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ABSTRACT

This report describes numerical schemes used in the computer program
for nozzle performance predications of liquid rocket engines. The program
is a set consisting of the following four programs: a program of
one-dimensional equilibrium flow (ODE), a one-dimensional kinetic flow
(ODK), a two-dimensional kinetic flow (TDK), and a turbulent boundary
layer (TBL). Published programs were utilized for ODE and TBL, but the
programs for ODK and TDK were newly developed. In the TDK program,
an efficient numerical scheme for a two-dimensional nonequilibrium flow
was devised for rocket nozzle flowfields, and is described in detail in this
report. Computational results are presented for hydrogen/oxygen and
NTO/A-50 propellant engines, showing the utility of the present computer
program by comparing it with available experimental data.
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#&5 NTO/A50 OILHEFUCK # L U RICEEER
No reaction reaction rate
1 H 4+ OH + M =H0 + M kg=7.5 x1023 7-2.8
2 O +H +M=OH + M k¢g=4.0 x10!8 -
3 O +0 +M=o0, + M kg=1.2 x10!7 7-!
4 H +H +M=H, + M ki=6.4 x10!7 p-!
5 co, +M=0  +CO+M k§g=2.7 x10% 7-%5exp(-127555/RT)
6 C +0 +M-=cCoO + M kg=3.0 x106 -5
7 N +N +M=N, + M kg=1.0 x 10 7-!
8 N +0 +M=NO + M kfg=6.4 x10'6 7-.5
9 H, + OH =H +H, k¢=2.19 x 10" exp(-5150/RT)
ig OH + OH =0 +H, kK§=5.75x10'2 exp(-780/RT)
+ OH =0 +H, k¢=7.33%x10!2 exp(-7300/RT)
12 O + OH =H +0, kg=1.3 x 108
13 OH + CO =H + CO k¢=5.6 x 10! exp(-1080/RT)
4 =
0, +cCo 0 +cCo kf=8.85x109 T -86exp(-45920/RT)
i: OH + OH =H, +0, ky=1.41x 1013 7--01gxp(-49264/RT)
. NO + NO =N, +0, kg=1.0 x 1013 exp(-79490/RT)
y + NO =0 +N, k¢g=3.1 x 10! exp(~334/RT)
N +o0, =0 + NO kf=6.43x10% T! exp(-6250/RT)
19 co, + ¢ = C0 + CO k¢=1.1 x 10" T-5 exp(-6995/RT)
20 C + OH =CO +H kg=5.3 x101' T-5 exp(-5628/RT)
21 C +NO =CO + kg=5.3 x10M T.5 exp(-8303/RT)
22 CO, + N =CO + NO kg=1.1 x10M 15 exp(-59618/RT)
23 C +0, = CO + kg=5.3 x10M T-5 exp(-6552/RT)
24 N + OH = NO + H kg=5.3 x10M 1.5 exp(-5628/RT)
e =40 N
Dth =19 0mm Dth=1586mm

Pc =7kg/ar

340

Pc = 7kg/ar

RO

T

|
jr —/’\\
— T ODK
@ 320 o— TDK
o Tk 83 e 2 o
< —5 o P —_—
X ° ? & TDR- BY — De)
~ ;
B TBL
2300- Del 300
280 . . s . 280 . . . . , . e
14 16 18 2.0 2.2 14 16 18 2.0 2.2
MR MR

%16 EOK400zrYrOFRAZIETL

KERfE

M17 BOk600xryYryOFRIEZHIENE

KRIE

This document is provided by JAXA.



oy b INOETFREERE 21

et LEvTnb, M1 7T@AOK6 00/ AT
Y, MELSTFRELCCEDOELTHLTNWS
00, BEKKGEHCERPIR(E> TN,
8 LIV

AR THE, Bka sy b0/ ArRO
Rh%zEBT2FELR LI, /ArEREHOL
HLOZOEEE, 42025 5 7 (ODE, ODK,
TDK, TBL)D LI hTe b, KRATREK
ZRITALFIF PR OGTREL O THR L7, T
OFtEER, WENEIBRK OV TR EMEITERG
B AEESECHE L BEWT L, A LFEER
FROEZERBEOBREAETEB LLIOTH A,
HEER LEREL OB TH, FHUNREN—E
ELTWn5S, LoL, UTORFRES T LERIN
TnbLIHSTDA,

(1) ALZERUGT — 2 O

2 BMERNOEEL (ARZLBS, IZLRES

T 5) oM

() EEEARBOTEORENL

DKo Tl, T HHFLWT— 2OBE, EFEHE
LT BRRILT — 2EOREWT = » 2F045E
VBETHH, QOMBERIFECREALZMETES A
#, EREPCLHOLEEVKE VDI, [fLs
OEFHL 9 AFHEEIBRIT IN 2T Z L%V,
TR DNWT S, HWBINMENTHLDOKE ZRO
o/ A TdERBHRESMICHBRL TKE( %
L, FEHORER LA R €% N,
T, /7 ArtegFmoco0o—2o0EREY
Bt LAcbDTd 5, COBERATANBOSHS
HHDD, FlLwnzr ¥R TLHAHOERE
ELTHBERTHHEETSL, ThOLCEL DA
2 KfEbh, Thict hFFEEEOBVERICL
T E N ER - T b,

2 £ X M

1) Powell, W.B.; Current Status of the ICRPG
Liquid Propellant Thrust Chamber Perform-
ance Evaluation Methodology, AIAA Paper
69—468, 1969.

2) Gordon, S. and McBride, B.J.; Computer

Program for Calculation of Complex Chemi-
cal Equilibrium Compositions, Rocket Per-
formance, Incident and Reflected Shocks,
and Chapman-Jouguet Detonations., NASA
SP-273, 1971.

3) Omori, S., Gross, K.W., and Krebsbach, A.;
Wall Temperature Distribution Calculation
for a Rocket Nozzle Contour., NASA TN
D-6825, 1972.

4) Kutler, P., Reinhardt, W.A., and Warming,
R.F.; Multishocked, Three-Dimensional Su-
personic Flowfields with Real Gass Effects.,
AIAA J. Vol 11, No. 5, pp. 657—664, 1973.

5) Lomax, H. and Bailey, H.E.; A Critical
Analysis of Various Numerical Integration
Methods for Computing the Flow of a Gas in

Chemical Nonequilibrium., NASA TN
D-4109, 1967.

6) Tyson, T.J. and Kliegel, J.R.; An Implicit
Integration Procedure for Chemical Ki-
netics., AIAA Paper 68—180, 1968.

7) Bittker, D.A. and Scullin, V.J.; General
Chemical Kinetics Computer Program for
Static and Flow Reactions, with Application
to Combustion and Shock-Tube Kinetics.,
NASA TN D-6586, 1972.

8) Nickerson, G.R., Coats, D.E. and Bartz, J.L.;
The Two-Dimensional Kinetic (TDK) Ref-
erence Computer Program: Engineering and
Programing Manual, NASA-CR-152999,
1977.

9) Sauer, R.; General Characteristics of the
Flow Through Nozzles at Near Critical
Speeds, NACA.TM 1147 (1947).

10) Hall, I.M.; Transonic in Two-
Dimensional and Axially Symmetric Noz-
zles., Quarterly J. of Mechanics and Applied
Mathematics, Vol. XV, Pt. 4, pp. 487—508,
1962.

11) Kliegel, J.R. and Levine, J.N.; Transonic
Flow in Small Throat Radius of Curvature

Flow

This document is provided by JAXA.



22 MEFHERETRE 7715

Nozzles, AIAA J.,, Vol. 7, No. 7, pp.
1375—1378, 1969.

12) Stiles, R.J. and Hoffman, J.D.; Analysis of
Steady, Two-Dimensional, Chemically Re-
acting Nonequilibrium Flow by an Un-
steady, Asymptotically Consistent Tech-
nique, AIAA Paper 81—1432, 1981.

13) Nakahashi, K.; Computation of Two-Dimen-
sional, Transonic, Chemically Reacting Non-
equilibrium Flow in a Rocket Nozzle., to be
appeared in Institute of Space and Aeronau-
tics Science Report, 1983.

14) g, ERH%, B8 BEEn s »
M ZRROBNDOEEICDONT, NAL
TR—634, 1980,

15) Nakahashi, K.; An Implicit Finite Difference
Method for Chemical Nonequilibrium Flow
Through an Axisymmetric Supersonic Noz-
zle., 8th ICNMFD, Lecture Notes in Physics,
Vol. 170, pp. 390—395, 1982, or NAL
TR-705T, 1982.

16) MacCormack, R.W.; The Effect of Viscosity
in Hypervelocity Impact Cratering., AIAA
Paper 69—354, 1969.

17) Bartz, D.R.; Turbulent Boundary-Layer Heat
transfer from Rapidly Accelerating Flow of
Rocket Combustion Gases and of Heated
Air., Advance in Heat Transfer Vol. 2, 1965.

18) Coles, D.E.; The Turbulent Boundary Layer
in a Compressible Fluid, Report No. AD-
285—651.

19) Miyajima, H., et al.; Performance of a Small
LO,/H, Thrust Chamber with High Area
Ratio Nozzle., Proc. 13th Intn. Symp on
Space Sci. & Tech., Tokyo, 1982 AGNE
Pub. Inc., 1982.

20) Pieper, J.L., Dean, L.E., and Valentine, R.S.,
Effects of Chamber Energy Release Efficien-
cy upon Nozzle Performance., J. Spacecraft
Vol. 4, No. 5 pp 700~702, 1967.

21) Adams, D.M., Theoretical Assessment of
Some Combustion and Expansion Problems
in Rocket Motors., . Spacecraft, Vol. 5, No.
2, pp. 173—178, 1968.

22) Miyajima, H., et al.; Performance of a Low
Thrust LO,/LH, Engine with a 300: 1 Area
Ratio Nozzle., AIAA Paper 83—1313, 1983.

23) KAS, f; Nus o 2B HLE-358
Ty OBEHEERE NAL TM-364,
1978,

24) Aukerman, C.A. and Trout, AM., Experi-
mental Rocket Performance of Apolio
Storable Propellants in Engines with Large
Area Ratio Nozzles., NASA TN D-3566,
1966.

This document is provided by JAXA.



a4y b/ XrOuEETFRIFEE 23

N — 2
ﬁ]ﬁA it(s_29) m@f,'.ai, o -_—%=T_l.l[ _(_i_p_(dp)ij
B;;lColT R r oo T dx
1,j —
1) EHSHHRTOBS
of, OB
' dx  pV dx B
of, B
af 1 4° ﬁs,z’:_:"'— (A—16)
R S T (4-2) oo
af, 1 1 3r 1 dp
= et + —_— T
B _9f 1 _ Bas T T7° T{72 0T p dx
1’1 aV Vfl (A 3)
OB
ar ] — ==} (A=17)
BI,Z:TPI:_?fl (A—4) oT
3,3+ =1z — = ,
_?:1, ...... . NS (A,_ls)
af
51,34}7 aCl 0, J 1, st (A_G) dC@ a)'.
j fagpi= dxzp_’ =1, - » N
dp 1 d (A-19)
fz:d_= —i—A]p (A—-T7)
x Tp dx af
, 2 @ i= 33: 0 (A—20)
fo 1 d°p dp\?
a. — p— —
e e Lo (g e o, 1
1
(A—'S) ﬁa-H,’l = a; - 7 f3+1 (A—ZI)
ar, JA 5
Bon =%y ="y (A=9) Pasi,e = 63:_—7 v 31:
0 JA 1 (A—22
ﬁz,zz a);::_ap ;’fz (A_IO) )
df 1 Jdw
Bopi = = — (A—23)
34+1,3 - -
_df, A 1 37 1 dp 9T pV 0T
Poa= 7 ar’ 72T p dx' 5, S
_ =i 1 0
(A-11) Bsti se; 3c, ~nvac,
g, =9 94 109y 1 dp
2,345 aC: aCJp 72 ac’ P d(l-‘p’ =1, = s Ns (A_24)

2) JANLERETEDEE

fs=——= —:—————B]T (A—13) dV:E_l_ da

14
d d = Al— (A—25
* 4 P * fy dx a dx jMz—l A—25)

This document is provided by JAXA.



24 MEFHERFMRTRE 7715

_0f, 1 d’a ,da-.: 174 (A-35)
al“‘a :E[adz—(d )]MZ—
x x x 1 P __afz__ 1 oA
df 0A V 1 .
Bii=—5=— z +—fi 1 da 1 oM
’ . +|— — =4
ov VM -1 Vv [a . ](Mz_l)2 3Cj}p'
1 oM?
_MZ lfl aV (A_'27) j:l' ...... . Ns (A—36)
af, A v fo=8T_ gyl da (r—1)M°
— _— = = -——A -
ﬁl,Z ap ap M —1 (A—28) * dax {[(l dx ] Mi—1
p 04 v 1o “E}T (A=37)
'3 T oT M*—1 M* 1f1 oT af | _da
__Js_ 1
(A-29) =g =—— =
arf 0A V 2
By sy =—at=— ] 1 da: o (7—1)M B
Pt 9c, ac, MT1 G )T T (A-38)
1 oM? P 2
SR S R SR f A (71—-1)M
’ _lv » 3
MZ 1 fl aC .7 Ns 53,1 aV { aV Mg_l
(A-30)
1 da (r—1) oM* 0B
+ —_— e — —_—e e ——— — —
f :fﬁzr_{fi_ff__ ) L +alp [a dx ](M’—l)z ov av}T
2 dx a dx M?
(A-31) (A-39)
0 0A (7r—1)M* 0B
of, 1. da ,dagy M B, =2 4 o8
= - —— —_— -— == — T
a, o P [ad 2 (da:‘)]Mz lp ¥ dp {310 M*—1 ap}
(A—40)
(A—32)
0 - d —1O)M?
_af, 1 94 533:_f3: iu_tlfﬁ
B, = ={ © 4T T M'-1 a d
L av M*—1 oV x
2 2
+[L(—1£—] 1 3M2} _Aj[*lz‘i__gl_();—l)zaM
2 dr (M —1) ov 0 M'—1 0T (M°—1) orT
(A—33) 0B 1
*53:}7“+3:f3 (A—41)
of p JdA 1
Bre="p=ra 7 5 £, (A=34)
W+ 9c. Yac., MEP-1
afz ) 1 JdA J j
182,3_8T--{M2_1 oT _[Ld_a_A]E M2 ar
a dx M*-1 dc;

1 da 1 oM?
}o

This document is provided by JAXA.



ag oy b/ XAOHEETRIGTEE 25

(r—1) oM? 2B 0X. 2 Cr im Ns . Cr s
- 2 P J— }T, _2=M p’k ,.Vk__k ) H(._l_ J
(M°—1) aC’. aCj ac, J{ fj J(ch) 1;:: Wl>
]—lp """ ) Ns (A_42)
1. Ci v,:j-l Ng C, uij
NAACOLEN D
Wy t=1 W,
dCi @, . 1221
fs+;_'g=ﬁ, =1, - , N,
7] j k
a = g”‘ 0 (A-44)
x
dkb, h b.?
B i 1f (A—45) a7 a2 T RTZ}
3+1,1 aV vV 3+1
dk .. dK; dkp.
fi_ ) Kby -
5 =Ef:_if 1 o, T AT +K; (A-54)
Hdp o 7P oV 9p
dK. 1 _4h.
R J_ t_ 2 ] _
(A—46) -7 T[RT (25— 2,)]K; (A-55)
df 1 Ow
ﬁ3+1’3=—=— - (A—47)
© 9T pV 9T 4) ZOHOMER
8 af_ 1 do; 7+ (3—-15)K
w54 50 pvoac, | T Ns 3y oy
(A—48) v ap 0 (A=567
3) (ELWERAOBFS 91—y rse, 2% (assy
T Cp i oT
do; W g(u' Y )a—?i— (A—149) ‘
0y, i Y Y7 8y, T (r—1 'lc. 13
Cj r r )lcp Py R J}
T, y;=p, TEred, Cplk=1, -, Ng),
(A—58)
0X. A 1 .-1 Ng Ci Vi,
I _pM.l2.0"5 ) —) % . -
P M;{4,p kfjlgl(wl M:(3-15)%
Ns ,Ci\"l oM_M (A—59)
- s I\Y1; = -
—2;.p E] lkbill—-_71(71) ’} av v
(A—50) oM
5;:0 (A—60)
OX; i, {oh ks T (S
o it o (Lor, ) (A—61)
aT 2 V7 8T T !
’ dT I=1"W M M_,1 0 R,
! , —=———(——7+—L) (A-62)
(A-51) 9C; 2 r dc;, R

This document is provided by JAXA.



26 s R R RE 1715

A=S,-B:(3-15)%

3_1;:5_17_5_17 (A—63)
dA 0S8, OB
E—p _ap —5‘)— (A—64)
_‘?_Al_g_‘g_l_iB_ (A 65)
oT OoT oT
A 9ds, dB N
oC acj ac. "’ ! T8
(A—66)
-1
B=1""35, : (3-15)%
0B r—1 08,
_— = — (A—~67
av 7 oV )
0B r-1 08,
— = - _z —68
PP 50 (A—68)
0B r—-1 908, 1 0y
—= +— =——=S (A-69)
oT ¢y or y? oT °?
0B -1 08 1 0
_T 2+——2 LSZ.
ac 7 acj 7 C;
j=1, » N (A-70)
1 Ns 1 Ns
Sl:p_Vi§ wz'RzT—_RT 21 fayi By
(A-71)
a8,
. (A—-72)
a8 1 Ng
?V]_:R ; 1193“',113, (A—73)
a8 1 Ns
ap)_R ; 1ﬁ3+i,2R‘L (A_74)
S 1 Ns
T "R o Pk (A=75)

08, Ng

J

1
aC —E{i:lﬂ3+i,3+jRi—R,'Sl} ,

j:I’ » NS (A_76)
g 1 Ns 1 Ns
A e TR =St
(A—77)
as2
98, 1 Ms
TV RT o P ki (A=79)
983, 1 Ns
_— - . h (A—80)
ap RTEI 3+t,2 V4
aS2 Ns

('83+i,3hi+f3+icpi)

(A—-81)

1,1
ac -"1?{?-;=1‘93+i,3+:”'i‘3132 b

le’ """ ’ Ns (A-SZ)
wmlB (5-19) XNOMEH
1 " T v
Sig= - Lrm == (nin=—-)] ¢y,
(B-1)
v ac; 1
f‘iu: 7"wu2 3771 puz wi (8—2)
1 adc;
fi,= rou 97 (B—3)
1 1
P G (B—4)
1
sz:;u—th (B—5)
1
flcj:.pjwtc] (B"'G)

This document is provided by JAXA.



By b XAOBEETRIEEE 27
10,‘7] Tw w @

ERFURDNBO; , 0, ,0; @, FRAK
RANTWBE SO EFLTHD,

This document is provided by JAXA.



MEFTHEBRAARARES 7715
PBAIS8 4 T H % i

AT AOAL O ¥ W f ffr #F % Ar

KO KL M A B A % B 1880

L ah U P = 8 (0422)47-5911( A& ) T182

BOWLW OB X 2 K ¥ 8 B

KR TR H K LB A 4212

This document is provided by JAXA.





