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ABSTRACT: Weakly compressible smoothed particle hydrodynamics (WCSPH) is widely used for computational
modeling of violent free surface flows, but the equation of state pressure is sensitive to density error, deficient wall
support, and local particle disorder. We develop an adaptive density regularization method for pressure stabilization in
WCSPH. The method computes the raw summation density, a local kernel averaged density, and a bounded blended
density used only for pressure evaluation through the Tait equation of state. The transport density definition, particle
mass, and diagnostic density are retained; particle motion is affected only through the pressure values supplied to
the standard momentum discretization. The blending coeflicient is activated by density fluctuation, support count
deviation, and wall proximity information. A dam break calibration selects alpha max, eta0, and the wall proximity
length, which are then fixed in sloshing, dam break, and compact impact tests. Relative to baseline WCSPH, uniform
pressure density smoothing, and standard delta-SPH, the adaptive scheme reduces sloshing pressure RMSE from 6.32
to 5.43 kPa and high frequency pressure energy by 41.5% while keeping the refined reference impulse error at 0.0%. The
tested delta-SPH configuration damps the sloshing signal more strongly, but changes the refined reference impulse by
105.6% and reduces the compact impact peak pressure by 56.5% relative to WCSPH. In the compact impact case, the
adaptive scheme changes the WCSPH peak pressure only marginally while reducing pressure oscillations. The results
show that the proposed regularization provides a local pressure stabilization module for WCSPH that reduces high
frequency pressure content while retaining diagnostic density and key response measures.

KEYWORDS: Computational modeling; smoothed particle hydrodynamics; WCSPH; pressure stabilization; density
regularization

1 Introduction

Violent free surface flows pose a persistent challenge for computational modeling because the liquid
interface can overturn, fragment, and reconnect while short pressure pulses develop near solid boundaries.
Such dynamics appear in sloshing tanks, green water loading, dam break impact, water entry, and wave
structure interaction. Mesh based finite volume and finite element solvers are mature for many incompress-
ible flows, but strong interface deformation often requires interface capturing, remeshing, or additional
volume conservation controls. Particle methods provide an alternative Lagrangian description and are widely
used for engineering flows with large interface motion [1,2]. Smoothed particle hydrodynamics (SPH) was
introduced as a Lagrangian meshfree method for astrophysical flows [3]. Subsequent work established the
kernel approximation, particle consistency issues, and conservation properties that support engineering
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SPH formulations [4,5]. Free surface SPH follows the liquid interface without a separate reconstruction step
[6-8]. Recent reviews summarize advances in SPH methodology, boundary treatment, and multiphase flow
modeling [9,10]. Adaptive-resolution and surface-detection techniques further improve the representation
of strongly deforming free surfaces [11,12]. Open source and acceleration oriented implementations have
also improved the reproducibility of large free surface calculations [13-15]. Recent studies further extend
SPH to coupled seepage and overtopping failure of earthen dams, large-density-ratio multiphase flows, and
collective hydrodynamic interactions in fish school motion [16-18].

Weakly compressible SPH (WCSPH) is widely used because it avoids the global pressure Poisson solve
required by projection particle methods. Its equation of state, however, creates a numerical vulnerability.
When the artificial speed of sound is high, a small density perturbation can become a large pressure
perturbation. The problem is strongest near walls and free surfaces, where kernel support is incomplete
and local particle disorder is common. Incompressible and semi implicit particle formulations reduce
some pressure errors through different pressure treatments, but they add solver cost and convergence
requirements [19-21]. Projection based and multiphase particle methods pursue the same pressure accuracy
objective from a different numerical standpoint [22,23]. WCSPH remains attractive when explicit time
integration is preferred, provided that pressure oscillations can be reduced without masking the resolved
impact response. WCSPH stability has been improved through kernel correction, density diffusion, particle
shifting, and boundary treatment. Early consistency and conservation analyses clarified why particle disorder
and incomplete support damage gradient accuracy [24,25]. Subsequent pressure evaluation and density
diffusion strategies suppressed high frequency pressure noise while retaining the Lagrangian character of
the method [26-28]. Other stabilization routes use generalized diffusion for incompressible SPH, particle
shifting, or collision-based regularization to keep the particle distribution regular [29-32]. Existing den-
sity diffusion and particle regularization strategies can reduce pressure noise, but they may also modify
density evolution, particle distribution, volume conservation, or impact load integrals [33]. This motivates
an adaptive density correction for pressure evaluation that retains the diagnostic density and standard
transport-density definition.

Boundary modelling is another source of uncertainty in pressure stabilization. Wall particles, ghost
states, and dynamic boundary conditions determine near wall kernel support and force exchange between
liquid and solid boundaries. Generalized wall boundary conditions and modified dynamic boundary
conditions have reduced several persistent artifacts in SPH tank and impact simulations [34,35]. Even so, a
wall pressure trace still combines physical impact, kernel truncation, and local particle disorder. A pressure
regularization that ignores wall proximity information may smooth the wrong region. One that acts too
strongly near walls may distort the peak load or the impulse.

The same balance appears in benchmark problems used to evaluate computational free surface models.
Canonical and recent sloshing studies provide pressure histories and phase information for strongly deform-
ing free surface motion [11,36,37]. Dam break experiments and recent particle-distribution studies provide
separate checks on front propagation and transient wall loading [38,39]. Hydroelastic and slamming studies
show that local impact pressure depends on both free surface morphology and near wall treatment [40,41].
Ship and tank slamming calculations make the same point for load evaluation in impact dominated
simulations [42,43]. These cases are not interchangeable. A filter that improves a pressure spectrum in one
configuration may degrade the impulse or peak response in another. Pressure stabilization therefore requires
more than damping high frequency content; it also requires preservation of the response measures used to
interpret the modeled flow.

We develop an adaptive density regularization method for pressure evaluation in WCSPH modeling
of free surface impact flows. The method computes the raw summation density, a local kernel averaged
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density, and a blended density used only in the Tait equation of state. Particle mass, particle volume,
density denominators, and diagnostic density are not overwritten by the blended pressure density. The
blending coefficient is bounded and activated locally by density fluctuation, support count deviation, and
wall proximity information. The correction is applied during pressure evaluation, while the underlying
WCSPH density and particle state remain available for diagnostics. The contribution is threefold. First,
we formulate an adaptive density blend for pressure evaluation as an equation module inserted before the
momentum equation consumes pressure, and we clarify that the pressure-gradient density denominators
remain the raw summation densities. Second, we use a fixed parameter protocol in which &y, %0, and the
wall proximity length are selected in a dam break calibration case before any comparison result is evaluated.
Third, we compare the method with baseline WCSPH, uniform pressure density smoothing, and standard
0-SPH over complementary free surface impact configurations. The comparison uses pressure RMSE, peak
pressure error, pressure impulse, high frequency pressure energy, pressure standard deviation after impact,
free surface error, density fluctuation, mass conservation, runtime overhead, particle spacing sensitivity, wall
proximity sensitivity, indicator-weight sensitivity, and particle field snapshots. This evidence clarifies the
balance introduced by the pressure evaluation correction relative to unregularized WCSPH and stronger
density evolution stabilization.

The remainder of this paper is organized as follows. Section 2 presents the four SPH formulations
compared in this study, namely baseline WCSPH, uniform pressure density smoothing, adaptive den-
sity regularization, and §-SPH. Section 3 describes the implementation sequence and the corresponding
algorithm. Section 4 introduces the parameter calibration procedure, numerical cases, and evaluation
metrics. Section 5 reports the sloshing pressure response, particle field comparisons, resolution and wall
activation analyses, indicator-weight sensitivity, compact impact case, and scope of the method, followed by
the main conclusions and future research directions in Section 6.

2 Numerical Method
2.1 Baseline WCSPH Formulation

The fluid is represented by particles with positions x;, velocities u;, masses m;, diagnostic densities
pi> and pressures p;. The baseline WCSPH solver uses a compactly supported Wendland kernel W;; = W
(Ixi — xj|, k) and summation density,

pi =2 mWi. )
j

Pressure is evaluated with the Tait equation of state,

Y
pi= p°—c‘%[(”—) —1], 2)
14 Po

where p is the reference density, ¢, is the artificial speed of sound, and y = 7. The momentum equation
follows the symmetric WCSPH pressure gradient form with Monaghan artificial viscosity. In the notation
used here, the pressure part of the momentum equation is written as

_mj

WY S e p)WVe Y,
(E)P- plg(pﬁp])v,w,ﬁf,, Vf_pj' o

The density factors in Eq. (3), including the prefactor p; and the particle volume Vj, are evaluated from
the raw summation density. Solid boundaries are represented by wall particles.
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2.2 Uniform Pressure Density Smoothing

The uniform smoothing route is included to separate the effect of density blending from the effect of
adaptive activation. It uses the same local averaged density as the proposed method,

. Zj Wiipj

= : 4
S, (4)

but replaces the local coefficient by a constant value,

pf:(l_“u)Pi"f"qu_i’ (5)

where «,, = 0.15 in all comparisons. Pressure is evaluated from pf through Eq. (2), while the raw summation
density remains in the density denominators and particle volumes of Eq. (3). Thus, the uniform method has
the same pressure evaluation branch as the adaptive method but removes the density fluctuation, neighbor
deficiency, and wall proximity activation mechanisms.

2.3 Adaptive Density Regularization for Pressure Evaluation

The proposed method also changes only the density supplied to the equation of state, but the blending
strength is determined locally. The pressure evaluation density is defined by

pl=(1-a;)pi + aipi. (6)

Pressure is evaluated by substituting p? into the Tait equation of state. The raw summation density p;
remains the transport and diagnostic density. It is not replaced by p? in particle mass, particle volume, density
denominators in Eq. (3), position updates, or density output. The regularization therefore changes the scalar
pressure values consumed by the momentum equation, but it does not replace the density field used to define
particle volume or diagnostics.

The local activation is written in a bounded form. For a scalar argument z, the clipping operator is
defined as

clip(z,0,1) = min[max(z,0),1]. (7)

The disorder activation before wall weighting is defined as

s; = clip ( 17; _’7’70 ,0, 1) , (8)
—1o

where 7 is an activation threshold. The adaptive coefficient is
;= “maxsifiw' (9)

This form gives «; = 0 when the disorder indicator is below the threshold and bounds the coefficient by
®max because s; € [0,1] and f* € [ fy.,1]. Eq. (10) defines the composite disorder indicator #; as a weighted
combination of normalized density fluctuation and neighbor-count deviation.

Ni - Nref
Nref

(10)

+(1-wp)

Pi— Po
i=w
n "1 po
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In Eq. (10), N; denotes the number of fluid and wall particles contributing within the kernel support,
whereas Ni.r = 18 is the support reference used in the present two dimensional Wendland-kernel simulations.
The value should not be interpreted as a universal SPH constant. It depends on the kernel, the smoothing
length ratio, the support radius, the spatial dimension, and the neighbor-counting convention. The baseline
setting is w, = 0.9. A larger weight is assigned to the density fluctuation because this quantity enters the
equation of state directly. Near the reference state, the local pressure sensitivity satisfies dp/dp ~ cJ, so a small
density perturbation can generate a pronounced pressure perturbation. The support count term is retained
as an indirect indicator of kernel deficiency and particle disorder.

For the rectangular tanks used here, the geometric wall distance is
di:min(xi)Lx_xiryi)Ly_yi)) (11)

where Ly and L, are the tank length and height. The wall proximity length is L, = (L,,/h)h, and the
implemented wall factor is

£ = f+ 0= ) lip (1= 25,0.1). 02)

In Eq. (11), d; is the Euclidean distance from particle i to the nearest solid wall. For the rectangular
domains used here, the four walls are located at x =0, x =Ly, y=0, and y = Ly, so the nearest-wall
distance reduces to the coordinate-aligned minimum in Eq. (11). The value of f}" approaches one near solid
boundaries and approaches f,"; . away from the wall over the length scale L,,. The rectangular expression is a
geometry-specific implementation. The method itself requires only the non-negative distance from particle i
to the nearest solid boundary. For a general wall surface I, Eq. (13) defines this distance by the closest point
on the surface.

d; = min |x; — x| (13)
xel},

Alternatively, the wall distance can be obtained from a signed distance field ¢ as d; = |¢(x;)|. Boundary-
particle implementations can instead evaluate d; from the nearest wall segment or boundary particle with
its prescribed wall normal. Substituting any of these distance definitions into Eq. (12) yields the same wall
factor without modifying its formulation. The calibrated method uses f; = 0.35, so f} € [0.35,1] and
;i € [0, max |. The nonzero interior floor prevents the module from switching off away from the wall. The
wall distance multiplier increases activation where kernel support is most deficient. Thus, the wall term
strengthens activation near deficient support without making the method wall exclusive. Table | summarizes
the initial neighbor counts. The fully supported sloshing interior has about 21 contributing particles, whereas
free surface and compact impact regions are closer to 18. We use N, = 18 as a conservative support reference
for this kernel and smoothing-length setting without assigning excessive penalties to free surface particles.
For other kernels, smoothing length ratios, or three dimensional simulations, Ny.f should be recomputed
from the expected support population.
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Table 1: Initial neighbor-count statistics within the Wendland kernel support radius 2/ used to set the reference value
N¢.s = 18 in the activation indicator.

Case Ax (m) Region Particles Mean P5 P95
Sloshing 0.060 45 21.0 21 21
Sloshing 0.050 72 21.0 21 21
Sloshing 0.040 168 21.0 21 21

Dam-break 0.060 96 19.6 13 21
Dam-break 0.050 160 19.9 13 21
Compact-impact 0.025 148 17.7 10 21

2.4 Delta-SPH Density Diffusion Baseline

The 6-SPH comparison follows the Marrone type density diffusion form used by the solver. Unlike the
uniform and adaptive pressure density routes, §-SPH modifies the density evolution equation itself. With
V= mj/pj, r;j = X; — X, and u;; = u; — u;, the density equation adds a diffusive term

dpi

dt = 2 piViwij - ViWij + hijco ) vy - ViWi;V; (14)

] J
The density diffusion vector is defined as follows:

Pj— Pi
V=2 PP (Tp) - (VR)s (Tphi= Xy p) VWV, 15)
|rijl +ehs; 7

The corresponding momentum equation is

du; 1 ahijcopo
E:_p_iZ(pi"f'pj)vi‘/VijVj"'g"'Tzﬂijvivvijvja (16)
j j
with
uij - Xij
Tij = —————-. (17)
! |rij|2+ € h12]

The density diffusion summation follows the neighbor interactions supplied by the same wall-particle
discretization used by the WCSPH solver. The comparison therefore separates density evolution stabilization
from the proposed pressure evaluation regularization under a common particle and boundary setup.

In summary, baseline WCSPH evaluates pressure directly from the raw summation density. Uniform
smoothing and adaptive regularization both construct a pressure evaluation density from p; and p; while
leaving the diagnostic density and transport variables unchanged. The uniform route uses a constant blending
coeflicient, whereas the adaptive route computes «; from local density fluctuation, support count deviation,
and wall proximity. The §-SPH baseline instead damps density fluctuations through the density evolution
equation, so it represents a stronger stabilization mechanism with a different effect on density diagnostics.
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3 SPH Implementation and Algorithm

Fig. | summarizes the dual branch structure of the proposed method, where the pressure evaluation
regularization branch is separated from the unmodified transport and diagnostics branch. The diagram also
shows the point at which the regularized pressure density is discarded.

Pressure-evaluation regularization branch

Raw density Local average Activation Pressure density Pressure force
pi= miWi - i - @i € [0, Amax] - pl=0-a)pi 1 pi=ppl)
X,,L,gm, kernel average Api. Ni, dyy +aipi momentum only
Unmodified transport gnd diagnostics branch |
Unchanged variables Assessment
transport variables unchanged residual pressure and impulse
diagnostic density: raw p; surface and density errors

Figure 1: Schematic of the adaptive density regularization method, separating pressure evaluation from transport and
diagnostics.

The simulations use the open source PySPH framework [44] as a reproducible SPH execution platform.
PySPH is used as the implementation platform; the proposed contribution lies in the pressure evaluation
sequence. Custom equation groups are inserted into the WCSPH solver sequence. The first group computes
pi, the kernel sum normalization, and the neighbor count. The second group computes 7;, £}, «;, and p?.
Pressure is then evaluated from pf using the Tait equation of state. The subsequent momentum equation uses
this pressure field, while all density denominators, particle volumes, acoustic speeds in artificial viscosity,
and diagnostic density outputs remain evaluated from the raw summation density.

Algorithm 1 summarizes the pressure evaluation intervention. The pressure density blend exists only
between the density update and the pressure evaluation. It is discarded after pressure is computed, so the
output density field remains the raw summation density used by the baseline WCSPH formulation. The pair-
wise pressure-force operator therefore keeps the same density denominators and particle-volume definitions
as the baseline solver; only the scalar pressure values entering this operator are changed. All four methods
use the same particle layout, kernel, wall-particle discretization, artificial viscosity, and postprocessing
definitions. The command line runner exposes the case, method, particle spacing, amax, #o, wall proximity
length, wall factor floor, wall model, and disorder-indicator weights, which makes the calibration and
comparison sequence reproducible from scripts rather than reconstructed from manuscript descriptions.

Algorithm 1: Adaptive density regularization for pressure evaluation within one WCSPH time step

Input: Particle state {x;,u;, m;, p; } after the WCSPH density update; calibrated parameters ayax, %o,
Ly/h,and f. .
Output: Pressure p; supplied to the momentum equation; unchanged diagnostic density p;.
1 Compute the raw summation density p; = 37 ; m;W;; for each fluid particle
2 foreach fluid particle i do
3 Evaluate the kernel averaged density p; = 3; Wijp;/ X ; Wi

(Continued)
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Algorithm 1 (continued)

4  Count contributing fluid and wall neighbors N;

5  Compute the wall distance d; from the rectangular expression or a general nearest-wall distance
provider, and then evaluate f”

6  Compute the activation indicator #; from density fluctuation and support count deviation

7 Sets; =clip[(n: —10)/(1-10),0,1] and &; = Amaxs; f*

8  Form the pressure evaluation density p? = (1- a;)p; + a;p;

9  Evaluate p; from the Tait equation of state using p?

10 end

11 Advance momentum using p; = p(p?) while retaining raw p; and p; in the density denominators,
particle volumes, and viscosity acoustic speeds

12 Store p;, particle mass, and particle positions without replacing them by p?

4 Calibration and Computational Validation Design
4.1 Parameter Calibration

The parameter selection protocol uses a two dimensional dam break calibration case. The tank length
is 2.0 m, the height is 1.2 m, and the initial water column is 0.58 m wide and 1.0 m high. The calibration
particle spacing is Ax = 0.06 m. The scan evaluates a,x = 0.03, 0.05, and 0.10; 77 = 0.006 and 0.012; and
L, /h =15 and 2.0. The selection score combines normalized high frequency pressure energy, pressure
standard deviation after impact, front position error, peak pressure change, positive pressure impulse change,
an activation amplitude guard on ags max, and a weak preference for shorter wall proximity support. Table 2
reports the selected parameters, which remain fixed in all subsequent numerical cases.

Table 2: Fixed numerical and regularization parameters used after dam-break calibration.

Parameter Value
Omax 0.050
Mo 0.006
Ly/h 1.50
Calibration score 0.506
Disorder weights Density fluctuation 0.9, neighbor deficiency 0.1
a,, for uniform pressure-density smoothing 0.15
0-SPH coefficient for comparison 0.10
Artificial viscosity coefficient a=0.08,5=0
Kernel and smoothing length Wendland quintic, h/Ax = 1.3
Tait EOS exponent y=7
Nominal sound speed co =10y/2gH for each case
Time-step policy Adaptive, initial At = 0.125h/¢

For each candidate parameter set 6 = (amax, 70> L /1), the calibration objective is

J(0) = 0.30 Eyg +0.25G, + 0.20 E; + 0.10Ap,_+0.05AI,

max (o5 max — 0.003,0) |
0.003

+25.0 +0.20 max(L,, /h - 1.5,0). (18)
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Here Ey, 0, and E 7 are the high frequency pressure energy, pressure standard deviation after impact,
and front position error normalized by the baseline WCSPH calibration values. The terms Ap . and AI,, are
the absolute candidate to baseline changes in peak pressure and positive pressure impulse, normalized by the
corresponding baseline magnitudes. The last two terms penalize broad activation and long wall proximity
support. This objective selects one fixed parameter set before the sloshing, dam break, and compact impact
runs are evaluated, so later comparisons do not use case specific tuning.

The calibration landscape is shown in Fig. 2, and Table 3 reports the five lowest score candidates. The
selected setting is amax = 0.05, 779 = 0.006, and L,,/h = 1.5. The next ranked candidates use the same compact
wall support but different activation strength or threshold. Larger activation amplitudes and longer wall
proximity support are penalized when they increase ags max or broaden the correction. The selected set
reduces pressure residuals while keeping the pressure density blend small and localized. The parameters
are not tuned separately for the sloshing, dam break, or compact impact results. Their influence is assessed
through the calibration landscape, the particle-spacing study, the wall-factor ablation, the indicator-weight
sensitivity test, and the §-SPH coefficient check reported in the Section 5.

(a) (b)
0.012
104 @ Luh=15 ] O setected
18
0O Lwh=2.0 0.011
8 1 E 16 -
© 0.010 =
3 ] =
2 64 T 14 A
ke 0009 & B
3 4] ° 2 12 @0
S o 0.008 3 ®@ O Og
T 10 - e) o
2 O
0.007
8 -
S = o O
T T T T T T T T 0006 T T T T T
0.03 004 005 006 007 008 009 0.10 0.510 0.515 0.520 0.525 0.530
Amax Front error in calibration (m)

Figure 2: Dam break calibration landscape used to select the fixed adaptive regularization parameters: (a) calibration
score as a function of &y, with marker shape denoting L,,/h and color denoting #,; (b) post-impact pressure standard
deviation vs. front-position error, with color denoting the calibration score and the selected setting circled.

Table 3: Best five adaptive-regularization parameter candidates from the dam-break calibration sweep. The score
is minimized and combines residual pressure smoothness, front-position accuracy, peak/impulse preservation, an
activation-amplitude guard, and a compact wall-proximity support preference.

Qmax o L,/h Score HF Norm. Std. Norm. 095 max
0.050 0.006 1.5 0.506 0.42 0.63 0.0021
0.030 0.006 1.5 0.607 0.44 0.80 0.0013
0.050 0.012 1.5 0.626 0.60 0.83 0.0020
0.030 0.012 1.5 0.629 0.50 0.86 0.0012

0.050 0.012 2.0 0.822 0.85 0.97 0.0022
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4.2 Primary Sloshing Validation Case

The main comparison uses impulse induced sloshing in a rectangular tank of length 1.2 m and height
0.8 m. The initial water depth is 0.44 m. A horizontal velocity impulse is prescribed to the water column,
with a weak vertical modulation to avoid rigid translation. Pressure probes are placed near the lower left and
right side walls at y = 0.12 m. The primary comparison uses Ax = 0.05 m, final time 0.72 s, and the fixed
calibrated parameters. Pressure RMSE, peak pressure error, pressure impulse error, and free surface height
difference error are evaluated against a refined baseline SPH reference at Ax = 0.04 m. A first mode sloshing
reference is also plotted as a physical scale check for the pressure histories.

The impact window metrics are evaluated over the initial wall impact interval. The reported quantities
are pressure time history RMSE, peak pressure error, pressure impulse error, high frequency pressure energy,
pressure standard deviation after impact, free surface error, density fluctuation, mass conservation, and
computational overhead. Pressure is also plotted in dimensionless form as p/(pogH) and time as t(g/L)"/2.

4.3 Dam Break Case

A dam break case is retained as a second numerical case because it combines rapid front propagation,
dry bed impact, and wall pressure oscillation, which are commonly used to assess free surface impact
solvers [38]. The case uses the same tank and water column dimensions as the calibration stage, but changes
the particle spacing to Ax =0.05 m. All regularization parameters remain fixed. The front position is
compared with a shallow water front estimate, which is used as a kinematic scale reference rather than
as a complete pressure benchmark. The metrics include front position RMSE, the delay for the front to
reach x; = 0.8L, right wall peak pressure, positive pressure impulse, high frequency pressure energy, density
fluctuation, and pressure field snapshots.

4.4 Compact Water Mass Impact Case

The compact water mass impact case places a circular water patch of radius 0.18 m above the bottom
wall of the same rectangular tank used for sloshing. The initial center is (0.60, 0.42) m, and the water patch
is assigned a downward velocity of 1.20 ms™. The case is not intended as a surface-tension-resolved droplet
benchmark. It provides a localized impact morphology for examining whether the pressure evaluation
regularization changes the falling, impact, and spreading stages of a compact liquid mass. The bottom probes
are located at (0.50,0.04) and (0.60, 0.04) m, and the particle spacing is Ax = 0.025 m.

The computational configurations of the numerical cases are summarized in Table 4. All cases use
the same fluid density, gravitational acceleration, Wendland kernel, smoothing length ratio, time-step
policy, Tait equation exponent, wall-particle boundary treatment, and artificial-viscosity coefficient unless
otherwise stated.

Table 4: Computational configurations of the numerical cases.

Item Sloshing Dam Break Compact Water Mass
Impact
Computational domain 1.20 m x 0.80 m 2.00m x1.20m 1.20 m x 0.80 m
Circular patch,
Initial water region 1.20 m x 0.44 m 0.58 m x 1.00 m column R = 0.18 m, center
(0.60,0.42) m

(Continued)
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Table 4 (continued)
Item Sloshing Dam Break Compact Water Mass
Impact
s . u =0.55[0.7 + o P 1
Initial velocity 0.3 cos(ry/H)] ms™, v = 0 u=v=0 u=0,v=-120ms
. . . Ax = 0.05 m; refined B B
Primary particle spacing reference Ax = 0.04 m Ax =0.05m Ax =0.025m
Final time 0.72s 0.48 s 0.32s
Monitorine locations (0.06,0.12) and (0.15,0.18) and (0.50,0.04) and
8 (114,0.12) m (1.85,0.18) m (0.60,0.04) m
. _ -3
Common ﬂuld and po =1000 kg rfl2 , Same Same
gravity g=9.81ms
Wendland quintic,
Kernel and time step h/Ax = 1.3, initial Same Same
At = 0.125h/cq
Sound speed and EOS co =10\/2gH,y =7 Same Same
Boundary treatment Wall particles, standard Same Same

three-layer wall model

4.5 Evaluation Metrics

Pressure error is evaluated over the impact window [#, ¢, ] by comparing the simulated pressure trace
p(t) with a reference trace pyf(t). The pressure RMSE is defined as

Envise = | ~— 3 (p(t) - pres(ti))

1
Ny k=1

1/2

(19)

The signed pressure impulse error is defined from the positive pressure impulse as

E;=

[, max[p(t),0]dt - [,” max[prec(t), 0] dt

ftjz max]| pres(t),0] dt

x100%.

(20)

High frequency pressure energy is computed over the sloshing impact window ¢ € [0.15,0.55] s. For a

pressure sequence py = p(tx), a centered moving average trend with M samples is

~(M) 1
P =777 2 P
L ZEZI:k

(21

where I is the available centered index set near k. The residual pressure is p} = pj — [)iM), and the high
frequency pressure energy is

(22)

The reported main value uses M = 7 and has units of kPa®. A separate window sensitivity check reports
M =5, 7, and 11. For the spectral plot, p), is interpolated to a uniform time grid using the median sampling
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interval before computing a one sided normalized Fourier spectrum. Free surface error is measured from the
tank height difference response, and density fluctuation is measured by the RMS value of (p; — po)/po over
the fluid particles. These metrics are used together because pressure smoothing can improve one pressure
statistic while worsening impulse conservation or free surface response.

5 Results and Model Assessment
5.1 Pressure Response in the Sloshing Validation Case

The main refined reference sloshing comparison is reported in Fig. 3 and Table 5. Against the refined
SPH reference, the adaptive method reduces pressure RMSE from 6.32 to 5.43 kPa. Its main benefit appears
in the high frequency part of the impact pressure signal, where the impact window energy falls from 17.45
to 10.20 kPa?, a 41.5% reduction. Uniform pressure density smoothing also lowers RMSE, but it increases
residual pressure energy and produces a larger pressure impulse distortion. The tested §-SPH configuration
gives stronger high frequency damping in this sloshing case, while its signed pressure impulse error reaches
105.6%. This combination indicates that the §-SPH trace is not dominated by an isolated pressure spike;
rather, the smoothed pressure response changes the positive-pressure accumulation over the impact window.
The adaptive correction therefore provides pressure smoothing with a smaller disturbance to impulse than
the stronger density evolution stabilization baseline.
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Figure 3: Main sloshing comparison among SPH stabilization methods: (a) dimensionless right-wall pressure histories;
(b) pressure RMSE relative to the refined SPH reference; (c) high-frequency pressure energy. The first-mode sloshing
reference in (a) is included only as a physical scale check.
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Table 5: Main refined-reference sloshing comparison metrics.

Method RMSE, Peak Err., I, Impulse HF Energy  Density  Overhead
(kPa) (kPa) (kPas)  Err., (%) (kPa?) RMS (%)
WCSPH 6.32 9.38 1.004 -0.4 17.45 0.1382 0.0
Uniform 5.53 10.40 1.559 470 33.81 0.1382 19.5
Adaptive 5.43 12.04 0.943 0.0 10.20 0.1382 11.5
6-SPH 5.16 2.16 2.064 105.6 8.64 0.0040 -10.2

The cumulative positive pressure impulse in Fig. 4 further separates pressure smoothing from load
retention. The tested 6-SPH trace accumulates positive pressure more rapidly over the impact window,
although its high frequency residual is smaller than that of the other methods. The adaptive curve remains
closer to the refined reference accumulation while still lowering the high frequency residual pressure energy.
This result supports the interpretation that the large relative impulse error of the tested §-SPH case is
a window-integrated response difference under the present coeflicient and boundary setup, not a single
unstable pressure excursion.
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Figure 4: Cumulative positive pressure impulse in the sloshing impact window, showing the load accumulation
associated with each stabilization method.

Table 6 reports a coeflicient sensitivity check for the §-SPH baseline. The purpose is not to retune
the competing method for each figure, but to show how the pressure damping and impulse accumulation
vary when the density diffusion coeflicient is changed under the same particle spacing, wall treatment, and
postprocessing window. The comparison keeps the proposed adaptive parameters fixed and uses the same
refined reference metrics as the main sloshing table.

The pressure and response metrics normalized by baseline WCSPH are summarized in Fig. 5. Adaptive
regularization improves refined reference pressure RMSE, high frequency energy, and smoothness after
impact while keeping free surface error close to the baseline value. It does not minimize peak pressure error,
as expected for alocal regularization that is not fitted to peak load. Pressure impulse error is plotted separately
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because the baseline impulse error is close to zero and is not a stable normalization denominator. The added

density averaging and activation equations increase runtime, but the overhead remains moderate in the
present cases.

Table 6: Coefficient sensitivity of the §-SPH baseline in the main sloshing case, evaluated with the same wall-particle
setup and refined-reference metrics.

5 RMSE, Peak Err. , I, (kPas) Impulse HF Energy Density
(kPa) (kPa) P Err. . (%) (kPa®) RMS
0.050 5.04 1.93 2.093 108.4 7.71 0.0041
0.075 5.12 2.05 2.082 107.3 8.18 0.0040
0.100 5.16 2.16 2.064 105.6 8.64 0.0040
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Figure 5: Normalized sloshing response metrics: (a) pressure RMSE, peak-pressure error, high-frequency energy, free-
surface RMSE, and runtime normalized by the WCSPH values; (b) signed positive-pressure impulse error relative to
the refined SPH reference.

The pressure smoothing and response retention balance is summarized in Fig. 6. In the sloshing case,
adaptive regularization reduces high frequency pressure energy to 0.58 times the WCSPH value and keeps
the refined reference impulse error at 0.0%. The tested §-SPH configuration reduces high frequency energy
further, but the impulse error increases to 105.6%. In the compact impact case, the adaptive method preserves
the WCSPH peak pressure almost unchanged, whereas -SPH reduces it by 56.5%. These results show a

moderate pressure regularization effect with stronger retention of peak and impulse measures in the present
benchmark set.

The same metrics are summarized in the diagnostic matrix in Fig. 7 as signed changes relative to
WCSPH. Negative high frequency energy changes denote pressure damping, whereas values close to zero
in the impulse, compact peak, and density RMS columns indicate response retention. Uniform smoothing
increases high frequency energy and impulse error in this comparison. Adaptive regularization reduces high
frequency energy while keeping the impulse error, compact impact peak, and density RMS close to WCSPH.
The §-SPH result gives stronger high frequency damping, but it also produces larger impulse, compact peak,
and density RMS changes under the tested coeflicient and wall-particle setup.



Comput Model Eng Sci. 2026;148(3):16 15

(a) (b)
) 6-SPH
6-SPH 0.8 low-error region
] T
100 % 3.0
S /A A — o™ 8
I =
< g0 = 251
o >
g Adaptive g
® c 2.0 A
Z 601 06 w
=3 . i
a Uni T Uniform
E mem % 15 4 )
£ 40 g |
2 E . WCSPH
2 ‘g T ‘ .....
< 20 - e * Adaptive
8 051
Adaptive SPH H
0 4 S, —— e Y e . 00 | | | | | . :
000 025 050 075 1.00 125 150 175 200 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Sloshing HF energy / WCSPH Compact-impact peak / WCSPH
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Figure 7: Signed diagnostic changes relative to WCSPH for pressure damping and response retention metrics.

Residual pressure spectra and window sensitivity are shown in Fig. 8 and Table 7. The spectrum is
computed after subtracting a centered moving average trend from the impact window pressure. Adaptive
regularization gives lower residual energy than WCSPH for all three windows. The reduction weakens for
the longest window because a longer moving average filter assigns more intermediate frequency content to
the residual. The tested §-SPH configuration gives an even lower residual pressure energy in this sloshing
signal, whereas uniform smoothing does not. The exact reduction percentage depends on the filter window,
but the direction of the adaptive effect is stable.
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Figure 8: Sloshing impact signal diagnostics: (a) normalized residual-pressure spectra; (b) high-frequency pressure
energy for moving-average windows of 5, 7, and 11 samples.

Table 7: Sensitivity of high-frequency pressure energy to the moving-average window used to remove the low-
frequency trend in the sloshing impact window. Values are in kPa?; parentheses give the value normalized by baseline
WCSPH for the same window.

Method 5 Samples 7 Samples 11 Samples
WCSPH 12.84 (1.00) 17.45 (1.00) 25.91 (1.00)
Uniform 38.21(2.97) 33.81 (1.94) 37.63 (1.45)
Adaptive 6.26 (0.49) 10.20 (0.58) 22.61(0.87)

6-SPH 5.59 (0.44) 8.64 (0.50) 7.44 (0.29)

Particle level pressure fields and the corresponding flow morphology are compared in Fig. 9. All rows
use the same particle spacing, time instants, and pressure color scale. Adaptive regularization preserves the
global sloshing shape seen in WCSPH while reducing localized high pressure speckle relative to the more
uniformly smoothed alternatives. The particle field comparison shows that the pressure improvement is not
obtained by visibly changing the bulk free surface evolution.

Grid reconstructed pressure contours from the same particle data are shown in Fig. 10. Particle pressure
is interpolated onto a fixed Cartesian grid, and grid points outside the particle supported fluid region are
masked. The contours are used only for visualization; all quantitative metrics are computed from the original
SPH probe and particle data. In this view, adaptive regularization reduces scattered high pressure patches
while retaining a free surface envelope close to the baseline WCSPH solution.

Extracted free surface envelopes are shown in Fig. 11. During the wall impact interval, the adaptive
curve follows the WCSPH free surface morphology closely. Uniform smoothing and §-SPH show different
stabilization balances. The close agreement between the adaptive and WCSPH envelopes shows that the main
change occurs in pressure evaluation rather than liquid surface motion.
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The refined reference free surface error remains close to the baseline value, and mass is conserved to the
reported precision because particle masses are unchanged. Mean density RMS also remains at the baseline
level because the adaptive method does not replace diagnostic density. This separates the proposed module
from §-SPH. The latter gives stronger density stabilization by modifying density evolution, whereas the
proposed module separates diagnostic density from pressure regularization. The computational overhead is
11.5% for this small case, mainly from the additional local density and activation equation groups.
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Figure 9: Particle-level pressure fields for the main sloshing case. Columns show the selected impact times, and rows
show WCSPH, uniform smoothing, adaptive regularization, and §-SPH.
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Figure 10: Grid-reconstructed pressure contours from SPH particle data in the main sloshing case. Columns show the
selected impact times, and rows show WCSPH, uniform smoothing, adaptive regularization, and §-SPH.
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5.2 Resolution, Wall Activation, and Secondary Cases

Resolution and wall activation sensitivity are shown in Table 8 and Fig. 12. The sloshing case is repeated
at Ax =0.06, 0.05, and 0.04 m. At Ax = 0.04 m, adaptive regularization reduces pressure RMSE from
3.56 to 3.24 kPa. At Ax = 0.05 m and Ax = 0.06 m, RMSE remains close to the baseline value, while high
frequency pressure energy is reduced at all three spacings. Across the three spacings, the adaptive method
reduces pressure fluctuation after impact or high frequency energy without changing particle mass or
diagnostic density.

Table 8: Resolution and wall-proximity activation sensitivity.

. RMSE HF Energy Density Active Time
Meth
Study Setting ethod (kPa) (kPa?) RMS @95 max Ratio )
Resolution Ax=0.04m  WCSPH 3.56 10.85 0.0698 0.0000 0.00 2.10
Resolution Ax =0.04m  Adaptive 3.24 791 0.0698 0.0018 0.97 2.59
Resolution Ax=0.05m  WCSPH 5.60 17.45 0.1382 0.0000 0.00 1.64
Resolution Ax=0.05m  Adaptive 5.65 10.20 0.1382 0.0029 0.96 1.82
Resolution Ax=0.06m  WCSPH 5.99 22.02 0.1012 0.0000 0.00 1.30
Resolution Ax=0.06m  Adaptive 6.20 19.75 0.1012 0.0039 0.95 1.37
Wall floor fovin =0.00 Adaptive 5.68 16.14 0.1382 0.0013 0.26 1.91
Wall floor S, =0.35 Adaptive 5.65 10.20 0.1382 0.0029 0.96 1.87
Wall floor fr., =0.50 Adaptive 4.84 13.12 0.1382 0.0038 0.96 1.76
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Figure12: Particle spacing and wall activation sensitivity: (a) pressure RMSE vs. particle spacing; (b) density fluctuation
vs. particle spacing; (c) high-frequency pressure energy and the 95th-percentile maximum activation vs. the wall-factor
floor.

The particle spacing panel is restricted to WCSPH and the proposed pressure evaluation regularization
method because the §-SPH rows require separate interpretation. In diagnostic runs, the coarse Ax = 0.06 m
0-SPH pressure trace gives an unusually small RMSE against the first-mode sloshing reference introduced
in Section 4.2 as a physical scale check, but the same trace has a strongly damped pressure peak. This
reflects filter and reference alignment, not monotone pressure convergence. The tested §-SPH configuration
is retained in the method comparison, dam break, and compact impact sections. The resolution panel instead
assesses the proposed module relative to its underlying WCSPH route.

The wall proximity ablation varies the lower bound £, while keeping amay, 770, and L,, /i fixed. Setting
f., = 0 confines activation mostly to particles near the wall and reduces the mean active ratio to 0.26, but
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high frequency pressure energy remains 16.14 kPa”. The calibrated value, fY; = 0.35, gives the lowest high
frequency energy, 10.20 kPa?, with ®95 max = 0.0029. Increasing the floor to 0.50 improves RMSE and impulse
error in this case, but high frequency energy rises to 13.12 kPa®. The ablation shows that the wall proximity
factor changes both the activation pattern and the pressure metrics. It is not a passive geometric multiplier.

Table 9 examines the density fluctuation weight in the disorder indicator while keeping the calibrated
regularization parameters fixed. Increasing w, emphasizes the equation of state sensitive density fluctuation,
whereas decreasing it gives more weight to support count deficiency. The selected value w, = 0.9 follows this
density dominated interpretation and keeps the support count term as a secondary localization cue rather
than a second tuning route.

Table 9: Sensitivity of the adaptive disorder indicator to the density fluctuation weight in the main sloshing case. The
calibrated values of oy, 70, and Ly, /b are fixed.

W, RMSE, (kPa) I, (kPas) Impulse Err. , (%) HF Energy (kPa?) ®95, max
0.50 4.28 0.983 3.9 6.43 0.0039
0.70 5.24 1.099 4.8 10.71 0.0031
0.90 5.43 0.943 0.0 10.20 0.0029

Pressure and activation maps in Fig. 13 illustrate the regularization mechanism. The adaptive coeflicient
remains small because it is bounded by the calibrated a,,x and by the local activation indicator. Nonzero
regions appear near the disturbed free surface and wall impact zone, where density fluctuation, support
count deviation, and wall proximity information combine. The pressure maps show local damping of pressure
speckle without replacement of the bulk sloshing pattern. The active regions coincide with locations where
the pressure field is most irregular, while the large scale free surface response remains close to WCSPH.

t=0.25s t=0.36s t=0.48s I 25

o
@ 0.50 R oo o
7] e, - o
o . o R - . . . L o
o N L . 0
0.25 D e .
g ... LR N ° ° 15
© 0.00 d P
= 3
10 5
5
A
- 5 9_.)
g o
@ 0.50 *
8 o o o . TS -0
& oo P Trenen Sl .
g 025 shn il . : . "
a e o
§ 0.00 1 T B T 1 T 1
_ 15
3} -
53 —
2 0.5
0.0

Figure 13: Sloshing pressure fields and adaptive activation maps during the wall-impact interval. Columns show the
selected times; rows show WCSPH pressure, adaptive pressure, and the adaptive activation coefficient ;.
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The fixed parameter result in a second free surface impact geometry is shown in Fig. 14 and Table 10. All
four methods propagate the front more slowly than the shallow water estimate, as expected for the present
resolved particle calculation with wall support and pressure stabilization terms. Adaptive regularization
stays close to baseline WCSPH in front RMSE, arrival delay, and peak pressure, while reducing high
frequency pressure energy from 48.12 to 14.01 kPa®. The tested §-SPH configuration gives the strongest
density stabilization and the lowest high frequency pressure energy in this case, but it also changes pressure
impulse relative to WCSPH. The dam break results follow the same pattern as the sloshing results: adaptive
regularization reduces high frequency pressure content while keeping front motion and peak pressure close
to WCSPH.
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Figure 14: Dam break check: (a) front-position histories; (b) right-wall pressure histories; (c) normalized response
metrics; (d) WCSPH and adaptive particle-pressure fields at the selected time.

Table 10: Secondary dam-break transfer metrics.

Method Front xf=0.8L Peak p Impulse HF Energy Density
RMSE (m) Delay (s) (kPa) (kPa s) (kPa?) RMS
WCSPH 0.609 0.272 28.84 1.07 48.12 0.0925
Uniform 0.594 0.256 4414 1.96 17.03 0.0925
Adaptive 0.607 0.265 31.27 0.94 14.01 0.0925

6-SPH 0.580 0.221 25.28 0.59 9.37 0.0024
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5.3 Compact Water Mass Impact Case

The compact impact case in Fig. 15 and Table 11 gives a more localized morphology. A two dimensional
circular water patch is assigned an initial downward velocity and impacts the bottom wall. Surface tension
and contact angle physics are not included, so the case is not a surface tension resolved droplet benchmark.
The case examines whether the pressure evaluation regularization behavior observed in sloshing and dam
break flow is also obtained in a compact impact geometry.
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Figure 15: Compact water mass impact particle-pressure fields during falling, impact, and spreading. Columns show
the selected times, and rows show WCSPH, uniform smoothing, adaptive regularization, and §-SPH.

Table 11: Compact water-mass impact demonstration metrics.

Peak p Impulse Post-Impact HF Energy Spread

Meth T

ethod (kPa) (kPa s) Std. (kPa) (kPa?) (m) ¥95,ma tme
WCSPH 156.92 0.50 11.97 45.85 0.417 0.0000 1.00x
Uniform 159.36 0.75 15.36 70.29 0.416 0.1500 1.05x%
Adaptive 156.87 0.74 12.03 28.03 0.416 0.0040 1.08x

0-SPH 68.23 2.65 20.62 151.77 0.418 0.0000 0.29x
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The adaptive method retains the falling, impact, and spreading stages observed in baseline WCSPH. The
pressure field changes locally, while the global morphology remains close to the baseline solution. Compact
impact metrics show the same balance seen in the sloshing case. Adaptive regularization keeps peak pressure
close to WCSPH, whereas §-SPH strongly lowers the peak pressure and increases the high frequency residual
for this morphology. The corresponding bottom probe histories and activation maps are shown in Fig. 16. The
pressure peak, residual energy, and activation maps show a local pressure correction rather than a prescribed
change in bulk motion.

—_
=
~

150 —— WCSPH =—— Uniform === Adaptive =—— 6-SPH

100 4

o
o
!

o
1

-50 -

Bottom-probe pressure (kPa)

-100 T T T T T T T

(b) t=0.08s t=0.16s t=0.24s

- o
0.3 {{ :ﬁ J i 08
;ﬁ 2 et 0.6
[ ] ‘ [ 4
WA ouniigotRan, o
0.2 0.6 1.0

y (m)
1030’,‘

00 T T T T T T
0.2 0.6 1.0 0.2 0.6 1.0

X (m) X (m) X (m) 0.0

Figure 16: Compact impact response: (a) pressure histories at the two bottom probes; (b) adaptive activation maps at
the selected impact times.

5.4 Scope and Balances

Across the numerical cases, the compared methods show distinct balances among pressure damping,
impulse preservation, compact impact peak response, and diagnostic density retention. Adaptive regulariza-
tion does not minimize every metric. Uniform smoothing attains a competitive RMSE against the refined
sloshing reference, but it increases high frequency pressure energy and shifts the positive pressure impulse.
The tested 6-SPH configuration gives stronger density stabilization and lower high frequency energy in the
main sloshing case, whereas its refined reference impulse error is larger and its compact impact peak response
departs more strongly from WCSPH. These results indicate that high frequency energy alone is insufficient
for judging impact pressure stabilization. A joint assessment of damping benefit, impulse preservation,
compact impact peak retention, and diagnostic density behavior characterizes the proposed module as a
response preserving pressure regularization rather than a maximum damping filter.

This balance follows from the pressure evaluation design. Because p? is introduced only in the equation
of state, the method regularizes the pressure field supplied to the momentum equation without overwriting
the raw density used for diagnostics, particle volume, or pressure gradient denominators. Such separation is
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advantageous when pressure traces contain nonphysical oscillations while free surface motion and density
diagnostics remain acceptable. Activation maps further show that the correction is guided by density
fluctuation, support count deviation, and wall proximity indicators instead of being imposed as a domain
wide filter. Although «; remains small, the Tait equation of state amplifies density perturbations into
pressure fluctuations; a limited pressure density blend can therefore reduce high frequency content without
substantially changing diagnostic density statistics.

Practical use still requires attention to validation scope and geometry. The main pressure error metrics
in this study are referenced to a refined SPH solution rather than a dedicated experimental pressure trace,
and the first-mode sloshing reference is used only as a physical scale check. The §-SPH comparison uses one
representative coefficient in the main table, so coefficient specific impulse behavior should not be interpreted
as a general limitation of §-SPH. The coordinate aligned wall distance used for the rectangular tanks does not
directly cover curved walls, internal baffles, multiply connected domains, or moving boundaries. For such
geometries, the wall factor should be driven by a signed distance field, a closest surface query, or a boundary
particle projection, with the wall length scale and support reference reassessed for the local support pattern.
Future work should extend the same pressure regularization idea to experimental impact pressure datasets,
three dimensional sloshing, hydroelastic response, multiphase flows, particle shifting schemes, and more
general wall boundary formulations.

6 Conclusions

This work developed an adaptive density regularization method for pressure evaluation in WCSPH
modeling of free surface impact flows. The method constructs a local kernel averaged density and blends
it with the raw summation density only for pressure evaluation through the Tait equation of state, while
particle mass, particle volume, pressure-gradient density denominators, and diagnostic density retain their
baseline WCSPH definitions. The fixed parameter comparison shows that the proposed method reduces high
frequency pressure oscillations in the sloshing validation case while keeping the free surface morphology,
pressure impulse, and diagnostic density close to the baseline WCSPH solution. The dam break and compact
water mass impact cases give the same qualitative response. Compared with uniform smoothing, the adaptive
coefficient avoids domain wide pressure density filtering; compared with the tested §-SPH configuration,
it gives a milder correction that better preserves response related quantities in the tested configurations.
Further work should extend the assessment to three dimensional impact cases, experimental pressure
datasets, advanced wall models, particle shifting, hydroelastic response, multiphase effects, and general
wall-distance providers for curved or baffled geometries.
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