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Modeling and numerical simulation of quasi-one dimensional gas phase
flow in a supersonic nozzle
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Abstract: Mathematical modeling of the quasi-one
dimensional gas phase flow in a nozzle, which
accounted for wall friction and heat transfer, was Initialization of flow field
established through theoretical analysis. Three flux
vector splitting methods were used for the characteristic Runge-Kutta first step calculation
splitting of the aerodynamic equations. The variant form
of them was discretized with a finite difference method. Runge-Kutta second step calculation

Specifically, the spatial and time derivatives were D ——
discretized with a fifth-order WENO scheme and a Runge-Kutta third step calculation update

three-step third-order TVD Runge-Kutta method,
respectively. The programming, calculations, validation
and parameter study were performed based on the Whether to converge?
Fortran platform. The results showed that the numerical
simulation agreed quite well with the experimental data B o
if an appropriate friction correction factor was selected,
which verified the availability of the established

. . Boundary |
mathematical model and the adopted numerical methods e

emerging condition?

and algorithms. It was found that as the half expansion  [FF I

angle of the nozzle was enlarged, both the gas velocity [ERNEIT
and the Mach number at the outlet increased, whereas Result output

the outlet static pressure decreased. The increase of the

inlet total (or stagnation) temperature led to the significant increase of the outlet gas velocity and the decrease of the
corresponding outlet Mach number due to the aggravation of wall friction and heat transfer. The increase of the inlet
total (or stagnation) pressure cannot significantly increase the outlet gas velocity. The increase of the wall temperature
led to the decrease of both the outlet gas velocity and the outlet Mach number.
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Fig.1 Schematic diagram of Laval nozzle section
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Table I Comparison of the calculated and measured static

pressures at four measuring points in a Laval nozzle with the
experimental values

Position of measuring

. x=180  x=300  x3=310  x4=320
points/mm
Calculated static pressure/kPa 46.783 30.074 29.314 28.606
Measured static pressure/kPa 48.714 29.963 29.098 28.284
Relative errors/% -3.96 0.37 0.74 1.14

5.2 P& Jo R MY IE

FEARFSEIG THLR, (REFRAE KN 5x107 s, 2§
A 23 ) A% K23 59058 0.1, 0.5 F1 1.0 mm, %82 )RR AR
#4400, 880 F1 440, TH5 7 =F A% T FLAR/R B

600

500
400

300

Grid step/mm
r —a—0.1
200 —o—0.5

Static pressure, p/kPa

r ——1.0
100 -

0 o L n L
0 40 80 120 160 200 240 280 320 360 400 440

Nozzle axial position, x/mm

F AN EEORBVE I A EL R, FTLUREN, BTl
R 7 i EE Y et ol R S P ) e 9 s e Rl T
B KECA 1.0 mm B, L2850 L PR B0 e R,
JEEH R AN EAR . A, HTHESS R, fEmTE
I35 55 TEEL Rey=pvx/u 2978 3x100, THVE H O A F i 5
BRI T 9x106, fKHE SCRR[20], “PARIL S R At
PRI AR B Re,=3x10°~3x10°, i ML €1l
T2 W O A T8 U IR, AN K B3 i i BE
AT E, RSG5 Z 18 IR AL )& B 12
LA

1.0x107

| (b):

& 8.0x10°F
g I
£ 60x10° -
g | Grid step/mm
e . —=—01
g 4.0x10 .05
é [ —a— 1.0

2.0x10°

P I T N T T NS T N Y N N WO N

0.0 &~
0 40 80 120 160 200 240 280 320 360 400 440

Nozzle axial position, x/mm

B3 AN 2 ] 0 A 2K B A 7 0] B

Fig.3 Comparison of static pressures and Reynolds numbers at different grid step sizes

6 HEAR

i I R SR AR BT R TR BT A R
i 30 U e e B T T 2 P A T LT S5 ) S R i 2
e W T AR TR RSN S B R )
M A, 55T SHN R .
6.1 I KAAIFM

K 4(a)~4(d) 750 4 MASFEIBUE HTY Bk ik 6
FAT, BE py AWEEE ve DA M AL TR R
S WA 23 A, AR x=40 mm f SMEFALE . 7T ELK
B, b 1 B ORI B, R AT A A Al 7 o
—HEIK, MRS, EHARBSEEARIZL, £
Wy Bola T fEWAEBIAN, JAFRIFEEMN T %
BRI, BB KT 1 mm 5K 5 2RI,
T EH I AR B A (10 UL A PS8 R T A/ X 32 R R
JE [ EANHIE AT B, oL RS TR R AR
Ny ARFEGL T ARSI s T A I 46 2t A7
BRI BAL R BRI LI, (HE R I
B O N R 1Tb v B i b IR 1= 2 1877 e oy I RS G o

TSR JEE L A A el 1 T B 2 1B kN 1 T S 00
T ARG R I AN ], 3K A BE T R 5 5 | 2 S 3 R
(AR, T B T 5 IR ] PR 40 04 B2 PR B T el e 1<
WIEE LA TS BeAh, BRI, 24 BEEd Mk
AR, MR AT S AR S & LT e 2 E A, AT
AT A O 4 B AN LT e s, H ) IS 5 A
[FSH R LR & 8, XTRORIEy M, 1Eld
B A —Hhm o BAL, # BN, MARER . D%
FOA TR IR ERR, X B A K R T AR 1
REER, SRR R 2T R
6.2 HOSIRKISMN

Kl 5(a)~5(d) 73 8 4 DA RIS HE R T S
T ve DR M. BHE T RERE p WA A6,
ATCURIL, BE LSRRI, FEWEE A — A B AL <R
RN, RSN R R E . S TRORM
BEFLRGR, R0 B AL SR B AR N, FERE IR
B, ERMUN, MEUNE 3, BRI E, %
FABHTRIL, ERARAR. 30 siRiEr, =EmE
AEE PR RERS K, EARUE NS I T SRAS W46 3 e



12 W

FEMRRAR « R A T — 2 O Bl A S B A

1393

Static pressure, p/kPa

Mach number, M

Gas velocity, v/(m/s)

Static temperature, 7/K

Fig.5

Gas velocity, v/(m/s)

Boundary layer thickness, &,/mm

600

500

400

300

200

100

3.0

2.5

2.0

0.0
0 40 80 120 160 200 240 280 320 360 400 440

(b)

Ty =300 K ——3.0
T,=300K —A—34
P01=529 kPa —v—4.0

L
40 80 120 160 200 240 280 320 360 400 440

Nozzle axial position, x/mm

(d

Ty, =300 K
T,=300 K
P01=529 kPa

Nozzle axial position, x/mm

B4 AR TR R S 30 5= 5 LA 4 e 2 A

Fig.4 Axial distributions of static pressure, gas velocity, Mach number and boundary layer thickness

at different half-divergence angles of nozzles
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Fig.7 Axial distributions of static temperature, static pressure, gas velocity and Mach number at different average wall temperatures



12 3

TR R P W P A — 2 U A S A S BUE A 1395

FUEREMITETE, JE& RICNFERUNEKIE 5(d)], X
ST R T80 B R AR S AR o 3 R
PRFHIRIT A SRR T E 2 I I RE, BT 450 RGN R 5
DI T2 = e R, 3 [F) S SR AR X TSR
RAG— R R THIE 5(c)], 24 Toi=300K I}, 57
W 55 Y IR 20 5 250.00 1 99.44 K, 1T SEBRLEN
W5 O ER R 2 A R E) 251.01 F1 176.38 K, 4
To1=600 K I, SFRIAIE 5 H F R 20 34 500.00 1
198.88 K, 1M S B i 20 Mk 36 5 H 1 i i 2 0 42 7
504.69 F1361.25K, FrLA S G d s tbE < HoK, M
HAERGE S 7SRRI TR, S5 A BRI R
RT3 A NP M e i MBS R DU R AL
FIKE
6.3 HOREHFN

Kl 6(a)~6(d)73 74 3 MAEIBTE HE S po 24T
NIE N IRIEEE v R ML ERR T AT p )l
o0 A AT UG Y, #E SRR, MGHE 3
T 4 BB P A — o7 B Ak P S TR R A A R R
I LT 56 4 — 25, T AR 21 1R B R — 7 B
Ak PR PR R Sy AR AR K, Ll ) P R 4 K 25 S R
B, ERCRIFARE. HOEERK, R, §
B R 2R THE 6(d)) S B EE IR BT
PRIR B TEWT G B N T T2 R 7 1, i an
e H B T MR, BT CAHE 8 38 K5 S s
FERR LT AT 5 . EHENSY BG, W26
R, R Y e 2980 B A5 A=A o IR B T JRE 45 B 1 A4
WL T K SRR I g, BT MK R R R s 2
I REAEE, BT iR LA Sk L S R 52, T bo
I 7 B2 1A 3 K B e A7 T 5 S T B
E S S
6.4 BETHLEEHIRNT

Bl 7(ay~7(d) 7 5l 4 ASBETPEBIREE Ty 264 T Wt
EWEHR T 8% py SRUEEE v FI D HEE M R H 7 53
fio FJLAE H, BEMSPYREE T FH i, Ak O 20k
(0 45 B AT — O B AL B R L IR TR R D
Bt LT e A A, T MRS S T BN R —
AV BB A PR R R R 8 K T At T P AN S AR sk s, L
WShhFBE B K, ZR R . WGBSR AR
eI TSR0 EN, BE P YU 5 T v 5 | I R T e A
BRPCT-HA, X FE . A S SR R
MR /N o AHGENHY B, AUAEHR O W3 TR, BEm
] AR R FAORT SR N R B T I T AR 45 L L, BT P
P9 FE (R 5 T 5 b T BUSAR N RE I R 22 5
K, [FI BT BT E, AT ASE i ) e 086 98

N, A AR, i ARG R TR )
L AR A EE B o

7 %

M PR AR AR R, BINBEE TR T,
FH SEBS BT g AT A5 e, R 1R I N A v
—YEmEEER, e BERME TR, T WENO #%
RV ST 4 = O 5 i v s N I E =N 1 UL P W B v B
SR E ARSI =25 =B Runge-Kutta B [A]
oy KAV ST B, TE s — BB i U iR
WBUETHE T MR B, PR TR ARG SET
7, 1FFILLF 4518

(1) Y BRSO, A AN B A s
] BT R, R T RS SR

(2) #ERER BT, SRR B, ERE R
FEEatg, ks bR .

(3) HEFVEHIGRINy,  A I I B A AAT b T 4
P, EAFREOREFENAEE.

(4) BEMREE ETHIE, ASUREHR IR T RS,
AUE FEA D AR RS

3Rk

(1] BEFURE, RIEAR. T8O P B YA i 20 00 4 T K
PIRFFL [J]. VH 225838 K A% 254, 2004, 38(7): 702-704.
Zhang L' T, Xu T X. Study on the gas—solid two-phase flow and the
length of the nozzle [J]. Journal of Xi'an Jiaotong University, 2004,
38(7): 702-704.

2] BRGE, 2R A AHDRLAL B EUBDRIIE A 22 AR Y 0T 2k i T
PP (7). RLFE TREA4K, 2019, 19(4): 651-660.
Chen F G, Ge W. Gas—solid two-phase flow simulation based on

W

coupled coarse-grained discrete particle method and multi-phase
material point method [J]. The Chinese Journal of Process
Engineering, 2019, 19(4): 651-660.

[3] Behera B, Srinivasan K. Design methods for axisymmetric
supersonic nozzle contours [J]. International Journal of Turbo and Jet
Engines, 2007, 24(2): 115-118.

[4] Sardiwal S K, Chowdary D H, Artham S, et al. Numerical solution
for the design of a ducted axisymmetric nozzle using method of
characteristics [J]. International Journal of Research in Engineering
and Science (IJRES), 2015, 3(5): 74-80.

[5] Jassim E, Abdi M A, Muzychka Y. Computational fluid dynamics
study for flow of natural gas through high-pressure supersonic
nozzles: part 1. real gas effects and shockwave [J]. Petroleum
Science and Technology, 2008, 26(15): 1757-1772.

[6] Yu Y, Shademan M, Barron R M, et al. CFD study of effects of
geometry variations on flow in a nozzle [J]. Engineering
Applications of Computational Fluid Mechanics, 2012, 6(3): 412—
425.

[7] LuH, Guo X, Huang W, et al. Flow characteristics and pressure drop
across the Laval nozzle in dense phase pneumatic conveying of the
pulverized coal [J]. Chemical Engineering and Processing: Process



1396

R LR

s
¥

Eitd 520 %

(8]

9]

[10]

[11]

[12]

[13]

[14]

Intensification, 2011, 50(7): 702—708.

Mahpeykar M R, Teymourtash A R, Amiri Rad E. Reducing entropy
generation by volumetric heat transfer in a supersonic two-phase
steam flow in a Laval nozzle [J]. International Journal of Exergy,
2011, 9(1): 21-39.

Zhang G, Kim H D. Theoretical and numerical analysis on choked
multiphase flows of gas and solid particle through a convergent—
divergent nozzle [J]. The Journal of Computational Multiphase
Flows, 2018, 10(1): 19-32.

Akmandor I
homogeneous two-phase flows in a choked Laval nozzle [J].
Journal of Thermophysics and Heat Transfer, 1999, 13(3): 355-363.
Hwang C J, Chang G C. Numerical study of gas—particle flow in a
solid rocket nozzle [J]. AIAA Journal, 1988, 26(6): 682—689.

Chang H T, Hourng L W, Chien L C, et al. Application of flux-vector-
splitting scheme to a dilute gas—particle JPL nozzle flow [J].
International Journal for Numerical Methods in Fluids, 1996, 22(10):
921-935.

Fewell K P, Kessel P A. Analysis, design, and testing of components
of a combined ablation/erosion nozzle [R]. Arnold AFB TN: Arnold
Engineering Development Center, 1976: 7-54.

S, Nagashima T. Predictions for cryogenic

Steger J L, Warming R F. Flux vector splitting of the inviscid
gasdynamic equations with application to finite-difference methods
[J]. Journal of Computational Physics, 1981, 40(2): 263-293.

[15]

[16]

[17]

[18]

[19]

[20]

AR, DIESC, B2, & R REE M) dba
FEI B Tolk H AL, 19931 122-147.

Fu D X, Ma Y W, Huang L J, et al. Numerical simulation of fluid
mechanics [M]. Beijing: National Defense Industry Press, 1993:
122-147.

i, D&, FH5T, & RSN B BB M].
JE5t: FRE AL, 2010: 63-69.

FuD X, Ma Y W, Li X L, et al. Direct numerical simulation of
compressible turbulence [M]. Beijing: Science Press, 2010: 63—69.
Jiang G S, Shu C W. Efficient implementation of weighted ENO
schemes [J]. Journal of Computational Physics, 1996, 126(1): 202—
228.

Shu C W, Osher S. Efficient implementation of essentially non-
oscillatory shock-capturing schemes [J]. Journal of Computational
Physics, 1988, 77(2): 439-471.

FRIRE. T RET G B AR R KB [D]. P
% PR, 2006: 21-32.

Zhang L T. Technology and application of separation of gas and solid
two phases based on oblique shock wave theory [D]. Xi'an: Xi'an
Jiaotong University, 2006: 21-32.

RY . PARIIZECEM) M b RS R, 1983:
370-381.

Wu W Y. Fluid mechanics (volume two) [M]. Beijing: Peking
University Press, 1983: 370-381.



