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ABSTRACT

Liquid rocket propulsion is a system that produces required thrust for satellites and
space launch vehicles by using chemical reactions of a liquid fuel and a liquid oxidizer.
Monomethylhydrazine/dinitrogen tetroxide, liquid hydrogen/liquid oxygen and RP-1/liquid
oxygen are typical combinations of liquid propellants commonly used for the liquid rocket
propulsion system. The objective of the present study is to investigate useful design and
performance data of liquid rocket engine by conducting a numerical analysis of
thermochemical reactions of liquid rocket propellants. For this, final products and chemical
compositions of three liquid propellant combinations are calculated using equilibrium
constants of major elementary equilibrium reactions when reactants remain in chemical
equilibrium state after combustion process. In addition, flame temperature and specific
impulse are estimated.
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Table 1. Physical properties of liquid
propellants[1,6]

5 Dinitrogen

Propellant | Lt | MMH | RP-1 | -7 PO LOX
Chemical

e | e | CHeNp | CHiss | NOsy | O
Molecular |5 h16- | ago72 | 175 92016 | 3200
mass

Meling | 440 | 2007 | 225 | 26195 | 544
point (K)

Boiling 460

point (K) 20.4 360.6 540 294.3 90.0
Heat of

vaporization | 446 875 246 413 213
(kd/kg)
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Table 2. Elementary Equilibrium Reactions[2,7,8]

No. Elementary Equilibrium Reactions
200, <200+ O,

2H,0 <20H+ H,
2H,0 <2H,+ O,
H, =2H
0, <20
N, 2N
N, + 0, ©2NO
N, +20, < 2NO,

H,+ 0, ©H,0,
H,+20,<2HO,
" N, + H, + 0,=2HNO

O o | N | lw| N

o

2 NE 243Nk dg HINFE
of A4 EH
S EUE 37FA F7A 0|
sty P2 o2 RE FAT HF
A4 A9E 2 5)~7)F 2ol AT

Zvgslo] = gbxl /Ao F A (MMH/NTO)

Ny s —4a=0 ®)
2np2 + Ny + 2np8 + Mo~ 24a=0
2y gy 205 s 0 T, —20=0

2n, tn,;+n, —8a—10=0
n]2)3 - I(])7np4np3 =0

n?)ﬁnpiif)r - Kpl”;%l”t =0
”12)7”pspr - K;)Q”;Z)Q”t =0

2 _ 2 —
n])8n])SR’ I(]ﬁn]ﬂnt =0

2y _

np‘JR’ I(pﬁnpiint =0
2 N _

npl()R’ I(p4n1)8nt =0

2 7 _
npllR’ I(pﬁnp4nt =0

2 2 p
My — Kygnymis P =0
Nty — Kgrgny s P =0
2 p
()n])8n])SR’ =0

2 _
np14nt I(pl
2 _ _
np15nt I(pllnpainpéénpiiR’ =0

Ny + Ny + Ny + My + Ny + My + N7 + Nyg + Ny

10 101 T 1t =0, =0

N A 4=/ A A 2h2s (LHo/LOX)

2n,, +ng+2n,,+n,—4a =0 ©)
Ny 120t +n,;—2=0

2 _ 2 —
npiinp4 r I(])anlnt =0

2 _ 2 —
np4np2 r I(])Snplnt =0

2y _
np5R’ I(pﬁn]ﬂnt =0

2 —
npﬁR’ - I(]Anjﬂnt =0

My + Mo + Mg + My + My + My — 1y = 0

RP-1/4H4(RP-1/0,)

Ny T 1y —a=0
2n,, T 0, +2n

'p2 'pb
2n,, tn,+2n

'pl p3

2 _
n])'—inpiif)r I(pl

+n,5—1.950=0
tn, tn,+n,—2=0
”;2)1”15 =0

2 _ 2 _
np~3npﬁR’ I(I)anﬂnt =0

2 _ 2 _
npﬁnpSR’ I(piinp2nt =0

2 p —
NP, — Kpsnyany =0
2 —
n,sP. — K n,gn, =0
+ My + Mg + Ny

My + () + Mg + My

+n,—n, =0

ofwl, n AYRE BFO F AL, PE IIE
A= (=1.013 bar)ell W A4 o] HE 9
P @TH2l @, Gibbse AfolUAE o] &3
WY e Tt ol el Hn2,10].
_ae
= RT
K, = exp 8)
AG® =AH—TAS’ )
olul, Gibbse] AHfolARE 2 (9)9} Zo] A
Lo dgwel dERY TFa £59| T
T FANoE A" £ UuH29]. =T E

AFNME AarlolA o) d71AE 7Hstdon
2 RE dgde dERI S AP x| I
2 7HAsAT2,7]. A8 ER BEF e 27
A dedel dEZAES AL T olofA
Gibbs A oA =2etn] HEHoz B

Frale AdE A olw Aokmlg, A"y
a8a AEEVE 250 e Bak FEEA
2} (10)~(12) ¢k 2ol A sk tH2,7~9,11].
i;:a +a,T+a;T?+a, T*+a;T* (10)
R 1 2 3 4 5

H o O B, @ g O
pr= 0t THg TP T =T = (1)
5 G oy Ml %5

I aInT+a, T+ 5 T+ 3 T°+ 1 T +a, (12)

9 Ao gakd AF a~arS NASAOIA A &8}
I JE HolHE o] &3tATH11]. A&7l Ae]
257t FoAWE g, JEZI E]

Gibbs AHfolUAst @7 2 @) BHIFHE

A
ste] 318F HEgo dig YHES =L F 3
Ho 38, 7124 38ty FAAMdI=ER
Uutzl o2 AL8-EHE NASAS| CEA F =& 33
B3 %712 Gibbs AfFoldx7} HAE 71A



044 4 4 9% 2016. 4. HBYFTE o] 43 ¢

& dA =

A FAA9 Hahg A9 337

B
)

of tsf AFRENS FEEHOE dho
¥ (Lagrange Multiplier Method)<
colgt 2] B AFelAE TE ATE

E Table 29| 117} 3}8hd k39
Z3shes Fo& QAW EETH

ofh o i oo |
o M o % jvi
25 q

ﬁ,901réoi_°,_&oﬂoé.\‘:‘4_o,ﬂirlr
r lo r
| él:; Nﬂnzlirﬁi‘%

- e N
20 <
l:Orlr Oglm[o

e
m H o
Tt
r[
5 ;
rlr&g b
0% rr o
o
s
rh
1>
=l

p
T o

op
B

i
N
M Wt
[
rr
)
1o
\~

i
)
09;,"
o 2
e
=
me 2
=]
olee)
05)‘1 oo ©!
jﬂ, X'E
Lo A
oX
2

€ MAUES BHHOE olgfstet] =S

i
2
AN
ok
o

Adiabatic Flame Temperature)

—_ o~
>
\O
—

1"1111
A}[r() + anilmea(:tants \/238 C’pi,dT (13)
i C
T,

= ani,#pmdu(ts C’pi,dT
i 298
2 B3)ANA T, BHEEY 27 %, T,T
ARES] SdEstdesE JERdTE oA

AogiE dZE ddstdenst O mo| ¥4
S EFE oY A 14)~16) YT
23shikg o s

‘Q
il
fo
2
Kot
2
lo
©
fu
2
ro
N

Input
initial reaction data for
propellants
(1, P)

!

Calculate properties of
chemical reaction products ¢
(k: &% §°)

!

Calculate

Calculate mole fractions of
chemical reaction products

Calculate energy equation

Gibbs free energy
(6°)

!

Caleulate
equilibrium censtants of
elementary reactions
(&)

'

Calculate
mass conservation equation
and —
elementary equilibrium
reactions

Converge?

Calculate
adisbatic temperature of
reaction products

Calculate specific impulse

Fig. 1. Flow chart of chemical equilibrium
reaction analysis

G,
T (16)
P g

HAFAomE 4 (17)& ol &3l M FY(Specific
Impulse) & AL OEZN ARG 4HEAIE ALE
st o]UFA 2AAIL Hee o8F R

&< 5 A FH1].

2%k RTE) [17(&) (k’;l)]
k—1 M P

I,= 1
*F 90 a”

N

9= FH7}455(9.807 m/s%), RS Yty
(8.31441 J/mol'K), p= & 49, p,

oorr 2 2
ox
4 =

= T 99, T 9424 Wi dex

Gdsd =S YeERAT

AEHoE Gastderet 1 oA A
HEESY EFE FA A HAsiAE F
et 4 dAsd = de2 74"
A )~ vdd ddeAAES 4 (13)9
AUA LGS WEHOR ALbste] FHAA
oF gth. o] 93] FH'H(Newton Method)¥}
2 A ZIH[12]e ol&std AAAR
AkskA| o] o] &

Aol Fgsiet Paue) oA =
=
8

¥ # 9= mcs

TSP on, T AEAE Fig 19 U



338 Aa%-

Iv. sl Z3

A7lel A PARASR FHI FA34
FEE At et S o] 3 YA E 7]A
HBRE0 A HEo gdsdes 9 dx =
Ao vFH e Avadrh =&H 427
o] AL HAF3s7] Yol NASACA 74
CEA FE[11] AXA TS} 34 vnEAe 53
A
4.1 sletggbls MME =M o=

MMH/NTO, LH,/LOX @ RP-1/LOX¢] 3}3}
B 1)~B)NA FAHAS B Falok
2 mAFE 4 BEE] EF0m,)t F EF
(n)E =33t 27k 16, 7, 97Helth. MMH/
NTO?! A% AAE 313 =4& Axtaetr] 913

212 2 (5)ell AAE dow, FAHoE
AR QoA RE AHE 2 (1)°] 33HF
u}

AFE YA, Table 29 7HE 249 YRS

2
%
[y
=
=
fo
o,
ok
ox
4
1>
W,
ox
oX,
il
|
fo
ofj

oz
o !

A _12', O_>L
to fu to 4> =2

-
oX
i,
(0
fru
e
re
=
2
>
rlr
R
o
re ot
i)
ok
€ > (o dfl g

7] f8l FAEA7IEA wEHS ol &
LH,/LOX%} RP-1/LOX FZA] Zghol
TYS HAAE AH APE 7AA

U2}
M o ot
o

12 oo
rlo rok
w12 o Kl -

3
AFRA FeEP-g AIZE
o] gdAae HES i NASAS| CEA =
TEREH de EEE A9 v Y Fg.
20l dAmel AstAle] EFwZF 25¢ ul
MMH/NTO®9| sl gutg2o= A4td A4
o] BEE& ZAAE, Fig 37 4ol EFnUt
30 2 249 o} LH,/LOX % RP-1/LOX°l th3k
A5 A7 AAEH e, oW 7|E AT7A
o AMNEASL EYE d44 4FHE 345 barE
7FREFATH2]. 2t 2 elA BEo] Al 71A F3
A BF AAHE 7IAEY BEEE Aot oF 5%
ool Al dAetE ALE EAEHAUTE Table 3
of iEAH2E 7|A H¢F H,09 AEES o
CEAZRH A4g E45 B AFdA =3
Ay}t vn, FEstgen, 1 A3 Al 7HA
A 23 2F 1%l doexrt wdAyst
Ao g ettt wEbs B AFeA g
E7} NASAS] CEA FE9} HwFS o A9
A AAE EFSEE, 52 AIHE A=

Ao pors o)

z

U
=

[ ool K rlr v

¥, Fig. 29 Z%4E 53] MMH/NTO $}&
HYgutgo 2 HE AHHE F 1571A 9 7=
Zo| A= 714 H,09 No7t ¢ 70% A== A
3 =1

10

Be Fe AXsE o s w

A9} 00 7VHe el dEptT Slof ol 5ol
BAP 2aPPulgol Bs) WA oL
A& & AU
Table 3. Prediction of Hy and HO mole fractions
MMH/NTO LH2/LOX RP-1/LOX
CEA | Present | CEA | Present | CEA | Present
Result | Result | Result | Result | Result | Result
(%) (%) (%) (%) (%) (%)
Ho 4.015| 4.039 |61.992| 61.991 | 10.569 | 10.562
H.O [36.823| 36.948 | 37.708 | 37.707 | 31.378 | 31.561
Relative
Error 0.937 0.004 0.650
(%)
M Present Source Code MNASA CEA
W0 -
35
& 20 -
E 25
'ES 20
‘:': 15
£ 10 -
5
0+ o

Fig.

it
=}

Mole Fractions (%)
wa @
= 3

[
= &

=

Fig

w
=

&

Lon,&o ORGP I \Ae&m

MMH/NTO Product Species

RS

2. Mole fraction result of MMH/NTO gas

products at mixture ratio of 2.5

B Present Source Code

NASA CEA

H20 02

OH H2

H2/02 Product Species

. 3. Mole fraction result of LHo/LOX gas
products at mixture ratio of 3.0



04448 W49k 2016 4 BRFTFE o1& JARA A e FAAF 339

B Present Source Code NASA CEA 2 70/ ‘(l] _‘_i]—tﬂ% = 7]—X] = 7/—\]—9-—%- Q’?_H %q—-

0 Exos Ao ddsider o vl A3HE

s Table 4° g2l oH, 1% OlHMW dA3H= A

£ S ¢ F Atk ¥l 71E AFZEA2]= CEA

oo ek AdAoR Z o AU

M, I dezE Agd ggulolEe 277}
Rt e Aow FHo] HAUT.

; T, Ag/AskA Sl o AvAH o

‘ 02 H20 02 O o K2 0 H dslder H3le A FA 25 TguF F7}

o

RP-1/02 Product Species

Fig. 4. Mole fraction result of RP-1/LOX gas
products at mixture ratio of 2.4

LH,/LOX AA¥rgoxE 714 Hy9 H,09 H
ol 9%B%ol o i}wgsg@}%gi
ARE] gRES AAGE AL & F o]q_
RP-1/LOX8] F31A] Z3tol A= %91 % b
=d3stA 714 H,O07F AdFd oz =4 9259
ow, RP-1 A&7} ©EFaAGelng 7 %
gE 71A Ccoet CO, A&l A F8he A
o7 FAHAL.

Ctdsld 2 o &

Figure 578 79& FAsi4e] dgzrdos
AL 4EE 345 bar, =& E=7¢E L 13,800
Pa® Z&3t5e wW[2], A=/4AstAY &
WH3le] w2 MMH/NTO, LH,/LOX % RP-1/
LOX 383 gdnk-ge ddsdes B2 E 17
Z2 Yepdoh 4 B Ao HE3 X
el A e AFskr] $8) CEA ZE 34
dlolEl e} Hlwsts) o, Fig. 5~7% E43% A

3400 T T T T T T T T T
3200 ki
g 30001 i
2
]
B
]
g 2800 i
3
il
o
§
L 2600 ki
24001 N
—©— Present Source Code
=l NASA CEA
2200 : L : L L
0.5 1.0 15 20 25 30 35 40 45 50 55

Mixture ratio by mass(mox/mfuel)

Fig. 5. Flame temperatures of MMH/NTO as
a function of mixture ratio

g2 ddsld eyt 18t} o) 8ukg 5%
H| (Stoichiometric Mixture Ratio)ol] E&3% o] &5
HE gdsdesr) 43 gasts AL Ay 1
ALE 53 ASHUT ol olE2Wg EPun
B2 AstArt gEEveks A Sehkgl
Foly 4 gl duel Fe e oY) gE
o= 7Ee] olg3 QAT & & THI].

Mn

3500

3000

I
i
3
3

IS
=4
S
3

Flame Temperature (K)

1500

—©— Present Source Code| |

1000 + NASA CEA

I
[ 2 3 4 5 & 7 8 9 10 1 12 13 14 15 16
Mixture ratio by mass(mg /mg, . )

Fig. 6. Flame temperatures of LHo/LOX as a
function of mixture ratio

3800

3600 [~

3400 [~

3200 [

3000 [~

2600 [

Flame Temperature (K)

2600 [~

2400 -

2200 | 1
—O— Present Source Code

+ - NASA CEA

2000 T O T S S S
12 14 18 18 2 22 24 26 28 3 32 34 36 38 4 42
Mixture ratio by mass(m _ Jm. )

ox fuel

Fig. 7. Flame temperatures of RP-1/LOX as
a function of mixture ratio



340 e

<
o
H
ot

BB S

Table 4. Prediction of max. adiabatic flame
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