%48 % 52 W N W Vol. 48, No. 2
2022 4F 4 H JOURNAL OF ROCKET PROPULSION Apr. 2022

AR K 7 A s HILIE A ) LA A

FIMEN A
(1. RERITRKF MEMRFR,ITT K& 116024,
2. BEfE B AR, T % 710100)

H EATEAT AR A0 AENAT LA R MWFETHAGCERE L THERET
HEWEEA KA ZMAEEN WENO B RX#T T ARABRERNSFERGITE. RERFITHE L
AT WA = A/ T AR o AL AR RS M e R B AL R R M R T A R B R K B AT T
FEEMAREGEY KERATSHEROTH, FREVA  XAERAZTL2ARER T ITEN LA ET
ARTLAGBEANITHEE, XAHAGRERALENITERERA, LXAAESE; = ETJC-T‘EU'J
FUHERFENLNE R EEAMNERTRERE B ANCF S A FH &, E o E g
#E 0 Rao F R A A THATHEEL ET RS ﬁu,&ﬁﬂﬁfﬁﬁ%%k?‘%ﬁ/\w
HKHE,

KR E R R E W ERER R AT

MESES VA0  TEAERIRRG.A  XEHS.1672-9374(2022)02-0056-10

Nozzle simulation model of liquid rocket engine
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Abstract ; Based on the models of calorically perfect gas, thermally perfect gas with frozen species,
and chemical non-equilibrium gas, a physical model of nozzle performance simulation was established. A
WENO scheme with third-order precision was used to calculate the nozzle flow field for these different gas
models. According to the calculation of the flowfield, the nozzle performances of the nitrous oxide/methyl-
hydrazine engine and the liquid oxygen/kerosene engine were analyzed. The effects of the chamber pres-
sure and the nozzle expansion contour on the performance of liquid oxygen/kerosene engine were analyzed
by the flowfield calculation. The results show that the specific impulse calculated by the caloric perfect gas
model is higher than that calculated by the thermal perfect gas model. The calculation deviation given by
the two gas models is large and has no regularity ,and the calculated results of the two-dimensional chemi-
cal kinetics are closer to the real values. Increasing the chamber pressure can not only improve the com-

bustion efficiency, but also reduce the chemical kinetic loss and thus improve the nozzle perform-
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ance. Modifying the boundary layer of the nozzle contour designed by Rao’s method can slightly improve

the performance, or slightly reduce the nozzle length under the same performance requirements.

Keywords : nozzle ; performance ;numerical simulation; physical model ; chamber pressure ; contour
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1.40p
1.38¢ YReh i
1.36}
1.34f S
13k 28 J°E
< 1.30} |
1.28} s s
e T2 F
1.24
1.22 . . . . . . )
0 30 60 90 120 150 180 210
AJA,
(a) LA
0.35 ¢
0.30
0.25 |
% 020 HPRICAO 2 AL
&K Tehric k. fh2gsh 1%
% 0.15 e
.10 f -(CO —-CO, +H,
0-00 75040 60 80 100120140160 180
AJA,
(b) AR F 4 5y

B2 RIZRHLTFABRET,BHEHHRS
PetbfIEEAS EMMILWX R
Fig. 2 Relationship of specific heat ratio and main
components to area ratio under

different flow conditions

1Z % LR FH DU AL — 80— PP S A S 4 20k
RN 1,65, %500 0. 85 MPa, 1] LI B4 {B
BIR TR TAL S P HRIRAS, U HEA Y T 1. 24 ~ 1,26
I T B MR R A, Uy TR A
A, FELE U R U2 MK | Bl T 3 KA 2 5 47 %
JEZ Ao AR TA A AR P17, D45 20 ) AR HE g AR T
PRESTAR BT FAR . 0 IR BEAH 3 i A8 Ak, AT UL AE

f2gF- it 8 Hy, F CO, i £ CO Al H,0
EHTID  AE A S B B BB T, 210 HAE K
3 CEIBR EE /N T 10) A7 B AR 1, T R AR 7R 4G
BrLL WU P 3k B b AR RO BT R A i, L HE AR
FOR TP A 1 el 181 1 n] AR B e AR T
JIt X IO B4 4 0 28 BB/, BT S 75 By 4R e B Y
PERE
1.2 SR

HT LB 234 a] R, Ll AR X 9 Afy 39078 WA 1
AP PEVE T, T A B R 333 e e BT R A<
PRI . 3% 1A L T IR 7 O F0 b B Y
AR R A

®1 TARSERBHFR

Tab.1 Characteristics of different gas models
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Fig. 4 Temperature distribution in nozzle I

A LU 3 2R F R 58 A SO IR B B 1 5 )
G T RAR IR 2900 500 K, T 2R FH R 45 1 44 58 4
ACARMBCE TS HT 3 U) B , 1 <
PREGH ERBE A T 2 8] 53 A TE B AR
ﬂ’l%iISE’J%JJiI REHK B, R FH B AR S8 A SRR R R 58

AUAARBEI TS B A4 i AR E 2 e T, 5 S Ak
&H’JJLJC T A 2 A S A 530 % 45 £ 26 i 30 0 4
/NG ARSI, PRLR A R 58 4 UGB R A 1 1
T RE 5 , T LUK L ) Eh R RS (DL IR 5) o

A

(OF =Wz

E6 ME I NMHMEEESH

Fig. 6 Axial velocity distribution in nozzle I

O | 7 o T RO A R FEE OH AY4345, I OH
(a) BHGE 2SIk JE S R AT R A, R B T DA W S R I T




62 kPO

2022 4E 4 A

SRR BE , T L2 P 3 7 W S BfS 32 #) 970 20 A A~ A i

gy, FE AR FEBOR BSR4 RERL M URES TR B0
OHJTL it 43
[ -

LT T T T T T T T
0.001 0.003 0.005 0.007 0.009 0.011 0.013 0.015

7 BIE 1 OH ANHIRESH
Fig.7 Mass fraction of OH in nozzle I

2% 6 FIHH TR AR AR A T Ry
Hs Honp 5 BE (A A A = (A X B AT
i, ZHER SR A AR B Y S Hop S A S L
SEMME AT, BRARBERICR Z SN LR G RN 94 %;
5 JESEBRIRBERCRE T 98 %, MR AL 27 5 1 %
VLA S SHIL B mfeRe P A A2 (ES R A 3 T i
BT A2 B A SR A RS P 5 TR AR e 4R
PRI S A AR BRI 50 ) AR A i 155

®6 IHEBBORE | ke

Tab. 6 Calculation performance of nozzle I

MR VIRPS HES /s RS %
BNl 343.7 -
M A 315 ~320 -
—YERES TR 326.1 94.9
— Yk )2 333.8 97.1
TYERE R AR 330.5 96.2
TR, L e AR 324.4 94. 4
it 3 e Pk 323.1 94.0

R T A ] UM AR TR X T AR SR ok
IS, 22 7 25 1 T SRS [R) RS TS A 4 11 )
[ERLU

FeEEE 6 Ik 7 nl L, SR G e U IR i
JITTHAR 64 B o s T O84SO B B T B (B
RO P R S 4 SRR BE LU R HE AR T A58 42
AU HEAR FEBEIR EERREAR MG O, X AP A (1) (1 1)
X HEA LT WA P BE R e ) A (B AR AR
I AYTHEE AR R R A58 A UM B e R
ISR He o b — SR Al A 3 g 2E R He b T
FEWUE I3 AR 1e A o T A b 22 St Y DIt

PURTREAT —, H—J2 P A Sl LR SR A8 3 1 57 21
BT H IR SR A A 3 ) i R e, A 1
A% A, Al 27 3 g A 3 R B, A 11 A% =
Fedim A s T2 R BN

RT HEFBIMBE N (p. =17.7 MPa) 1 4E
Tab.7 Calculation performance of nozzle Il(p, =17.7 MPa)

HWE Ik W /s HAS /s
PSE 338.3 356. 7
—YEREE 320.8 334.7
— Y B 1% 333.9 356.2
T HEUREE T VA 319.4 336.0
TIRTRGE T GE S A 318.3 334.5
Y E B % 328.8 352.5

H T HERERY CFD 15 ARZARR R
SRR EINTE SRR, X AR ST BRI w25 o
2.3 EEIMLETHHZEHEM

e Bk, B m ke = R A B TR R L
PEBE . X By 1 AR R RS R RS
PR bERCR , K R M E R N b 2E sl 2%
PN

AT URBAEE s X T WA ITAE 17. 7 MPa Al
22.0 MPa % & F Btk dE P . iR 4
WIS D 43 B i 58 M ), A Y TR e Rk
FAHME . AR Y E R 5 22. 0 MPa B, oo
9329.8 s, LhE T 4B E RN 17.7 MPa B (1 [t
M328.8 s H T 1.0 s,

R T i R KA R A TR RE Y R BT 8 X
P 7 PP & R A5 0B B A 100 a3 2 8
I B AT, D R 5O AR M 43 B Hh 22 00 . (R
FHR I AR B2 2 A U B T R = T PR AR W = 9 iR
PR, 25 H T LA A () %) 55 1 2 WS A [ T i, X
Ul B E M A5 R [R) 57 ¥, o 2 R JUT X 7 118 5 AL s 15
REA AR RE o B o B2 v & F ] DLW 4 s 4R
AR E A D DR A T e SRR A e Y i T R
N, B CO + 0 = CO, , % 2 2 B AL IR
RZ RN SE R RN, RN 5T T reym
O3 FH, BT LARE K2 R AH 9% B 9] i [a] F A B CO,
7 1 E sl , RIS K, B 8 (c) MK 8(d) rh
CO Fi1 CO, Frit sy oA e B 13X — o5, RIS %
JEA# CO JHFEFF S P—LL1h] CO, A pif i 2 —2t



548 4 2 1) PRI, 55 - A KT S LIS ()7 LAY 63

R 2.4 HBEEIEITEEERFN
T — e TR I 7 % 17 14 % B LS R TR

A/ PR E R, TR A LA 2. 62, {H 2 & A
[7] RFAE RSB AN TR, WS P 28 i 26249 R ] Rao J7
TR O T HCBTIAS WA R RE B 22 S, R
TP M P8 RS A7 T i 4 A Ak 3Ll e 958 22 T )
TN E S, B9 B 11, AT 491
T 2l T, LT AR LR/ N AR T 5

9 25 H T P N B SFEZR, S5 TR 8 (D)

T A B BN /e % R M LA
K — R e RO R ROHERE

1600 2000 2400 2800 3200 3600 y
il BE/K

1600 2000 2400 2800 3200 3600

3 600882 800
3 80013 200

COJFtiE 7

028 03 032 0.34 036 038 0.4 042 0.44 B9 BENERER(BEERTILTEMME)
Fig. 9 Temperature field in nozzle ( dimensionless

treatment for nozzle size)

P10 25 7 WA WA 7 T AR L 23000 O 4.9
16 .25 32 BB Lk S 1 RHE SRR, 4]
g T I AR % R 22.0 MPa Z5F R YL
o XU I, Y% 4R w3 22.0 MPa Ji5, 44
T EL PR = T 1.0 s A2 A, (R 4TS 8K e 45 T

P (¢) COFR L 438k XF R (AR L AR TR] ) e A B R
T T T — T 10 T3, P 1 70 1 T B/ T 4
02024028 032030 04 04 ZHTEASE AR (R B A2 0.9 s

FEHRR LR R B 7 B, WA I L v 2978 1.0 s /2
Fio AR ZE R MR ET B mEAE THA=
J£.22.0 MPa Z&F0F HORBER T A H i, HA A M
SRS AR 5 17.7 MPa T3 A [, T Wi 45
T (79 A TR FH 42 22. 0 MPa [k 2% SP- A 344 45

O Y T W45 T A9 BR be S5O s e o 75 i 1 X A~ [
FLOEMFEA DM, AW 72 AR R E AL T

p.=22.0 MPa

(d) CO, Tt 4351 ) EE P IEAR AR R o Xt id B, Mg A 0 %) 28 1 5K B 2
98 1Y), ROFE AR [R] P B 2R T R A A 11 0% AU 1 mf
8 AEEEFETEE I ASHILL DIWS T 5 4 A B U6, 30O PR A B 1R A T Rao

Fig. 8 Comparison of internal parameters of nozzle II D7 B A 2 R A N, YEAT I R AG 1E S ]

under different chamber pressures DAWS 3R Bk fig



64 koowEo#E oF

2022 4E 4 A

p.=17.7 MPa

9 s

10 BIEEHEALL A (RE EAHEXR 17.7 MPa, T/ B {EXT A 22. 0 MPa)

Fig. 10 Specific impulse of each section of nozzle (the values above the dashed line corresponds to 17. 7 MPa

and the values below corresponds to 22. 0 MPa)

3 HFig

ARSONS AR K R sh LA (15 2L B 3 S A T
AT TR 30T JF AL 3 TS 4 R O
HIEHE TR BLA R, AR
Hs AT K B T R RE A R e . AR BT, A
SRR EEEEE

1) SRR OE 2 R BB BT S A e i T
JHHRGE 2 AR A T30 s X P b AR B 45 1
AT RAE R 22 BOK, T RER T W T REAIR T — 4
S PIE SR R E L S EPINE S Pt e ) ]
P AAE R U ER , i A

2) R aE AU RE PR R AR, e e 2 2R
EE AN RNy o MR e D ke o N U L
ErEREREE.

3) Rao J7 ks it i m A 2 i fi 2 , AT B T
JEAEIE T S = P R, A [ AR R 2EK T W D/
BRE,

=

S 3k

(1] B Je, skStH, ZHF. BT mEr WENO M Uy mids
NARHEDTEAT LT ] KR, 2015, 41(4) :29-36.
LIANG J L, ZHANG G T, QIN Y P. Simulated analysis on
nozzle dynamic characteristics based on high-order WENO
scheme[ J]. Journal of Rocket Propulsion, 2015, 41(4) .
29-36.

(2] T IR — b A wi BR L A A9 o Be s B0 5 2 2

Prid]. Kaiffest, 2013, 39(1) :19-23.

DING Z B. Design and numerical analysis of segmental noz-
zle with high area ratio[ J]. Journal of Rocket Propulsion,
2013, 39(1) :19-23.

(3] S0, SR, WAiRR, . JOfF R ShpLmeas o) g i
i ESTI]. KEFHEDE, 2014, 40(6) :24-30.

HU H F, GAO X N, LING Q C, et al. Simulation analysis
on separation flow in rocket engine nozzle[ J ]. Journal of
Rocket Propulsion, 2014, 40(6) :24-30.

(4] RIEZE, Proktil, WRIE W1, A5 8 s meas vk se e L ok
FEEMAHLI]. s sh 1244, 2017, 32(9) :2139-2144.

[S] E—H, BumM, BCTRE, 45, b2 meis 21 im 2 5o
B> B R B BB L) ] s 3 g 224, 2017,
32(4) :955-960.

[6] ARAKI L K, MARCHI C H. Verification and validation of
numerical solutions of two-dimensional reactive flow in
rocket engine nozzles[ J ]. Applied Mathematical Modelling,
2017, 52.544-557.

[7] KARNAL M, BATUL B. Estimation of exhaust gas tempera-
ture of the rocket nozzle using hybrid approach[ J]. Journal
of Thermal Science, 2016, 25(6) :485491.

[8] SRINIVAS G, POTTI S R. Numerical simulation of rocket
nozzle[ J]. Advanced Materials Research, 2014, 984,985 .
1210-1213.

[9] Befhi, ZEEHE. HT CFD (4 2904 Iy B4 K i & sh AL
X FRIEAE YT O AL S5 RS BE R RE UG [0 ] 18T A K iy
A, 2014, 37(1) :30-36.

[10] YUMUSAK M, EYT S. Design optimization of rocket noz-

zles in chemically reacting flows[ J]. Computers & Fluids,

2012, 65:25-34.



548 4 2 1)

PRI, 55 - A KT S LIS ()7 LAY 65

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

OGAWA H,BOYCE R R. Nozzle design optimization for
axisymmetric scramjets by using surrogate-assisted evolu-
tionary algorithms [ J ]. Journal of Propulsion and Power,
2012, 28(6) :1324-1338.

POWELL W B. ICRPG liquid propellant thrust chamber
performance evaluation methodology[ J]. Journal of Space-
craft and Rockets, 1970, 7(1) :105-108.

GORDON S, MCBRIDE B J. Computer program for calcu-
lation of complex chemical equilibrium compositions,
rocket performance, incident and reflected shocks, and
Chapman-Jouguet detonations: NASA SP-273 [ R ]. Wash-
ington, D. C. ;NASA Lewis Research Center, 1976.
NICKERSON G, DANG L. A shock wave capability for
the improved Two-Dimensional Kinetics (TDK) computer
program[ R ]. NASA-CR-171302, 1984.

KAWASAKI A H,COATS D E. TDKP: A 2-phase version
of TDK[Z].1991.

NICKERSON G, JOHNSON C. A soot prediction model for
the TDK computer program [ C ]//28th Joint Propulsion
Conference and Exhibit. Reston, Virginia:AIAA, 1992.
DUNN S, COATS D. Nozzle performance predictions using
the TDK 97 code[ C]//33rd Joint Propulsion Conference
and Exhibit. Reston, Virginia: AIAA, 1997.

DUNN S, COATS D. Optimum nozzle contours for aerospike

[19]

[20]

[23]

nozzles using the TDK 99TM computer code [ EB/OL ].
https : // www. researchgate. net/publication/268414880 _
optimum_nozzle _contours _for_aerospike _nozzles _using _
the_tdk_99_tm_computer_code ,2014.

MANSKI D, HAGEMANN G. Influence of rocket design
parameters on engine nozzle efficiencies[ C]//30th Joint
Propulsion Conference and Exhibit. Reston, Virigina:
ATAA, 1994.

MANSKI D, HAGEMANN G. Influence of rocket design
parameters on engine nozzle efficiencies [ J ]. Journal of
Propulsion and Power, 1996, 12(1) :4147.

SUTTON G P, BIBLARZ O. Rocket propulsion elements[ M].
New York:John Wiley & Sons Inc, 2016.

SHU C W. High-order finite difference and finite volume
WENO schemes and discontinuous Galerkin methods for
CFD[J]. International Journal of Computational Fluid Dy-
namics, 2003, 17(2) .107-118.

XUH, TR, R, B R 8 T A R Y B(E
B J7 vk e T M ] A Vb [ B B 2 K 2 R
#t, 2008.

NICKERSON G R, DANG L D. Improved two-dimensional
kinetics ( TDK ) computer program [ R ]. NASA-CR-
170922, 1983.



