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Meshless Method for Numerical Solution of Internal Flows with Axial Symmetry
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ABSTRACT: In this research, a meshless numerical method has been developed to solve internal
and axisymmetric flows. In this method, the least squares of the Taylor series are used for spatial
discretization and explicit multi-step Runge-Kutta method is used for temporal discretization. Governing
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equations are based on two-dimensional and symmetric Euler equations. The second and forth order
artificial dissipation are used to solve the flows. In order to model boundary condition, subsonic and
supersonic inlet and outlet boundary conditions as well as the wall boundary have been used according
to the problem. To validate the results of the code, the inviscid flow inside a two-dimensional nozzle
and the supersonic flow inside the channel along with bump have been simulated and the results have
been compared with valid data. The simulation of the steady flow inside a axi-symmetric convergent-
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divergent supersonic nozzle with Mach 5 in outlet has been done to measure the accuracy of solving the

numerical code at the hypersonic speed. The results show that the developed code can simulate steady
internal and axi-symmetric flows with very good accuracy. The process of code convergence is also
presented, which shows the appropriate convergence of the developed code. The analysis time for shock
capturing in the axi-symmetric nozzle is about 64% faster than the Fluent software.

axi-symmetric flow
numerical method

inviscid flow

1- Introduction

The numerical meshless methods recently are used to
overcome some deficiency of mesh based numerical methods.
In this methods only nodes are defined without any relation
between nodes and nodes cloud are used for estimation of
derivatives at each point. Easiness of node generation and
improvement of node distribution are some advantages of PS
meshless methods. At the present years some researchers are
done on node generations for meshless solvers [1]. Liu and Gu
[2] introduced flow solution technics in meshless methods.
Batina [3] used constant weight function and Deshpande [4]
used upwind methods to estimate functions based on least
squares methods. Katz and Jameson [5], proposed multicloud j=5 Jj=6
method to increase convergence rate of meshless operators.
Hashemabadi and Hadidoolabi used high order discretization
to increase meshless methods accuracy [6-8]. Shahane [9]
developed a high order meshless method for incompressible
flow solution. Couturier [10] used a meshless method base
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Fig. 1. nodes cloud for point i

on approximate diffusion for solving 2D and 3D flows. In
the present research an efficient meshless method is used for
solving the internal 2D and axisymmetric nozzle flow.

2- Numerical Methodology

Inviscid Euler equations in 2D and axisymmetric form are
used for internal flow solution. The nodes cloud as shown
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in Figure 1 are used with first order Taylor series for spacial
discretization.

2 and 4" order artificial dissipation are used for eliminate
flow oscillation. An explicit multi-step Runge-Kutta method
is used for time discretization.

Two standard models are used for meshless based
flow solver validation. First model is the Mason [11] two-
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Fig. 2. Mason nozzle B1 geometry
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Fig. 3. Nondimension pressure distribution over nozzle
B1 wall

dimensional converging-diverging nozzles B1. The model
geometry is shown in Figure 2.

Figure 3 shows the comparison of present meshless solver
results with Mason experimental data. The good agreement is
shown in this figure.

Second validation model is a 2D bumped channel. A
supersonic 1.4 Mach number flow is solved in channel with
a 4% bump on the lower surface. The Mach contour for this
flow simulation is shown in Figure 4. A good estimation of
shock waves and their reflection are obtained in the flow
field. In Figure 5 the pressure distribution on the upper
and lower surfaces of channel are compared with results of
reference [12]. Good agreement between present results and
that reference is seen.
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Fig. 7. Pressure contour in the 2-D nozzle

3- Results and Discussion

Two problem are simulated with present meshless
based solver. First problem is the shock capturing in a 2D
converging-diverging nozzle. The nozzle area ratio is
A | Ay = 4. Inlet total pressure is 2bar and static
pressure at outlet set as 1.21 bar. The node distribution is
shown in Figure 6 and the pressure contours in figure7. Based
on Figure 7 a normal shock is captured at position 11.4m that
is with good agreement with analytical result with position
1.66.

The second problem is flow in an axisymmetric nozzle.
Nozzle inlet and throat areas are 0.1963 and 0.00875
respectively. Inlet total pressure is 21.56 bar and outlet static
pressure set as 0.98 bar. The Mach contour in the nozzle is
shown in Figure 8. As seen the output Mach number is 5 that
is compatible with theory result.
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Fig. 8. Mach contour in axisymmetric nozzle

4- Conclusions

A numerical solver is developed based on meshless
method. The solver is used for simulation of 2D and
axisymmetric internal flows. The solver results are with good
agreement with validated data.
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on the boundary and point d is inside the computational field. The direction of the normal vector is
assumed to be outside the field.
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Fig. 3. Mason nozzle B1 geometry
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Table 1. Mason nozzle B1 dimensions

BIVA le(cm) O/ Ae (cm’)
BIVA le(cm) YVIAN At (cm’)
FI0¥ l1(cm) VIA Ac/At
-IYE l2(cm) Y/f5 he (cm)
Y Iz(cm) Yoy hi(cm)
NN l+(cm) VYV he(cm)
<I$A re(cm) VY hi(cm)
Y.IAT 0 (deg) VYA hz(cm)
V- IAD £ (deg) V\ /08 I(cm)
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Fig. 4. Nondimension pressure distribution (ambient pressure to total pressure ratio) over nozzle B1 wall
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Fig. 5. Convergence time of 2D nozzle B1 with 17091 points in the field
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Fig. 6. Schematic of the geometry of the two-dimensional bump inside the channel and the dimen-
sions of the computational domain
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Fig. 7. Schematic of the distribution of points inside the two-dimensional channel with bump

Sl sl 035 0055 1) SigoGoile w22 ) Saeln U ol 2
ilwand 3 bl sae wlSail g oylged 4 by 595 ¢ lo (slacS g
it a3 o) ntiges S (Saly U ol

glo sl JUE (ol 5 Vb sloo g o )lid e 4 S 5o
odd o3y LS [Y8] gy ol b (slawslio &ygoas VF S5 b y>
By glyls 055l ol ol a8 cusl Cdlas (pl e b S5 oyl Ll
ool ISST BB g canlio

o aels L5 3135 5 sino)S 0555 51 o JMatal (g2
Y Jodo slaodly p gilaie calisee bls sl b gldte (sdi0,5 i
ol Ve USS 3 38 Jeob zols sl ond ealitel Z¥ Suely ol
aold 5 bl slaay isl581 b 2gu5 oo odmliie 457 jobo ylas Lol 0l 001>

ol ol 5 dm g oas Sodp 585 polie 4 gu ks 4 o o Slawlxe

yay

Ol g el (330 slagilodnd dine) ) (e 48N 350 filuwo I
& Cobs s b (Suly Jos VF gl b cgmisile by 3aios
el 003 (gjlodend gang> JU S g0 (AF (Selp) /¥ 5

ol VYYD kg [ m™ Sl by S g e Y ol by jlis

20l ol bulid 4l 2 (295 5 9295 )0 Sigo 4 (295
o 9o Jho jl (Ssled VSS9 7 S )3 sl oad 485 s
bla sl .ol o o3y ol Slowlowe lase 10 bl xje5 0950 4
0l s dSud dalllan w5l o &S Canl 0,8 YYOVY ol opl 52
5 Sl )L slayguls B 3 5 (295 @S s A JSB )5

ol 04 0313 4L awy 1 Dy90 dwdids 93 (sly Flo dae

WSl b amwlio €8 b (g0 1S g o odnliie &S oo jlan



M 09 1 11 12 13 15 16 17
1
0.5
0
0 0.5 1 1.5 25 3

(VF 3131 b sa Elo) ZF (Saelp Jg» Flo das ,ouls A JSW

Fig. 8. Mach contour in the bumped channel (M=1.4)
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Fig. 9. Pressure coefficient on the two-dimensional channel walls with 4% bump (M=1.4)

rag



YoV b YAD doxio AFY Jlo o oyl B 093 «pusS pual CSlSlo (sties &y it

Jo IMew!l owy g St (00,5 s g0 y2 15l 4 Tl alold 43 4, S5 4 LI slaxi .Y Joaa

Table 2. The number of points used in the computational domain for grid study
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Fig. 10. Pressure coefficient on two-dimensional channel walls with 4% bump for different number of
points (M=1.4)
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Fig. 11. Convergence time of the supersonic flow around the bump inside the channel with 3441 points
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Fig. 12. Schematic of geometry and points distribution in 2-D nozzle
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Table 3. Flow parameters in 2-D nozzle
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Fig. 13. Pressure contour in 2-D nozzle
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Fig. 14. Mach number contour in 2-D nozzle
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4 [ ____ I me

M: 0.2 03 05 06 07 09 10 11 13 14 15 17 18 20 21 22 24

10

X

15 20 25

2590y (§am19d 35U (59,0 Elo das jols NP JSLS

Fig. 16. Mach contour in axisymmetric nozzle
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Table 4. flow parameters in axisymmetric nozzle
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Fig. 17. Convergence time of axisymmetric 2-D nozzle with 26656 points
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Fig. 18. Schematic of the geometry and distribution of points in the supersonic nozzle with Mach 5 at outlet
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Fig. 19. Mach contour in the supersonic axial symmetry nozzle with output Mach 5

ol gy gl )l Ble 4 S

&l
[1] J.S. Rhee, Development of Point Generation Technique
for a Meshless Method, Master Thesis, Seoul National

University, 2014.
[2] G.R. Liu, Y.T. Gu, An introduction to meshfree methods

and their programming, Springer Science & Business

Media, 2005.

[3] J. BATINA, A gridless Euler/Navier-Stokes solution
algorithm for complex-aircraft applications, in: 31st

Aerospace Sciences Meeting, 1993, pp. 333.

[4] S.M. Deshpande, V. Ramesh, K. Malagi, K. Arora, Least
squares kinetic upwind mesh-free method, Defence

Science Journal, 60(6) (2010).

[5TA. Katz, A. Jameson, Multicloud: Multigrid convergence
with a meshless operator, Journal of Computational

Physics, 228(14) (2009) 5237-5250.
[6] M. Hashemabadi, M. Hadidoolabi, An accurate and efficient

gridless method based on implicit, fast, and constrained
weights optimization schemes for compressible flows,
Journal of the Brazilian Society of Mechanical Sciences
and Engineering, 40(2) (2018) 1-17.

[7] M. Hashemi, A. Jahangirian, An efficient implicit
mesh-less method for compressible flow calculations,

International Journal for Numerical Methods in Fluids,
67(6) (2011) 754-770.

[8] H. Wang, J. Periaux, A fast meshless method coupled

Yoo

o3l i VA IS 50 lo yeuls LB jo jomme ylate aSud (o $de
36 g g gl cunl Lasetia S5 o) 1 45 psbslen sl o
o olS Colio 4 (39,5 Colue Cans 4 asgi b &S cunl 0ads 0 Hlads
Os 34 S cplpl il JJU (298 clo plgisa Hl ke (yren
iU Se ogelim poe ) by (YL sl €83 b atdly 4

S w1y G 3edlo

& 5 azis =¥
e 5 (S0 lagl o sy g 463 s 535 55 Sy
Y olro Caly Cows 4y (ks jommo (a5 )l o 50 05 031> drwg jeoee
WS o glite (£an9d LYDlre dy o |y WYblre ) A" 24 0 03938
P9y Jl s e Clitie gilwaiuns ly sk (g Slappe JSls
Syl ouds edlaiwl Jloj (gilodinnS (gly oo (gl yo dix
o o3lisl 31308 SVolee o (sl Jlaz 9 93 450 (om0 Sl
Ol g (smgd (31 claply sln Uy ool Rl 5 cd el
w8)5 518 (bl 3)90 WS 9 (0330 (225 slaodls b duslie )3 j5oce
HUiS (eSS )d 0D 031 dArwgd gy 45 ABd o L pul .ol
b yiall 503 9 )Lid sy (eSS (S'ob Cansdga (J3U 0)l2d 53 Ao
el )13y (rlio jlo €83 5l joome o)lite 5 B Sl
L1y J50 9990 50 S'aid Cuxdas Gl diailys o 03l drwgd (g30s S
Ko oloj (et Ly (036 el g & Cugms s LY 3925
& Coud (e o) cdls jd ol &) Plue (gly 00 031> druwgy 5
S SOk (5ygome (B S 3 | ol pin (gamgd b
09 > 09y P9 @ S & 35 cnl 0 o)l 3929 ©Ydlee

.\..o).);" )'l).’.‘...fl.:.ga.\.;.ﬁ 4§|)| Ky O)Lb'.'iJiLM dlﬁJ:l?o"Q[p)"M



Yo¥ B YAD dscho oY Jlo o 0)led DO 053 «yusS ool SilSlo g 4y 23

with boundary elements, 143 (2022) 340-352.
[19] H. Krishna, A New Edge-Based Meshless Scheme for

High-Speed Inviscid and Viscous Flows, in: Recent
Advances in Computational Mechanics and Simulations,

Springer, 2021, pp. 527-537.
[20] S. Shahane, A. Radhakrishnan, S.P. Vanka, A high-order

accurate meshless method for solution of incompressible

fluid flow problems, Journal of Computational Physics,
445 (2021) 110623.

[21] S. Couturier, H. Sadat, A meshless method for the
solution of incompressible flow equations, arXiv preprint

arXiv:2103.02247, (2021).

[22] A. Jameson, Analysis and design of numerical schemes
for gas dynamics, 2: Artificial diffusion and discrete
shock structure, International Journal of Computational
Fluid Dynamics, 5(1-2) (1995) 1-38.

[23] K. Arora, N. Rajan, S. Deshpande, Weighted Least
Squares Kinetic Upwind Method (WLSKUM) using
Eigenvector Basis, in: 8th Annual Aesi CFD Symposium,
11th-13th August, 2005, pp. 135-155.

[24]1J. Blazek, Computational fluid dynamics: principles and

applications, Butterworth-Heinemann, 2015.

[25] M.L. Mason, The effect of throat contouring on
two-dimensional converging-diverging nozzles at
static conditions, National Aeronautics and Space

Administration, Scientific and Technical ..., 1980.

[26] Z. Ma, N. Emad, H. Chen, A Local Meshless Method for
Solving Compressible Euler Equations, Space Research

Journal, 1(1) (2008) 1-16.

[27] M. Hadidoolabi, S. Ghaemi Kashani, M. Hashemabadi,
A. Tarabi, Design and Analysis of Closed-type Free
Jet Test Section for Hypersonic Wind Tunnel, Tabriz
University Mechanical Engineering Journal, 48(2)
(2018) 105-112 (in Persian).

[28] M. Hadidoolabi, A. Yousefi, M. Hashemabadi,
Hypersonic Wind Tunnel Diffusers Design Based on
Numerical Analysis of Flow Field, Amirkabir Journal
of Mechanical Engineering, 49(3) (2017) 457-470 (in

Persian).

¥

with artificial dissipation for solving 2D Euler equations,

Computers & Fluids, 71 (2013) 83-90.

[9] M. Hashemabadi, M. Hadidoolabi, Efficient Gridless
Method Using Constrained Weights Optimization for
Two-Dimensional Unsteady Inviscid Flows at Low

Angles of Attack, Journal of Aerospace Engineering,
30(5) (2017) 04017052.

[10] M. Hashemabadi, M. Hadidoolabi, Implicit second-
order CUSP gridless method for unsteady moving
boundary simulations, Computers & Mathematics with

Applications, 74(4) (2017) 842-858.
[11] M. Hashemabadi, M. Hadidoolabi, Development of

an implicit high order gridless method for inviscid
compressible flows, Modares Mechanical Engineering,
15(5) (2015).

[12] EK.-y. Chiu, Q. Wang, A. Jameson, A conservative
meshless scheme: general order formulation and
application to Euler equations, in: AIAA 2011-651 49th

Aerospace Sciences Meeting, 2011.

[13] N. Zhan, R. Chen, Y. You, Meshfree method based on
discrete gas-kinetic scheme to simulate incompressible/
compressible flows, Physics of Fluids, 33(1) (2021)
017112.

[14] D. Sridar, N. Balakrishnan, An upwind finite difference
scheme for meshless solvers, Journal of Computational
Physics, 189(1) (2003) 1-29.

[15] Z.-h. Ma, H.-q. Cen, X.-j. Wu, A gridless-finite volume
hybrid algorithm for Euler equations, Chinese Journal of
Aeronautics, 19(4) (2006) 286-294.

[16] P.V. Tota, Z.J. Wang, Meshfree Euler solver using local
radial basis functions for inviscid compressible flows,
AITAA paper, 4581 (2007).

[17] M. Rammane, S. Mesmoudi, A. Tri, B. Braikat, N.
Damil, A mesh-free approach for the simulation of

incompressible flows, in:. MATEC Web of Conferences,
EDP Sciences, 2019, pp. 07003.

[18] K.B. Rana, B. Mavric, R. Zahoor, B. Sarler, A meshless
solution of the compressible viscous flow in axisymmetric

tubes with varying cross-sections, Engineering analysis



Yo¥ B YAD docio VoY Jlo o 0)lad D0 093 «yusS el SilSlo pusiio 4y i3

w23 gl | o opl 4 Wi
M. Hadidoolabi, M. Hashemabadi, R. Jamshidi, Meshless Method for Numerical Solution of
Internal Flows with Axial Symmetry, Amirkabir J. Mech Eng., 55(3) (2023) 285-302.

DOI: 10.22060/me;j.2023.21728.7497

oy




	Blank Page - EN.pdf

