ao ofH@ CITUAE £
mo o @ sue] o]Eoj e itk o]e} r /1= #Ast Bl G wet Hu ¢34
2ol B MAARN 2gEolN F2gE gy ¥ AE A FHS dHste] HIFgo2
Ao FPAT MPGdel A A5 s FAsw A, el HGAR Fwsjd nddas 5
o sk A7TF AW HA WA ES} AmAAE]  AlE F AS Wuk ople, Hld M FRoA F
2ol Ze Z L3 o]FAAE Y3t A wa  IEES FIANZE F Uk olE HsAME oF
we AR5 o8] sas s gloh13], %EHAE(Dual Mode Ramjet, DMR)S} ] 5l
WAE Z=A71Fe 279 #ARES o]83le]  APAE(Dual Combustion Ramjet, DCR)S| +
FATNE EAA AxvE FF, d2AA4 7HA Jide]l HEUvbesit ojTRE PAE
IO MAE RES 5 AR F38e (DMR)= 7HEdE olgstd wdd A7l
Ade FA7BeEA I YR Fx7F g2 FA BE AAA obeEH &AM ATt 7hedt
7)ol W) @este 234 Wl e of 2&F&% S5 HlYgo] 7hssHA e ¥
HANE FA7|BE o}lSE ALE Fulsle 7IFYA FAVRCIH, ojFdL HAE(DCR)
WAESY 2&E5 A4S Fuels 2adAER € wA°ls FEo] flo] u4E FFeE #A
TRAT YAE FAABE FATAA +7  ERssh 2aYAE e BAG FEshe
FA%E WANA 2859 BAE ojesor  FAIY
Este] ohg s Aast Wk AW WA visl  ofv] 2047] & ZFrolH HEZ I Ajdol
7 FABFE £4 3498 5D oS @ AND PAE AQe FxE GEdAT A4
2 @A EAEH, webM o w2 v vt FE@Ao] W gz A Fsel e A
strE T Aalde 255 davt 2ad 2 294 oyt s a7 EHe Eokolth w
g o2l 254 ALE dhe HAE FA7|R S A 7] JiE @Ald jlo] 1o el
< 2aPAED I o WAE FA JFE VA= 4 dAES dAfsta FFstn
718e] AEdge vhel 2~49 2E5E G FEAHR] =24 ojdE ERse o] FARG
Aget, 2IAYAE FA71HL vst 6 o] FAEH, o= FHEUNEY] I3te] He Vx4



37 - Wz -

a7

e mgos & A4 YU B sbss
HE WA Aol F AE o8H EvE 5
dd we dAFSAA APy, AA
YAE/2APAES 4EHES A8 T2
& A7 % GFF BFAelZ AR Al 9
o4 o143 olsh EAF ol&H A7 Ao

24 13 leesl 2 A AAEAl
Aol g5 Mupdstel o 27189 547
og H

9 AP Fosn AFEFARUELS )
ersheie.
. =2 =

Rl 2 il =
TAEY 2 e AgE 7 oA AFE
ol TAHL Fig. 19 99 FAHA FLsH
283l o

| DIFFUSER COMBUSTOR NOZZLE
L L :
. Po< b :
; bo< Lo !
: - Po< -
0 1 2 I3 lll 5 e

Fig. 1. Schematic Diagram of a Ramjet Engine

]
e
ol

2508 FYTE B3 955 Ao
Solet ¥/1E F4%E FHHUA A% &
5ol BB FEFIN) LEsoE
a7z FFH7 A, F9 F719 st A
oW daE Fd olUxE Qo] R}
A Ak web dxl f98E 45 B9

1650K ©]3})& wF=A] whEa}ofol
|

7] 4T vt ML) AAZRACl B 4 UHH13]
Gdggo] g AFEEHR FATF ST
o] Aexule 4 ()P o] oL
y—1
) n, tg M o
T 1+L;1MZ2

Fig. 2&, A(1)EFH, <I¥31%  (11km~
20km)ell A 9] 7= 7,=216.65K% F7]<]
el 7, =15504F 7|Eo= M3 vispaol
A7) AT miskg be] AAl] dig AR
2 HoFE ofg% d2E e PAE A
Ax7] AT vhskE M, <1.0 9 A A&
7Vssith wEkA Fig 29 A2 RE F7]9 3§
PLEs FAxACE & o PAE o] =
T b wgwEtre  dAE M, =6.16
(M, =1.0) olate] @] sfgeet. 22t AA
AEEe HAE A Axr] 4T whEkre
°F 0.1-047F HLEHY, M,<0.4 HAANEL H3Y
FAE olBHOE M, <5652 AFFL &9
- My >6.169 BN = obE<
17 & AE M, <194 HF 71

o dje) L% ool Hol WA=

_‘0{_,
\

2 %

|

Al M, >10]ojodt gt} o= X4 A
AHAETL A &HoloF e
2aYAE] A, HFY vty o)
A&7 4T wEkEe] Hle M,/ M, =0.375%

~

2orh oeh Borfr ool brtooft ot
0
[o
L

N
A oo
o
1=}
I
o
o

o

T, <1550K

Combustor Inlet Mach Number, M o

Flight Mach Number, M o

Fig. 2. Critical Flow Speed at a Diffuser (14)
to Avoid Air Dissociation



%38 & 6 9% 2010. 6

O|FHAE (0] T AL/ 0| FE

)AL A% BAE/2TYAES] JEGAEA 589

maJr n;Lf: pa Vody (1 +f )= ps V3A; 2

\—m,Vy=PA,— P A+ [ PIA (3

wall

Q: (ma+mf)cpfz—;f3imacp7;f2 = manf[f =my (4)
-2z ®)
Au7Ne B AHuE 4 @R A

°
(6)F 2ol A&7l W E%F F7Hecl osf 244

o},

Ty 1 q
T, 1+ (” Cprz) ©

B ATdMes 44 @ude HAeE da
719b AR dEE e A, F A ¥
gel dalel Wste sid e s
(1) Lysk AH g JHRl= LT (P,=P)

B olE AlolE2 FVIFUY FX7He
5= A NG AlelE2A Addas F
Hhgith mhEbA] o9f 22 Heo]E AtolE S V]
Ho g g AYALE T AAE/ZIHA
EQ Abo]E aAS FH T

da7] W vhE EAE nEEA devd, vt
o]l gle frEel Wt Euler 2(dP=—pVdV)2
2HE A7 W d™o] dAsA (R =P) &
e A4S d

a719) Q4 vhekest &

T (1 = V). mebA o
o& =
@EFH 4o )% 2

L

et

EF AE)e2RE dol AT A A
ol A-g3te 8L flonz 2 (8)9 ol
27 Qe e WA AN JL
31k

Ay Ve ABMy M

AZ— P4V42_ ’7P4[l/[42_]v_[42
A AnT)N M, < MolER A
Hl A/Ae 33 180 an, gk
S e davle F H¥eE oF
o] FAH= FFS KA S ¢

\=4

e

N

)

[o
N
)
R

SE|

o
lo
B

o
o
o
i)
sz
3 oy
5
_—
3 L
gn}irsﬂ
QP
W o > T
TR e
e T
(= g =t I g
Lo rt s iy =
(o fu b =& - _|nd—°.L
x gy
o L
At — d

d
=
ofs
ol
J
N
L
jincs
T
o
-
ol
ol
P
o
v
ook
~
Yol
2
=16
&2 (o rf

H

2

Y

>
o

19

z
oZ o
ol
o

N

Py _ y+1 7%1
(?ﬂ)lim - [2”'(7_1)]‘@2} n
(7;4) ()M 1
Ty )i 2+ (y—1)M2 (1+f)? 12

3 Ao IAAxACERE dAiz <%
> e g3 2o
Bim (v+1)M5 1

Ty 24+ (y—1)M2 (1+f) -1 (13)




E

B

590

. B Nmﬁﬂ#ﬂ%ﬂ%%o_eﬂa N T
2 KR Nm XK 9l o N R X %O ! o
] 2 F P Gl T WL%O
hd c W W Wy o N- E B ok W Ol o) T
-2, Lo 8 ~"EZsw® _ " oxiw W T W
s 5 = E _T° .mpnak=8"7x = W o
£ 2 L E 2 =278 e TRLET T T
=] (O] _ dﬂoﬁ ° OT MHQE OAO ﬂwﬂ o N ﬂ L_OIF
e 2 & 5 = N K ® o= o9 7o
§ = ]2 § LR _ P haBFo Ry 4 n
B .8 S .8 T _@Af%ﬂlﬁuﬁﬂﬁ%é o T
P, g e | 5 5 Lupe-goTE L T 5o
o + = 2 ~ joH ~ 0 il
w 5 5 : 5 1 2 4 B AT T G N Jo
@ -2 o 7 1L E FuTgskIpes S W
£ a® ¢ O S Fswl 2 whabe do T2 a1
18 3 .2 K= NF S Ko "R
- 1§ ¥ weNEEL gomal® G g
- @ k=) %N;;Lwﬂﬂ%ﬂ.m = T T ., w
; R I T S i ol T I S I - oy
% & R ol g
= s E 3 s E o+ o - ——o o JALCC TN i o = T T 7
wy To N oF = B A= 4
(BdPd) ‘oney ainssaid Joysnquiod % 195/ b quur] uo o AT TR R W o o B Jjo BB
1°9/*" by uomppy jesy O TLLF Ty g g4 ﬂ H_o _mg
Mo B N B R = o 0~ = < o
\Aww#ﬂm,_ﬂjlﬁﬁ_tdu = 2 MA,MMHW ) m m_m % ﬂ_anAﬂ,_ﬁoMﬂw— &R
el AN SO et NSNS N = X o B
: = ) L_:E_ML ﬁm_or T = 7 iL ww__ﬂ v e .%. T mamwom_mwﬂtf 4 oW
. ~ © o ol 4 Oz ik e M — o L= = 0
SR dewde - + X & — L |E my w TERT R o o W
~ foxn ~ = 7,@-@5 e = ‘Ul ~ — __AT oty —
X g X N F R R | T o = RN PN e X
An_ ‘% ﬂl o) — 9 \Mv_ﬂ E_E . \.w \_W 0| =g OE o_u ME ) — = _%! Ko ﬂul@l | T .i Jl o Z_ o =3 o
AR A T A=l = R T OiE R H|L mEeNRea L
X = — | — | < = — — ~ N
,‘M_N_.oﬂo,mu,mﬂﬂlﬁ_.ho.m | = L] ﬂﬂw o + 2Pz z;] + |+ dﬂ7ﬂ|oT&tﬂﬂlﬂ
| T (! JIE e W = 4 0] 5 il o = o X Ko
= B T ) oo O A + |+ Wl = e e X T © 7 o= e
AT i o dld AL aEwE e w BEP®_ @ e
NN ERET @ Sl o Ko W e = M < o O N o
R Wi wy o RrETaT T+ T orl S pTagogpl @
-~ ]zﬁlemﬂ Wy — Ky ® K t T R . o S o w )
M N gty R S| G S R -= ®a 2 pRaVEg ¥
g o_aaﬁ%wnaéwm%ﬂ e - Yoo T oeres_~Ta
] f — Vv | — — — = o
T Z¥mxEm TOEE 24T £ =y “E L Twoollw
PR RS " T mkkr S T L T o sh et eiio
%! @%ﬂﬂo_ag.ﬁ?m«@ SN LoHT e S £ ﬁﬁ - ﬂ%ﬁ%l%mﬂm
Ry #TTN @< T e T TR I
R S o pRe T T FE TR e wT g L mIER®
T WL o R = C EN 2 ¥ T
( amE b o J G N N




38 B B 6 5% 2010. 6 OlFHAE(CITIAL/TEE)AZS 3 AAE/AIHAES AFFAEH - 591
Fee 2 wud Feu duFe, gEe 23 MsPsE

2 pra 2 adAE odade ge .

o gFeel 9L mestA gkow mg 0 T WE A A=

oy s}eo| o T wASATt Aes Adi7] B ¢ A&V 4F viEked o
=8 g7z =o]A UH oﬂzl,] 27 Tro, gt v go g 2F3AE -4—}3J- ZF Az
a &

F
"
0
V()[(Hf)Ve 1]+A"P°(P“ 1) )
9o Vo m.g, 7
FAEZEY ATEAS dxste FHASY
Aole 4 @) 2o
Cp= ul
0, VA
2/0 0410 @1)
2[(1+f)V@ 1]+2P°A‘f i 1)
Yo m, Vo | 5o

3 3
A oae dRF FY FHE Uede HFY
(specific impulse)> 2] (22)3 Zo] Fojdth
F V,C,
==t b (22)
m gy f f90
Azle] sty AbelFe] das g, F
UA ARE e dF F7F9 kinetic energy
S7HEE 2 (28)3% 2ol AYHM ARE ALA
HoEM A& F Ae AR &8-S dE3h
ma
5LV
Min ; (23)
g H;
> 2
V.
0 e
= A+f)l=] -1
2t |\,
2(19)-(3) 27 H EE AsHTse FU=
of EF&E) HA&Te HZ Yehyge A

= ol
ARG == Egﬁ] ORE PERREE TS

V; _ n7171t4/T0 1
|4 7_1]%2

2

Ao AREH 7=
A 2 A5z, E8A4E Table 134 2o 4
27 JT ek ME YAESY F$ 01-04%F,
2IPYAEL] B 15408 FHEsgen, T
HE= 058 7|22 stth
Table 1. Ambient Conditions, Fuel

Characteristics and Efficiencies
for the Cycle Analysis

Altitude (cruise mode) 15km

Ambient Temperature Ty, =216.65 K

and Specific Heat of Air | ¢, =1005.J/kgK
Fuel Type Kerosene
iit?g;?i;nemc Fuel to (mf/ma)st — 0.068
Heating Value H; = 43.356 M.J/ kg
Combustion Efficiency 15 =0.90

Inlet Kinetic Efficiency 7]1(:0.82'39(25::22;2?)
Nozzle Efficiency n, = 0.96

Fig. 59} 62 g3k 4oy AA7]o st
Hlg wspgol ALv] YT “}3}—? o WE E%
&7 FEno ®¥slE HoAFt. FAE/2TH
AEY d58¥ FYle BF A&7 4F v
shgrel] wel 1S 91 4 vk FAE
o A a4 gt Aol glow, Ai7]

47 oAl HE s dgsl Fol W §
1, W vhakTt EAR5E dar] 4 vkl
o FReA A9 ey suAES Be
a7 97 vhseel WeE g% Wt YAE
°ﬂ Hls =M, A7 47 ket FE4%
4% Fol 198 AL - 3
dgsdsel 449 desl da
2 QA4 S M 2
S & vk A7) AT sl
514 M, =200 FAg wet 9
el o7 MBBA solAd Mz

rl

— [e) = [€] =1 =
A Foy v 254 dY90dMe 59 aES
oA FEF HAeS WA ZIA =HH



>~

592 HA7R - A - A8A -

COMBUSTOR WITH CONSTANT PRESSURE

—— RAMJET  :¢=05,1, =09, n =096

,,,,,,,, SCRAMJET : $=0.5,1,¢=0.98, 1 ;0.9

o
©
T

o
o

M=1.5

o
~

Thermal Efficiency, n,

0.0

CR—" 6 8 o 1z 1 16 8 20
Flight Mach Number, M g

Fig. 5. Thermal Efficiency of Constant P,

7Y

M,=0.1 COMBUSTOR WITH CONSTANT PRESSURE
—— RAMJET  :4=05n, =09, n, =09
A SCRAMUET : $=0.5, 11 ,(=0.98, 110.96

60

50

40

M=1.5

30

20

Specific Thrust, y [sec]

L 1 1 1
2 “ 6 8 10 12 14 16 18 20

Flight Mach Number, M o

Fig. 6. Specific Thrust of Constant P,

M, =400% ) Z7}stA v 238 wPrts
]

FYgol FaHES T F U FAAES} 22
AAESY AsS Bluwsird, Hgy sl
M, =52~8754 HAERT ~IWAET} T
o ASS e S ¢ F Yok g oF
HAES AL 4F oHE =S Ve

st ug et JdAs PAES, ¥ 4
3 u}a}# o ol M= éﬂ%&xﬂ‘é_% N g5he 3

1&—8— éﬂﬂ“xﬂEﬂ Ax7l AT+ "skFE oy
g fs VIFo R tufel] wel ZA WHEth
aHu A FATVY HE RS VEe R
HAANES HIPIA T oF wle}l 56595
) HolX M A2mAAEY ALy I+ ulst
< "3l 2.0 o]t BIRES ¢ & UTh

Fig. 7% 8& 473 dHA AxV|E 7HA
= WAE/2=IAAE Ui dE58F FEH|
o] ATE RAFY. A&7 YT urEE Z71o)
0E A #Aae E"XﬂE//\i AE 2F A
g5t e dAAviet FHsith 1y gAS
@A AdTle] A %ﬂaﬂxﬂzﬁ‘ﬂ ot}
HAAE] Ao GAo] St HAAE]

x

W

o b
5—?"&% & ﬁlE}. /\E/.E"Xﬂ «l 7

%‘%kﬁl XA, M, =40
oF 1

a9
s
2]z

9] A5 Hlﬁﬁ “]— 7.75 o]l G
F7H&9] Aggle] H ]-E—OHH 2IAYAEZ A
o7} 7}eslth AT HA ~IAWAET} 255}
= 947 4+ “1— e W2 254 d9oe=z
ol AHEIES FexHolt. oBEY v A
&7 dF ”}"5‘}—?—3— Zte 2APAE FFAHE
o Holg falAe @24y BN S TFstAL,
FEE] 24 WA Aok 5{‘:} o]y g Aol
AT gHE e AL7Y ALY Hndd o)
443 g Ahv|e Bt ?ﬂ 71 4+ wst
Fo] Mg Zo] F55 ¢ F+ A

Y COMBUSTOR WITH CONSTANT AREA

—— RAWJET :$=05,7,09, 1,09

08
D SCRAMUET : $=0.5, 1 ,=0.98, 1 =0.96
‘:" 06
Q2
=
LLJ 04
2 o
'—

0.0

Specific Thrust, v [sec]

6 s 10 12 1 16 18 2
Flight Mach Number, M o

Fig. 7. Thermal Efficiency of Constant A4,
v M=0.1 COMBUSTOR WITH CONSTANT AREA
ol M=02 | oauEr 10=0.5,1,709, 1 0.9
ol/ma\ | SCRAMJET : $=0.5, 1) (=0.98, 1) \;=0.96
40

30

20

10

0

6 8 10 12 14 16 18 20

Flight Mach Number, M g

Fig. 8. Specific Thrust of Constant A4,



38 & H 6 95, 2010. 6 OlFHAE(IFTAL/FTEE)NNS g FAE/AIWAES] w593
80 B
EQUIVALENCE RATIO ®=0.5 M.t SCRAMUET
M ,=0.2, n c=0.9 (RAMJET) o 4 g/c oT ¢=6 (©=0.492); M 4=8.0
T wl s M 5=2.0, 1 =0.98 (SCRAMUET ), 1 \=0.96 & ol
3, J - - -- CONSTANT PRESSURE CHAMBER o
s |/ SN CONSTANT AREA CHAMBER P M
A/ < S =
g o, N el § 04l
F AN g P =con A =const
g | RAMJET| 2
5’- 20 g 02}
? 3
0 L L L L L L L L L L 00 i i i L L
2 4 6 8 10 12 14 16 18 20 0 1 2 3 4 5 6

Flight Mach Number, M o

Fig. 9. Specific Impulse of Ramjet/Scramjet
with Constant A, and Constant P,

Fig. 9= Z&H] 0.5 tist HAES} 23 WA
EQ FYHIE AL7] Aol whet W 23
oltt. Y% FUT % =29 He = o
3l A7) el we HAES} 2IYAES
A5g viwsne, e F$ o e 57}
Ae] oot AT FAL AAE Az
Felulz Bha g dehe, 3 ol Wy
QAHE F 2] ol BE FHE 2 A
o7l fee & 4 Atk 2AWAES ASE
% a7 Fael me A% Aol vvsA
&, 2AA g WA A1 delel ot o
$ 2 ¢ 4 ot e MA%Es} 328
Sow ZB52 20 BAE Fo| Go|
ZrhelEz Q1av] ool skl REe A
gaied BAAE BAT & db 2AL v
£ owgQee) e dxr) 343 2o aohw
99 ool detd A5aEE 270 AL
& 9 Aoln

1.00 RMJEI'

o alc gT g6 (©=0.492); M (=30
E;f.. 095 |
o
g
§ 0%} A =const P =const
g
=2
@

e 0.85 -

% M =1
= 0.80 L L L L L I

0.0 0.1 0.2 03 04 0.5 0.6 0.7

Combustor Inlet Mach Number, M o

Fig. 10. Comparison between the Total Pressure
Ratio of a Ramjet Combustor with
Constant P, and Constant A4,

Combustor Inlet Mach Number, M o

Fig. 11. Comparison between the Total Pressure
Ratio of a Scramjet Combustor with
Constant P, and Constant A,

Fig. 103 112 &7 40 wE HAE
2AYPAES] Aty &4
FF7te] BAE BAFE
HntH o3 PAES ¢t
o] &Ll
o mehA=,

v}

> rR W

2 b
N
R
2

T

JE
b

[e)
2R =

I =A
HAES] 3

P
e, &
o
o
ol 2
HURHY

N

N e
2 re
o b
%N
AQ
[ld_% o}‘u
NP
N
N
= e
o0 oX
1
b
o M I‘ﬁ
27 [-
- i
= s o
SR N
¥ N
9 fr to

BV
)
n
tlo
N
N
fr
re
o

A
2 ?J_%fﬂ %@1‘1 P
= 7HAe daTlel w
el & 5 9ok
%UﬂEE‘r 2FWAEI} HHO
HlEl g elo] 747t tEn, o=
ol Wt E BEA YEds
E/ZIFAE E_—H:— F ax7]
o Aole AA FRARE AA
YA dEHE THAe dnTh w2
AYAES] A5 A9
48T FEE HAE o
XﬂE/*fLE“zﬂ_ A RN
A&7l mls) F A v F
. SHAIRE o]e] A AxT) E W
| d7 wAHRG 2 Q&Ké*&é 7HA A ]
7V AdEE AR AHH FAE SIS 5
i wEA FHE STEEA ol Wil Aes 7
ot ofell wbsl g3 DF”WE 7HA= 4
a7= AT dHS 7= darlel HE
g A AARE °il?ﬂA xﬂ@ﬂr FAE

o & gnh

o N

N
2 e |m
o ot fo
to ro rlr

O

Y b o
> N,

4>i"¢ﬁ
(2 o
20 o a i
—ﬁijﬁm
oiﬂgﬁ =
2 o ol 2
é_’

2

DN of o o
o to o o
ol
ol i T, o &
fr i
= yo 32
\l‘J
> J

Mo rE P 2 ox M o a HE
L
%

N
N
B
kN



594

oY
=
o,
Ry

3
¥

S

B2 T

o

n. 2 £

—_

B Ae PAES 2IWAE A0
el Aol AN e B dAEs =
WAES] AEAA} H5EHS Fohra o
o FYAEE AT AAES} 239
o) &2 A5YAE st
1 A 7} 04 ol3tel WAES)
%, e shalrE 5652 AdEv, wa vha
76 ol F2e% Il AEH] e
SR S ENEIE EE R ICE AP e
2 g5 ofof gk,
A5Gl A%, dnoldAR
Ao 94]4 P ICESPADE:

I _t
2
J

N

=
o b n:}o1|
rg IR 2 —\.i o

4 rH o

o
o
j
é
11‘,
:?i:",
1
N
M Lo
-{rl
r&
™

N, b
4

rm
2
z
o
b
il
o
14
)
§2

2
=2
re
NoX
ofr
[
ox
tlo
>
>
&
f
4,
©
o
R
av)
o

B
o
Ny 4

)

o3
o
(o
I
o
=N
ol
>
i

1o, W
Y
ol [UE ﬂ-I
2 b
22y
o (o
F:\_Z e 2 g

lo
Jo o B @
[ o o, o
2 O 2 AN mlo ox M £l O

%7} #7)
Qe AE dde] wysta weth
3. 2aYAE FFYde

geae] e °

ol elele] oliv]o] HE| EA|Tl
o A= 94 ¢He AV 4
A E ATl HlE Erh 244
BEF A, A% dEE A=
Hla)] 94 dHAS A= d4a]Y H
SHAIZE ER Fo

FHS HPF IS EA]7] 7]
Al M= olFHAE
Qo] &ZAHoly, dF QT

B
N

o me rlr r
o PR E e b T

g g & g

rl

o N B o NN
12 2 N o mo N 2

Lo
“
rot
3
08(:2

>~
A
N,
>
>
o
o op
of
on

2

>,\(
BN
)
tlo
b
o

et
_O|L
Ll
X,

i

2Rz o
ol
ol

ol
Y-‘D" _& F-.~
L &

Lt o
T
oy

s
il
2,

ofr

o Mo N R
o

O D oox o X orlr
[e}()
o
oft

< 3

il
o)
ol
=
>
o
fl
o
S
>
[
o)
(e
)
]
N
™

fo o
of
12
o
=
g
_O'L
2
o
o
o

on ok
of
12

o, o d
>

2 I

X
)
rr
e
)
RAR
[>
H oL
o
o
e
o

oo il
fo
fr e
oy JB

o
ol
o
2
A

ol dlo Y W

-{O J.|>‘_‘4

oo off
Oﬂ o_>r1_, OR
oK

ro 19
(2
o

ol
o
>, on
o
ol
o
£

1) A%A, &84, ”%ﬂlé/éa%zﬂéq 7

£EG £a7% BA 0. 2adAE 2 2g
AR, F=FFeE A, A104d, A2%, 2006.
6., pp. 115-128.

3) A9, =A@, 953, AAY ¥ F
olTEE E“ﬂ] (DMR) 3 #] slief o]
WAE (DCR) N B, FF3207}3] %7
gk 3], 2009, pp. 400-401.

4) Kristen N. Roberts and Donald R. Wilson,
"Analysis and Design of a Hypersonic Scramjet

of\
re =
B 1o

Engine with a Transition Mach Number of
4.00", 47th AIAA Aerospace Sciences Metting
Including the New Horizons Forum and
Aerospace Exposition, 2009.

5) Daming Zhul, Zhili Zhu, Hailong Tang
and Jin Zhang "Overall Performance Design of
47th  AIAA

Aerospace Sciences Metting Including the New

Ramjet for Combined Engine",

Horizons Forum and Aerospace Exposition,
2009.

6) Hideyuki Taguchi, Akira Murakami,
Tetsuya Sato, and Takeshi Tsuchiya,

"Conceptual Study on Hypersonic Airplanes
Turbojet!, 15th  AIAA
Planes and Hypersonic

using  Pre-cooled

International Space
Systems and Technologies Conference, 2008.

7) AAY, dad, A7, A, MEE, &
4, "2FHAA S2EHA HYS AT ¢
TEE HAEANS He AA”, FFFIEY
3] FAStEwS =23, 2007, pp. 289-292.

8) Charles Bauer, Dean
Christopher d. Whitcomb, "Comparison of
Mach 3 to 6 Conventional and Dual-Mode
Ramjet Performance", 34th AIAA/ASME/SAE/
ASEE Joint Propulsion Conference & Exhibit,
1998.

9) P. G. Hill and C. R. Peterson, "Mechanics

I~

Petters, and

and Thermodynamics of Propulsion",,
Addison-Wesley Pub. Co. Inc, 2nd Edition,
1992.



%38 & 6 9% 2010. 6

O|FHAE(CIT AL/ T RE) TS AT AAE/EIAHAES] AFFEw -

595

100 H Wittenberg, "Some Fundamentals on the

Performance of Ramjets with Subsonic and Supersonic
Combustion", TNO Prins Maurits Laboratory, 2000.
11) A&A, WsE, “2sdA BHAAY o
FEE(BAE-2IYAE A3F)dN AF
A 547, dxFAEs] FASGEHI, 2000,
pp. 393-396.

12) James E. John and Theo G. Keith, "Gas
Dynamics", Pearson Education, Inc. 3th Edition,
2006.

13) W. F. Ng, "Real Gas Effects on the
Numerical Simulation of a Hypersonic Inlet",
Journal of Propulsion, July-August, 1986, pp.
381-382.



