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Abstract

Smoothed particle hydrodynamics (SPH) particle approximation equations for functions and their derivatives are
analyzed in stable field. Three criterions for determining suitable kernels are proposed to evaluate the accuracy of com-
putation. The first criterion is used to evaluate the estimation errors of the functions. The second and third criterions are
for the first derivatives of the functions. The second criterion requires that the first derivative of a kernel should be zero
when the position of the neighbor particle is approaching the estimated one. The third criterion is so defined that the
particle estimation of the first derivatives in stable field should be zero. Ten SPH kernels with different orders of func-
tion are selected to demonstrate the application of the criterions. The effects of the position of the estimated particles
and the smoothing length on behaviors of the kernels are analyzed. To verify the feasibility of the three criterions in
dynamic field, one dimensional shock tube problem is simulated with four deliberately chosen kernels. The simulation
results, including profiles of density, pressure, velocity and energy, are compared with the exact solutions. Through
analyses, it is found that the three criterions proposed in this study are feasible to evaluate the properties of kernels.
Of the three criterions, the first one is more critical than the other two. In terms of computational accuracy, Gaussian
and Q-spline kernels can be regarded as the best kernels of the ten proposed kernels in this study.
© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The foundation of smoothed particle hydrodynamics (SPH) is the interpolation theory [3,7,9]. Using a
suitable interpolation kernel is therefore the basic requirement for correct computational results. A suitable
kernel must have two properties as suggested by Monaghan and coworker [3,9]
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/W(x—x’,h) dx' =1 (1)
Q
and, when the smoothing length 2z — 0 the kernel can be approximated by the Dirac delta function

llin% W(x,h) = 6(x). (2)

Monaghan [10] also suggests that a suitable kernel must have a compact support in order to ensure
zero interactions outside its computational range. Take the Gaussian kernel [3] as an example.
Although it meets the basic conditions presented by Egs. (1) and (2), it does not meet the requirement
of a compact support so that the computational efficiency is rather low. Various kernels with a compact
support have been established, such as super Gaussian kernel [11], spline kernels [8], polynomial kernels
[4] and cosine kernel [2]. The computational range of these kernels is usually no more than three times
the smoothing length.

Recent studies [10,12] indicate that the stability of the SPH algorithm depends strongly upon the second
derivative of the kernels. For example, the second derivative of lower-order spline kernels is a piecewise-
linear function, and accordingly, the stability is inferior to those of higher-order kernels. Therefore,
higher-order spline kernels are used more frequently, especially in simulating the flow behavior of quasi-
incompressible fluids [1,12].

A kernel must be accurate to minimize the errors caused by using the interpolation method. Monaghan
[10] analyzes the estimation errors of the method and states that the errors are proportional to /> when the
kernel is an even function of x, or to 4#* when the kernel satisfies the following equation:

/sz(x,h) dx =0. (3)

As a matter of fact, not all of the suitable kernels meet this requirement [2]. Roberto and Roberto [13]
suggest an additional criterion for selecting suitable kernels, i.e., any accurate kernels must meet the
requirement of minimizing the estimation errors to the derivative of a given function. They take two kernel
functions, the third-order spline and the super-Gaussian, as examples to demonstrate the application of the
criterion.

In fact, the errors of SPH method come from two sources: kernel approximation and particle approx-
imation. As a result, even if Eq. (3) is satisfied, the estimation results by SPH method could not be accurate.
Fulk and Quinn [2] analyze the errors from the particle approximation of first derivatives and give a crite-
rion with the summation form for evaluating the kernels. Twenty different kernels are analyzed and the bell
shaped kernels show better performance than other ones.

In this study the particle approximation equations for functions and their derivatives are applied in a
stable field. Concentrated on the accuracy of computation, three criterions for determining suitable kernels
are proposed. Ten SPH kernels are used to demonstrate the use of the criterions. Furthermore, a shock tube
problem is simulated with four deliberately chosen kernels to verify the feasibility of the proposed
criterions.

2. Criterions from the interpolation equation of the function

The basic form of the SPH interpolation equation [10]

(fi) = Z @fjWi/‘- (4)
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(b) Estimated particle between two initial setting ones
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Fig. 1. Position of an estimated particle and initial setting ones.

In Eq. (4), subscript j denotes the initial setting particles, of which the variables are known. Subscript i rep-
resents the estimated particles. For convenient reason, the estimated particles can either be the initial setting
particles or the particles between the initial setting ones. In the latter case, the estimated particles are actu-
ally not true particles but those in different positions from the initial setting ones, of which the variables can
also be estimated by the initial setting particles. The relationship between the initial setting particles and an
estimated one is illustrated in Fig. 1.

In a stable field where the variables are independent of the spatial position, e.g. f; = f;, p; = p;, m; = mj,
Eq. (4) can be rewritten as

1 u 1 u 2 u
IS Wy = d “ R 4 L M) i) = 5
Zj: / . (W<acd> + W(oc ocd> + <ac+ocd) + W(oc ocd) * ) ’ )

where d* = mlp, 2 (=1, 2 or 3) is the number of dimensions, u (0 < u < d/2) is the distance between the esti-
mated particle and the nearest initial setting one, o (0.8 < o = h/d < 1.5, usually « = 1) is the smoothing
length in dimensionless form [5].

By definition

M(g,fx> —dx (W(%) + WG%) + WG+£> W
Eq. (5) becomes
M(g,a) ~ 1. (6)

Eq. (6) is regarded as the first criterion for all suitable kernels. Only when a kernel satisfies the first criterion
could it give correct estimation results of the function.

3. Criterions from the interpolation equation of the derivative

The basic form of SPH interpolation equation of the first derivative [10] shows

U= 327 W e )

J
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where W, =% =% <& and &= =40 — x Eq. (7) indicates that the first derivative of the function could
2 ox o dx dx hx\

be approximated by the Values of the function at the initial setting particles and the first derivative of the
kernel.

When x — 0, i.e., r — 0, llmﬁ —land lim = +1. Because hm ‘7&11 |‘,hmdx
x—0" —0"

However, Eq. (7) can still bexused should the kernels meet the followmg crlterlon:

is inexistent.

ow

1 ®)

Eq. (8) is regarded as the second criterion for suitable kernels.
When Eq. (7) is used in a stable field, it becomes

" ow;; dr 1 ow x
fd' ) Woe=fd 6r‘/ dx =1, hior x| =0 )
By definition
u ow x OW su ow (1 u ow (1 u oW (2 u
V(G = EM‘E(E)‘E(T@)*E(&*@)_E<&_E)+
Eq. (9) becomes
u
N(E’“) =0. (10)

Eq. (10) is chosen as the third criterion for suitable kernels. Only when a kernel satisfies the third criterion
could it give correct estimation results of the first derivative of a function.

From the definition of N, it is understood that Eq. (10) is always satisfied when u = d/2. In addition,
when u = 0, Eqgs. (10) and (8) are identical. In other words, the second criterion is a special case of the third
one when u = 0.

4. Analysis of select kernels

Of the three criterions, the second one is easier to use than the other two. Therefore, to evaluate the suit-
ability of a chosen kernel it is suggested to check the kernel first with the second criterion.

To demonstrate the application of the three criterions proposed in this study, 10 kernels in one dimen-
sion are selected and listed in Table 1. Some of the kernels are directly from published literature and others
are proposed here for the first time.

First, the second criterion is used to evaluate the suitability of the kernels. By Eq. (8) values of oW/
or(0) are calculated and shown in Table 1. It can be seen that all of the kernels satisfy the condition of
the second criterion except Quadric 1 and ‘1/X, 2’ kernel. These two kernels are considered unsuitable
for the estimation of the first derivatives and may not require further evaluation by other two
criterions.

Then, the first and third criterions are put forward. From Egs. (6) and (10) it is known that the values of
M and N depend on two variables, the position of the estimated particle u/d and the dimensionless smooth-
ing length «. Figs. 2 and 3 show, respectively, the variations of M and N with the position of the estimated
particle for the proposed kernels. It can be seen that the values of M and N depend on the position of the
estimated particle, u/d, except Gaussian and Q-spline kernels, which can always satisfy the first and the
third criterions wherever the estimated particle locates. It can also be seen that Quadric 2 kernel might
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Table 1
Select kernels together with the results by the second criterion
No. Name Expression owlor(0)
1 Gaussian L e 0
V/Th
. 2/3 -1 4057, 0<r< 1,
2 B-spline 7y @=n/e I<r<2,
0, r=2. 0
. 27 =3+ 159, 0<r< 1,
2 3
3 Double B-spline )@=z Isr<2,
07 r>27 0
B-r’=6Q2-r+15(1 -7, 0<r<1,
1 JB3-r"=-62-r), 1<r <2,
i 1201} (3-r), 2<r < 3,
4 Q-spline 0, >3, 0
1]32-r?/16, 0<r<2,
5 Quadric 1 ko, r=2. —0.75
1 { 3(4—12)/32, 0<r<2,
6 Quadric 2 h Lo, rz2. 0
(e N(r+1)/8, 0<r<2,
ﬁ 07 r=2.
7 Thrice 0
1]52-r)(3r+2)/128, 0<r<2,
8 Quartic hlo, r=2. 0
1 [ 52551 =51 +cos(3), 0<r<2,
9 Cosine ho, r=2. 0
l{ BT (ﬁ +5), 0<r<2,
10 /X, 2 L0, rz2. ~1.38

not be a suitable kernel because the values of M and N are far more away from the desired values than
other kernels. Furthermore, the worst results of M can always be found when « = 0 or u = d/2 and the worst
results of N are somewhere between u =0 and u = d/2.

In addition to the effects of the estimated particle position, Figs. 4 and 5 illustrate the effects of the
smoothing length. To improve the accuracy of SPH computation, the number of neighbor particles of
one particle should remain constant. To meet this requirement the smoothing length should be a variable
during the entire simulation process [7]. This requirement will lead to the low efficiency of SPH method.
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Therefore, it is desirable that the values of M and N should not be too sensitive to the smoothing length in
order to avoid the scheme of change the smoothing length. From this point of view, Quadric 2 and double
B-spline kernels might not be considered as suitable kernels. On the other hand, the values of M and N for

J. Hongbin, D. Xin | Journal of Computational Physics 202 (2005) 699-709

M(uld, 1.2)

(b)

1 .25 T T T T T T
—e o | —=—Gaussian
—&— B-spline
1.20} —=— Double B-spline 1
—e— Q-spline
—e— Quadric2 SNe—e—o
—v— Thrice
1.15L —<— Quartic %
1.01F —#+— Cosine E

1.00

0.99

Fig. 2. Influence of the estimated particle position on M.
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Fig. 3. Influence of the estimated particle position on N.

Gaussian and Q-spline kernels seem to be independent of the smoothing length.

To evaluate the performance of kernels quantitatively, following equations are used to calculate the devi-

ation of M and N of the proposed kernels from the desired values by Egs. (6) and (10):

I =

n—1

(M(167]5 + O‘O) - 1)27

m—1

3=
X
S| =
i
o
~.
Il
=3
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1 1 m—1 n—1
12: — X = N(id 5+O€0 12
i 2y 2 (V. jo-+ 20) (12)

where /; and /, are the mean square deviation of (M — 1) and N, respectively. 0 is the interval of u/d and o. m
and n are the number of data of u/d and «, respectively, within the domain, i.e., u/d€[0.0,0.5] and
o €[0.8,1.5]. 0 is the minimum value of a.

Fig. 6 is a bar chart showing the deviations of 10 kernels calculated by Egs. (11) and (12). Results of /;
show that Quadric 2 (No. 6) is the least favorite kernel. While from the values of /, Quadric 1 (No. 5) and ‘1/
X, 2’ (No. 10) are certainly not good kernels, neither double B-spline (No. 3) nor Quadric 2 (No. 6). From
both results of /; and /, a summation can be made that the most suitable kernels are Gaussian (No. 1) and
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Fig. 6. Bar chart of the evaluation results.

Q-spline (No. 4), which can best meet the requirements of the three criterions proposed in this study. It also
shows that the lower the order of kernel is, the larger the values of /; and /, are. The values of /; and /, for
Quadric kernels (No. 5 and No. 6) are distinctly larger than those of Thrice, Quartic, B-spline and Q-spline
kernels due to the lower-order approximation of the former to the first derivative. This is the reason why
higher-order kernels exhibit superior stability in SPH simulations where evaluations of the first- and sec-
ond-order derivatives are required.

5. A numerical test

To verify the feasibility of the three criterions, the shock tube problem, which is a good numerical bench-
mark and used by many researchers when studying SPH [6,11], is simulated by SPH method with four ker-
nels. They are Q-spline, which meets the requirements of the three criterions, Quadric 1, of which oW/
or(0) # 0, Quadric 2, of which 0W/dr(0) = 0 but the value of /; is the largest, and Quartic, of which oW/
or(0) = 0 but the value of /, is lower than that of Quadric 2.

The initial conditions of the shock tube are similar to what Hernquist and Katz [6] used, i.e.:

x<0, p=1, v=0, e=25 p=1 d=0.001875,

x>0, p=025 v=0, e=1795 p=0.1795 d=0.0075,

where p, p, e and v are the density, pressure, internal energy and velocity of the gas, respectively, d is the
distance between the initial setting particles.

There are 400 particles used in the simulation. 320 particles are evenly distributed in the high-density
region [—0.6 to 0.0] and 80 particles in the low-density region [0.0 to 0.6]. All particles have the same mass
of 0.001875. The smoothing length is taken as 0.015. The equation of state for the ideal gas, p = (y — 1)pe, is
used in the simulation with y = 1.4. The time step is 0.003 and the simulation runs for 50 time steps. The
SPH equations used are as follows:

pi=y_ mWy, (13)
J
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do; L \w (14)
L m | = 4+ =L . .
G =2yt W
del‘ 1 g; g,
@ =3 2l o) |yt G Iy Wi (15)

where m is the mass, v is the velocity, o is the stress, IT is the artificial viscosity, which is used to prevent
unphysical oscillations near shocks [10].

Fig. 7 shows the density, pressure, velocity and internal energy profiles. It can be seen that the obtained
results by Q-spline and Quartic kernels agree well with the exact solution in the region [—0.4 to 0.4]. The
shock is observed from x = 0.2-0.25. The rarefaction wave is located between x = —0.2 and 0. However, the
estimation density and pressure in front of the shock by Quadric 1 seem to be slight larger than the exact
solution because the kernel does not satisfy the second criterion. As to Quadric 2 kernel, estimation results
are unstable and far away from the exact solutions as shown in Fig. 7. This is caused by the fact that the
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Fig. 7. Simulation results for the shock tube at = 0.15 s.
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value of /; for the kernel is the largest among the proposed kernels. Therefore, the estimation error of the
density is quite noticeable. As a matter of fact, an accurate estimation of density by SPH method is the most
important process because density appears in almost all of the SPH interpolation equations, e.g. Egs. (14)
and (15). From this point of view, the first criterion is more critical than the other two.

The numerical test demonstrates that, although the three criterions are developed from the analysis of
SPH equations in the stable field, the properties of kernels evaluating by them are in accordance with
the application in dynamic field.

6. Conclusions

In this study the particle approximation equations for functions and their derivatives are applied in the sta-
ble field. Three criterions are proposed for evaluating the computational accuracy of SPH kernels. Ten SPH
kernels are used to demonstrate the application of the criterions. In addition, one dimensional shock tube
problem is simulated with four deliberately chosen kernels to verify the feasibility of the proposed criterions.

The following conclusions can be made:

1. Three criterions are developed for evaluating suitable kernels. The first criterion is used to evaluate the
estimation errors of the function, while the other two are for those of the first derivative.

2. Of the three criterions, the first criterion is more critical than the other two.

3. In terms of computational accuracy, Gaussian and Q-spline kernels can be regarded as the best kernels
of 10 proposed kernels in this study. However, Quadric 1, Quadric 2 and ‘1/X, 2’ kernels can be consid-
ered as the least favorite ones.
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