Table 1: Grid refinement test for the advection of the sine wave problem

(a)

Figure 6: Regular grid and random grid

(b)

(©

Figure 5: Results of the sine wave problem : (a) FVM on regular

grid, (b) LSM on random grid, (¢) GC-LSM on random grid

Grid L? Order
51x51 6.1043E-02 -

Regular Grid 101x101 1.7713E-02 1.785

Original 201x201 4.5605E-03 1.958
LSM 51x51 1.5394E-02 -

Random Grid 101x101 3.0832E-02 -1.002

201x201 1.9697E-02 0.646
51x51 6.1043E-02 -

Regular Grid 101x101 1.7713E-02 1.785

GC-LSM 201x201 4.5605E-03 1.958
51x51 4.3327E-02 -

Random Grid 101x101 7.5052E-03 2.529

201x201 1.6536E-03 2.182
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5.2. Hypersonic Blunt Body

The second validation case is a blunt body problem in hypersonic flows. Its purpose is to check the
robustness, accuracy, convergence of the developed method. The free stream Mach number, M, is 10,
so a strong shock wave appear in front of the blunt body. Two types of the grid are used for this test.
One of them is a balanced grid and the other is a perturbed grid, as shown in Fig. (7). The latter can be
constructed by Eq. (65) in a similar way. So, the computing nodes and the connectivity are chosen in
the same manner as the first validation case. AUSMPW+ scheme and LU-SGS scheme were used for
the mid-point flux and time integration method, respectively. To remove the numerical oscillation
around shock wave, Minmod limiter was used.

Fig. (8) shows pressure distribution of Least Squares Method, Least Squares Method with Geometric
Conservation Law and Finite Volume Method on the perturbed grid. The result of the FVM on balanced
grid (x = 0. 0) is a reference of the case. The pressure distribution along stagnation line shown in Fig.
(8) indicates that the proposed method has better shock capturing performance such as shock position
and strength, compared to original LSM. Also, we can see that only satisfaction of the geometric
conservation law without flux conservation law can effectively enhances accuracy and robustness of
the solution. The convergence histories (L?-norm error) presented in Fig. (9) show that the proposed
method also converged to machine accuracy. Thus, the proposed method is recommended for simulation
of compressible flows, especially for hypersonic flows.

Figure 7: balanced grid and perturbed grid(k = 0.5)
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Figure 8: pressure distribution along
stagnation line (k = 0.5)
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Figure 9: Comparisons of convergence histories

5.3. Moving Sphere

A moving sphere problem was selected as the last validation case. This problem was chosen to verify
the accuracy and robustness in more complex grid system. The node distribution is shown in Fig. (10),
and total number of nodes is 722,464. The nodes and connectivity generation algorithm which is
developed by Rhee [11] are used. The prismatic points of the sphere move with the sphere, but
background points are fixed. So, some of the background points near the prismatic points are added or
removed when sphere is moved, and the connectivity of the point whose surrounding points are changed
should be newly obtained. The speed of the sphere is Mgp,pere = 0.5 and free stream Mach number is
Mo, = 1.5. So, the relative free stream Mach number of sphere is 2. The reference case is stationary
sphere problem with M., = 2. The spatial discretization scheme is GC-LSM with AUSMPW+ and the
time integration scheme is LU-SGS with dual time-stepping.

Fig. (11) shows the comparison of the pressure field between the test case and reference. From the
obtained numerical results, it seems that both results are almost same although the nodes distribution
are different because speed of each sphere is different. To confirm this in detail, Fig. (12) shows the
pressure coefficient distribution along stagnation line and surface. It can be also seen that the pressure
distribution including shock profile are very similar to the reference. Thus, this results presented here
may show development possibility of the meshless method in supersonic or hypersonic flows on
complex geometry.

Inflow

—

Direction of movement

Figure 10: node distribution around sphere
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Figure 12: pressure distribution along stagnation line and surface

6 Conclusion and Future Work

In this study, Least Squares Method with Geometric Conservation Law(GC-LSM) is developed to
analyze compressible flow robustly and accurately even when strong shock exists. The method of
Lagrange multiplier was used to satisfy geometry conservation law and 1% order consistency to least
squares method. AUSMPW+ scheme which can compute accurately in hypersonic flows, and LU-SGS
for implicit time integration are applied to the Meshless method. Numerical experiments show that the
developed method gives improvements on accuracy and robustness in compressible flows with strong
shock according to the comparison analyses of the numerical results with the original version of Least
Squares Method.
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