Multibody Syst Dyn
https://doi.org/10.1007/s11044-021-09784-y

®

Check for
updates

On the use of multibody dynamics techniques to simulate
fluid dynamics and fluid—solid interaction problems

M. Rakhsha' - L. Yang' - W. Hu! - D. Negrut!

Received: 1 July 2020 / Accepted: 15 February 2021
© The Author(s), under exclusive licence to Springer Nature B.V. part of Springer Nature 2021

Abstract A multibody dynamics-based solution to the fluid dynamics problem is compared
herein to two established Lagrangian-based techniques used by the computational fluid
dynamics (CFD) community. The multibody dynamics-based solution has two salient at-
tributes: it enforces the incompressibility condition through bilateral kinematic constraints,
and it treats the coupling with the solid phase via unilateral kinematic constraints. The
multibody dynamics-based solution, called herein the Kinematically Constrained Smoothed
Particle Hydrodynamics (KCSPH) method, is a Lagrangian approach to solving the CFD
problem. It relies on the Smoothed Particle Hydrodynamics (SPH) method to discretize the
spatial differential operators in the Navier—Stokes equations, and on the Newton—Euler equa-
tions of multibody dynamics to convect the SPH particles forward in time. We show that the
multibody dynamics-based approach is efficient and accurate by comparing its performance
with the two most commonly used SPH algorithms in the CFD community: the weakly com-
pressible SPH (WCSPH), and the implicit SPH (ISPH) methods. The comparison is carried
out in conjunction with four tests: an incompressibility benchmark test, dam break, floating
cylinder, and sloshing tank. We conclude that KCSPH is a robust alternative to conventional
CFD approaches for fluid—solid interaction (FSI) problems with complex/moving bound-
aries. The solvers and models used herein are publicly available in an open-source software
called Chrono; the implementations use GPU (for WCSPH and ISPH), and multicore CPU
(for KCSPH) parallel computing.
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1 Introduction

In this contribution we assess a recently developed CFD method [44], which draws on multi-
body dynamics solution techniques, against two classical approaches used in the Lagrangian
CFD field: the weakly compressible SPH (WCSPH) method, and the implicit SPH (ISPH)
method. Smoothed Particle Hydrodynamics [22, 41] is a meshless CFD approach to spa-
tially discretize the mass and momentum balance equations [45]. SPH is attractive since: (i)
it conveniently handles free-surface problems because unlike Eulerian methods, it eschews
the interface tracking task that would require the solution of an extra transport equation,
e.g., volume of fluid and/or level set [14, 32]; (ii) it interfaces well with the numerical so-
lution of the solid mechanics and multibody dynamics problems, which almost always are
also approached in a Lagrangian framework [6, 54, 59, 78]; (iii) owing to its Lagrangian
nature, SPH avoids difficulties encountered in Eulerian CFD methods, such as treatment of
the nonlinear advection term or mass conservation; (iv) it can handle highly transient FSI
problems, where impulsive and nonsteady state dynamics come into play, potentially in a
coupled-dynamics framework that involves the motion of solids; and (v) it shows promise
for multiphase flows at high density ratios [37, 50, 69, 75]. On the downside, SPH: (a) loses
second-order accuracy [58] unless a consistency-enforcing step is taken in its numerical so-
Iution [21, 29, 61, 73]; (b) poses challenges with, and requires careful treatment of boundary
conditions [2, 27, 38].

KCSPH is inspired by work reported in [44], where the incompressibility is enforced
via holonomic kinematic constraint equations asserting that the density assumes a reference
value py at the location of each SPH marker. This leads to large index three differential-
algebraic problems that have as many kinematic constraints as particles in the SPH solution,
i.e., from tens of thousands to millions of holonomic constraints. In addition to the presence
of these bilateral (equality) kinematic constraints induced by the incompressibility attribute
of the flow, the presence of solid boundary conditions and the solid—fluid coupling calls for
the use of unilateral (inequality) kinematic constraints that are equivalently posed as comple-
mentarity conditions [66]. Owing to the presence of both equality and inequality constraints,
KCSPH relies on the solution a quadratic optimization problem typically encountered in
multibody dynamics with friction and contact [51]. Of the three SPH methods discussed
herein, WCSPH is the only one using a state equation to relate the pressure to density, see,
for instance, [3]. The time integration is typically explicit and carried out via Runge—Kutta
or predictor—corrector methods, see, for instance, [40]. The combined use of an explicit time
integration scheme and a stiff incompressibility-enforcing state equation limits the size of
the time step. In fact, the more one insists on incompressibility, the shorter the time step
and thus the longer the simulation time. This drawback prompted the development of ISPH
formulations, see, for instance, [16]. In ISPH, the pressure may be regarded as a mechan-
ical property (Lagrange multiplier) thus shedding its thermodynamical nature (equation of
state) manifest in the WCSPH approaches. Moreover, as far as the derivation of the pres-
sure equation is concerned, many ISPH methods are at their core projection methods [13],
i.e., the pressure is obtained from a Poisson equation at every time step, see, for instance,
[64]. Solving a Poisson equation calls for the solution of a linear system, which poses both a
computational bottleneck and a parallel implementation challenge for ISPH. However, what
one gains with ISPH, when compared to WCSPH methods, is larger integration time steps
and a more effective mechanism to enforce incompressibility.

The manuscript is organized as follows. Section 2 describes the governing equations for
fluid and multibody dynamics systems, the latter anchoring the KCSPH numerical solution.
Section 3 outlines the three SPH-based, CFD numerical methods used in this study. To that
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end, it starts with a brief overview of the SPH method in which we express the SPH space
discretization via field-independent discretization matrices. This allows for separating the
space discretization from the implementation of the time integration scheme. An overview
of the KCSPH method and its derivation from the Newton—Euler equations is provided in
Sect. 3.1. The classical WCSPH method is described in Sect. 3.2. Section 3.3 focuses on the
ISPH method. Section 3.4 concentrates on handling boundary conditions. Section 4 reports
numerical results in relation to four test problems: an incompressibility benchmark test,
dam break, floating cylinder, and fluid sloshing. In Sect. 5 we discuss perceived strengths
and weaknesses of KCSPH relative to WCSPH and ISPH, and conclude with directions of
future work.

2 Governing equations
2.1 Multibody dynamics: the equations of motion

We follow the notation used in [25] to define the configuration of the system of bodies by
a set of generalized coordinates for the position and orientation of a rigid body in the 3D
Euclidean space as r; € R? and €; € R*, i.e., the absolute position of the center of mass, and
the Euler parameters associated with orientation of body j. The Euler parameters satisfy
the normalization constraint e/T - €; = 1. Combining the set of generalized coordinates of
different bodies for a system of 7, bodies, one can write the set of generalized coordinates

. .. T
describing the system at position level as q = [r] €], ..., r,fb, e,{b] € R™ and at veloc-
T .T

ity level as q = [I‘IT e, ,, enb] e R Instead of using the time derivative of the
Euler parameters, one may choose to use angular velocities to describe the state of the sys-

. - s 7T .
tem at the velocity level by v =[], @], ..., r,{b, w;b] € R, which reduces the problem
size. The transformation from the derivatives of Euler parameters, €z, to angular velocities

represented in the body-fixed frame, @, for each body is governed by
. Lo -
€B=5G (€)@, 1

where matrix G € R*** depends linearly on the Euler parameters €. Therefore, a block
diagonal matrix L(q) = diag [I3x3, 1G" (€1), ..., L343, 1G” (€,,)] € R7"*5" is used to ex-
press via q = L(q)v, the relationship between ¢ and v, where I35 is the identity matrix
[25].

The Newton—Euler equations of motion that describe the motion of a system of bodies
interacting through friction, contact, and bilateral constraints, assume the following form of
a differential variational inequality (DVI) problem, see, for instance, [51, 70]:

q=L(q)v, (2a)
My =£(1,q, V) + Vq2(@, DA+ Y (FinDin+7ixDi +7yDiy), (2b)
icA(q,8)
0=g(q,1), (20
i€ Aq(1).8):0=7, L ®(q)>0, (2d)
('y\i,xv 5/\1}) = argmin VT (?lx Di,x + 771) Di.y) ) (26)

JG+@i 2= 7
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Fig. 1 Schematic of contact

- k-th contact
between two bodies '

where f(7, q,v) is the array of external forces; M is the constant system mass matrix;
g(q, 1) = 0 defines the holonomic constraints between the generalized coordinates q; A
represents the set of Lagrange multipliers associated with these holonomic constraints;
Vqg(q, t) A describes the reaction forces associated with the bilateral constraints in the force
balance equation; and, .A(q, §) is the set of active and potential unilateral constraints based
on the bodies that are mutually less than a gap § apart. For contact i, the tangent space
generator D; =[D;,,, D; ., D; ,] € R®*3 is defined as [51]

D’ = [0 o AT ATALE A O ... 0AT —ATALS, ... 0] ,
where A; = [n;,x;,y;]1 € R3*3 is the orientation matrix associated with contact i, A4 =
A (€4) and Az = A (ep) are the rotation matrices, and €, and €3 € R* are the Euler param-
eters associated with orientation of body A and B, respectively; the vectors §; 4 and §; 3 € R®
represent the contact point positions in body-relative coordinates as shown in Fig. 1. Above,
the operator “tilde” applied to a three dimensional vector a produces a matrix a € R**3 such
thata x b=2ab for all b € R?.

Equation (2d) expresses a complementarity condition between @, the gap (distance) be-
tween bodies A and B, and 7;,, the Lagrange multiplier for the normal (contact) force
associated with the contact i. The complementarity condition states that of 7;, and ®, at
least one is zero and the other one is nonnegative. Indeed, when the gap function is zero
(contact is present), the normal contact force is nonnegative; and, conversely, when the nor-
mal contact force is zero the gap function is nonnegative. The forces associated with contact
i can be expressed as f; y = Vinli, and f; =¥, X; + ¥, ¥;, which are the contact and
friction forces, respectively; and, ¥; , and ¥; , are the components of the friction force in the
tangent plane. The friction forces are determined based on the Coulomb dry-friction model

[66]
VT + @) <l Pins (3a)
o 7l <~/ G+ @) =l ?) =0, (3b)

Sfir-vir=—Ifirlllvirll . (30

@ Springer



On the use of multibody dynamics techniques. . .

where v; 7 denotes the relative tangential velocity between bodies A and B at the contact
point. More specifically, Eq. (3a) states that the friction force is less than the normal force
scaled by the friction coefficient. Equation (3b) states a complementarity condition. Lastly,
Eq. (3c), which involves the dot/inner product of two vectors, states that the friction force is
in the opposite direction of v; 7. Note that the constraint minimization problem in Eq. (2e),
whose first order Karush—Kuhn—Tucker optimality conditions are Eqs. (3a)—(3c), represents
one way of stating that friction is governed by the Coulomb model, see, for instance, [51].
The DVI problem stated in Eqs. (2a)—(2e) can be solved with a variety of techniques, see
[1,4,5, 10, 26, 35, 36, 43, 65, 67].

2.2 Fluid dynamics: the equations of motion

The mass and momentum balance, i.e., the continuity and Navier—Stokes equations are for-
mulated for the fluid phase as [23]

W v @
_— = = -u,
dt p
du 1 1 1
—=-V.o4+fP=—Vp+-V.7+1, 3)
e p o p
where
Oxx Tx y Txz p 0 0 Oxx + P Txy Txz
O=|Ty Oy Ty |=—pl+r=—0 p 0|+ Tyx Oy +p Ty,
Tex Ty Oz 0 0 p Tex Ty Oz tPp

is the Cauchy stress tensor; and p and 7 provide the volumetric and deviatoric decomposi-
tion of the stress tensor. The pressure p, a mechanical property of the system, is tied to the
trace of the stress tensor, p = — % (0xx + 0y, +0;). Upon adopting a Newtonian constitutive
model to express 7 = i (Vu -+ Vu’) and accounting for the incompressible flow assumption
(V-u=0), Eq. (5) leads to the following form of the Navier—Stokes equations:

du 1
—=——Vp—|—vV2u—|—ib, (6)
dt P
where v = 11/p and p are the fluid kinematic viscosity and density, respectively; f is the
volumetric force density; and u is the flow velocity.

3 Numerical solution methods

KCSPH, WCSPH, and ISPH are succinctly presented below at a level of detail sufficient to
recreate the algorithms used to generate the numerical results reported in Sect. 4. For a more
thorough discussion, particularly of a theoretical (as opposed to algorithmic) nature, the
interested reader is referred to other sources. Specifically, approaches similar to KCSPH are
discussed in [11, 19, 44]. For the class of methods that WCSPH belongs to, i.e., solutions
that resort to an equation of state for enforcing incompressibility, see, for instance, [3, 7,
12, 15, 46, 48, 54, 68]. For the class of methods ISPH belongs to, the reader is referred to
[16, 28, 33, 59, 73, 77].
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We employ SPH for the spatial discretization of Egs. (4) and (6) to approximate a func-
tion f at location r; as [47]

fay~ =3 2 rapwy, ™

jesai

where ( f); indicates the SPH approximation of f at the location of SPH particle, or marker,
i; S(i) represents the collection of SPH particles found in the support domain associated
with particle i; p; is the density p(r;) at location r; of particle j; m; = p;V; and V; =
(Zk es() W.,-k)‘1 are the mass and volume associated with marker j, respectively; W;; =
W(Ir; —r;|, h), where |r| is the length of r. The kernel function W can assume various
expressions, e.g., a cubic spline kernel for 3D problems:

2-q) -4(1-9)° 0=<g<l,

W(|r|, h) = x 1@2—¢q)3, l<g<2, 8)

5
147 h3
0, q=>2,

where, if the kernel function is located at the origin, g = |r|/ . The radius of the support
domain, x4, is proportional to the characteristic length / through the parameter «, the latter
commonly set to 2 for the cubic spline kernel.

The standard SPH gradient and Laplacian approximations assume the following expres-
sions, respectively [47]:

V@)~ (V= Y Vi(f;— fOViWy, ©)
JES()

Jfi—Ji

x|

Vi)~ (V2 f)i=2 Z Vi(ei; - ViWy;)

JjeS(i)

; (10)

where ¢;; = ﬁ and V; denotes differentiation in space with respect to the coordinates of
r; j
SPH particle i, i.e.,

2—q)P—4(1—q) 0=<g<l,
rij ow 8q _ —15r,~j %
T l4mwhiq

ViW;;

= -— —q)? 11
0= el 32 e -9, l=g<2 (D

ij
0, q=>2.

Elaborating on the concept of convergence and accuracy, if a numerical discretization
matches the first m terms of the Taylor expansion of the solution, then the numerical ap-
proximation is said to be (m + 1)th-order accurate and C" consistent. The standard SPH
discretizations have C! consistency (exact approximation of linear functions) in the interior
of the domain provided a regular particle distribution is maintained. If the particle regularity
is lost over time, the standard discretization is no longer C I consistent and corrections are
necessary to maintain the consistency order. However, once the kernel function is altered to
retain consistency, the SPH discretization will forfeit its symmetry attributes, thus losing its
conservation trait. Whereas conservative schemes are essential for discretization of the pres-
sure gradient term and pressure driven flows, consistent schemes play a more important role
in viscous flows. One side effect of using a consistent discretization is that it requires smaller

@ Springer



On the use of multibody dynamics techniques. . .

kernel support [34, 72]. Reducing this support size reduces the number of SPH neighbors
for a given particle, which is critical in implicit solvers since linear system fill-in is dictated
by the number of SPH particle neighbors. This is the rationale for using a consistent formu-
lation for the implicit SPH method discussed herein, see Sect. 3.3, whenever handling an
interior flow scenario.

The “consistent” flavor of the discretization already defined for the conservative case in
Egs. (9) and (10) assumes the expression [21, 61]:

Vi) ~=(Vf)i= Z Vi(fi = 1) Gi ViW;, (12)

jes@)

VAf) ~ (V2 f)i =2 Z [Li (e ® ViWij)] (%f] —€j- Vfi) V; (13)

JjeS@)

where “®” represents the dyadic product of the two vectors; “:” represents the double dot-
product of two matrices; G; and L;, defined differently from G(ep) and L(q) in Egs. (1) and
(2a)—(2e), are second-order and symmetric correction tensors for SPH marker i. The (m, n)
element of the inverse of G; is expressed as [21, 39, 61]:

G == Vi, Wy V. (14)

J

The 3 x 3 matrix L; is symmetric and has six unknowns obtained as the solution of a linear
system [21]. The required six independent equations may be obtained by expanding the
following equation for the upper/lower triangular elements of a 3 x 3 matrix, e.g., m =
1,n=1,2,3,m=2,n=2,3,andm =3,n=23,

ij ijoij

=" =) (Af"™el, 4 el ) (LT el N, Wi V) (15)
i

where §™" is the Kronecker symbol, and the elements of the third-order tensor A; are ob-
tained as

kmn m.n ~k
Ai :ZrijrijquVi,qujVj . (16)
J

A detailed account of obtaining the elements L; is provided in [29].

The outcome of the SPH discretization steps described above can be conveniently repre-
sented in matrix form. To that end, at the beginning of a time step one computes and stores
the discretization matrices A° and AL, which are defined differently from the ones used
in Sect. 2.1; A® and A’ arise from either the standard discretization Egs. (9)—(10), or the
consistent discretization of Eqs. (12)—(13). For instance, working with Eq. (10), (V2 f); can
be expressed as follows:

(V2f)i =AM,
T

f:[fl, f fP],

AiL:[..., Zz_jes(i)vj(eij’viwij)ﬁ, ey —ZVj(eij’ViWij)ﬁ, ],
ith element jthelements.t. jeS(i)
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where the subscript P denotes the number of SPH particles in the domain. Similarly, the
gradient of a scalar field (V f); and divergence of a vector field (V - u); may be computed
from Eq. (9) as follows:

AC®
(VIi=| A7 |t (17)

AY:
(V-u); =A%, + A7 u, + A, (18)

T
f=[f. fo. ... fr] . (19)
wo=[@), @ ... @or]. (20)
uy = [(Lly)l, (uy)27 LN} (My)P]T ) (21)
T
uZ:[(uz)l, ()2, ..., (“z)P] s (22)
where
AiG’C:[..., _Zjes(i)vjvi.lvvijs ey VjViA,lWijv ]7 (23)
AP =[ =Y ieso ViViaWi. o ViViaWy, L, (24)
AP =[. = Xiese ViViaWii. .. ViViaWy, L, (25)
AP =[.... —XiesoyViViWi. ... ViViwy, o, . (26)
N ——
ith element jthelements.t. jeS(i)

The same approach can be used to obtain the discretization matrices for the consistent dis-
cretization of Egs. (12)—(13). The system level matrices A® and A’ are obtained as:

(Vi (ViR (VF):
V£, \v4 y V £)2
wrr = | Y Caen = | YT Caon g | YT | Cae
(Vf)p (VI)Yp (V)
(27)
(V-u):[(V-u)l, (V-u)y, ..., (V'“)P]T:AGxux-i-AGyuyﬁ-Aqum (28)
AIG’C AIG) AIGZ
AGX AGy AGZ
AC= | T L A= AT (29)
AL A ING
(V2f)=A"f, (30)
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VA =[(V2f (V) e (V21 31)
A}
Aj

Al=| "7 |. (32)
Al

This allows for the space discretization of the Navier—Stokes equations in the x, y, and z
directions, per Eq. (6),

duy ~ 1 AGx L b
G R AT P VAU A+ fY

T~ —L1A%p+vAlu, + £l (33)

du; _1AGz L b
=~ pA p+vAtu, + f7,

where
p=[p. P2 ..., pp]T, (34)

is the vector of pressures, and u,, u,, and u, were defined in Eq. (22).
3.1 The KCSPH algorithm

The KCSPH draws on a thermodynamically consistent SPH discretization [20] that leads to
an index-3 set of differential algebraic equations (see Sect. 2.1) describing the motion of the
fluid markers. The SPH particles can be regarded as 3 degree-of-freedom point-masses con-
strained in their motion. Collectively, these kinematic constraints capture the incompress-
ibility of the fluid and couple the relative motion of the SPH markers. Notably, the effect of
these constraints comes into the momentum equations as well. Indeed, the Lagrange multi-
plier forcing term that arises from the compressibility constraint acts as the pressure gradient
term in the momentum balance equations [11, 19, 20, 44].

The cornerstones of WCSPH and ISPH were, respectively, the use of a stiff state equation
for recovering the pressure, and the use of a Poisson equation to produce a pressure field that
enforces incompressibility. In KCSPH, the defining aspect is the use of holonomic kinematic
constraints to enforce incompressibility; at the location of SPH marker i, the density should
assume a reference value py:

Pi — Po
Lo

c/ =

1

=0. (35)

If the time-derivative of the constraints in Eq. (35) is satisfied at the velocity level, i.e.,
=dp/dt = 0, the following will emerge after applying Eq. (7), i.e., invoking the SPH

machinery:

'_f_i(&_ Zm]dW,j_ijdW,jdr,j

Yodt py po dt po dri;j dt

m;
= Z—'Vz‘Wz‘j(Ui —u;)
7 Po

= > VW ). (36)
; Lo o
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Above, if p; & pg, the last term mimics —(V - u);, see Eq. (9). Elements in row i of the
constraint Jacobian matrix Vqg(q,?) = G (see Eq. (2b)) are associated with the constraint
g=C lf = 0. These entries in G may be obtained via Eq. (36) as follows:

¢! = Z p—jvi Wiju; — Z p—‘/Vi Wiju; =
0 0

J J
1 m;

Gi,‘ = — kaVWik and Gij = ——'Vi W,‘j. (37)
Lo e Lo

Each density constraint on a marker contributes to a single row in the full Jacobian matrix
which has 3P columns. This matrix is sparse and its rows have three values at the columns
corresponding to the current marker i and three values for each marker j within the support
domain of i. More specifically, for row i,

1 m:
Gi:["" p_OZjGS(i)mkviVVii’ ey —p—éV,WJ (38)

Y

ith element jthelement s.t. jeS(i)

It is informative to compare Eqgs. (38) and (26) to underline similarities between the con-
straint Jacobian row G; and the discretized gradient operator A°. Qualitatively, the density
constraint Jacobian matrix is similar to the discretized gradient operator — satisfying Gu =0
is the analog of V - u=A%u, + A“u, + A%u, =0 (see Eq. (18)). This connection be-
tween G and A comes further into play when one considers how the pressure factors into
the Newton—Euler equations of motion. Imposing the kinematic constraint C/ = Gq = 0
leads to the presence of a Lagrange multiplier. The multipliers in Eq. (2b) play a role similar
to that of the pressures. This becomes clearer when the force term associated with the La-
grange multipliers in Eq. (2b), i.e., (ng(q, t))TA is written as GT A, where the connection
between the G matrix and the discretized gradient matrix AC is considered. It follows that
KCSPH replaces the pressure gradient term — %AGp in the space-discretized Navier—Stokes
(Eq. (33)) with GT A. Considering the resemblance of A® and the —G matrices, we con-
clude that the Lagrange multipliers scaled (element-wise) by the particles’ volume (A/V)
provide the mechanical pressure p in the Navier—Stokes equations.

Note also that the derivation of the constraint Jacobian in the KCSPH formulation
(Eq. (36)) leads to the conservative discretization discussed in Eq. (9), which as discussed
before lacks consistency. Up to this point, the KCSPH discussion focused exclusively on
obtaining the SPH equations of motion in the form of Sect. 2.1’s differential-algebraic equa-
tions. In other words, the spatial discretization step has been accomplished. How to dis-
cretize and solve in time these differential algebraic equations goes beyond the scope of this
manuscript and the interested reader is referred to [44].

3.2 The WCSPH algorithm

The cornerstone of WCSPH is its use of a state equation to obtain the pressure from density:
at particle/marker i,

Pi
pPi = (k|u|max)2(p_ - l) + po, (39)
0

where k|u|n,x is a sound speed proxy; |u|m.x is the magnitude of the maximum velocity in
the domain; k£ = 10 is an empirical scaling factor; and py and p, are reference values. The
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density update may be obtained from the time integration of the continuity equation Eq. (4)
using the space discretization of the velocity divergence from Eq. (28)

n

pn+1 — P _ n AGx AGy AGZ. 40
T——<p-( u, +A"u, + A% u) >, (40)
where p" = [ 005 Pls -vns pp]T is the system level vector of markers’ density at the
current time step, and ¢ =< a - b > indicates the element-wise product of vector a and b.
Shepard filtering [15] may be periodically applied when dealing with free surface problems
for density reinitialization. The time integration used is of predictor—corrector type:

ﬁn+1/2 =u"+ &an

redictor stage 207

(p g ) {I—.n+l/2:rn+%un,
+1/2 _ At znt1/2
u” / =u" + 7an / ,

(corrector stage) {r" HU2 g g2
= S .

Finally,

1 1/2
un+ =2un+/ _un7

(update stage) { T

Above, a" is the system-level vector of accelerations at time step n; its components in the x,
v, z directions are obtained from the space discretization of the Navier—Stokes as:

(a%)" = — LAY+ v(AL) i+ £,
@) =—LADy'p" + v ALy + £,
(@) = —L(A%)p" + vALy W + £,
Likewise, a"*!/? in the corrector stage is obtained using X"*'/2, u"*!/2, and the associ-
ated discrete representation of the gradient and Laplacian operators, i.e., (A%)"+!/2 and

(AL)"“/ 2 As far as the time step At is concerned, its size is constrained on numerical
stability grounds by the following condition [40]:

. h h? I
Atﬁmln{O.ZS , 0.125—, 0.25 /—}. 41
k|“|max v |fb|

Above, the first term corresponds to the CFL condition and is the place where the “numerical
stiffness” of the state equation in Eq. (39) comes into play. Specifically, the higher the k&
value, the lower the amount of allowed compressibility, and, at the same time, the smaller
the time step. The second restriction in Eq. (41) appears due to the explicit treatment of
the viscous term and restricts the time step by a factor that is inversely proportional to the
viscosity — the higher the viscosity, the lower the time step. More importantly, the second
restriction is also proportional to 42, which significantly and adversely impacts the time
step when a finer particle distribution is employed. The last restriction is due to the explicit
treatment of the external (body) forces. Ultimately, these relatively stringent bounds on the
time step Ar prompted the search for alternative SPH-based approaches, e.g., ISPH and
KCSPH.
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3.3 The ISPH algorithm

ISPH alleviates the time step constraints hindering WCSPH at the price of solving a linear
system of equations at each time step. It draws on the Helmholtz—Hodge decomposition and
Chorin’s projection method [13] to integrate the continuity and the Navier—Stokes equation
as:

(u*_un) _ v VZ * VZ n fb Q
(prediction) A VWAV +E, xe, “2)
=0, xe€0d,
(un+1 _ ll*) 1
——_V n+1 Q
(correction) At P prs X e . (43)
V.utl =0,

Equation (42) is the predictor step used to find the intermediate velocity u*. Taking diver-
gence of Eq. (43), the Poisson equation for pressure may be obtained as follows:

V.outl —v.u* 1
— = V?prtl (44)
At P

The incompressible flow equation, V - u"*! = 0, can be used to simplify Eq. (44) to

lVzanrl = —V o
P At

VP"Jrl - Ny =0.

)

(45)

Once the above Poisson problem is solved for pressure, Eq. (43) may be used to find u"+!
as

1
un+1 — _At_vle-l +u* .
P

The algorithm described above is known as the velocity-based projection version. How-
ever, when working with free-surface flows, it is beneficial to use a density-based projection
method [8, 64] to account for the density variation experienced by the SPH particles in the
proximity of the free surface. The continuity equation is then used to replace the velocity
divergence term VA'—';* in Eq. (45). The semidiscrete continuity equation corresponding to the
prediction state is

—p
At

— 'V (46)

Using the right-hand side of Eq. (46), one may write Eq. (45) as

* n

1p—p
ot A2 47)
Vp"t - nlae =0,

lv2pn+l —

which takes into consideration the density variation as a source term in the Poisson equation.
Following an approach similar to that introduced in [8], we use a stabilization of the source
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term in the Poisson equation to linearly combine the right-hand sides of Eqgs. (45) and (47):

lvzp"H PV Al i (1 —a) " w
(pressure equation) 0 o Ar? At (48)

vpn+l . nlBQ =0.

This stabilization technique turned out to be critical in simulations where the difference
between the actual p and reference density py is large. Typical « values are small, similar to
the order of magnitude of the kernel characteristic length.

The above time-discretized equations may be combined with the space-discretization of
Eqgs. (27) and (30). The space-time discretized ISPH equations are as follows:

(tl — %AL) ut = (il + %AL) u' + fb,  particles € Q,

(&1-3A8)ur = (L1+ 34 wi+ f2, particles € @,

(49)
(il — %AL> r= (il + %AL) u’ + f2, particles € Q,
=0 onod<,
Lprgrrt —q LEIZPT (g gy AT AT AT,
P =a L rd-w :
P pr At At (50)
Vp"th - njye =0,
n+1 *
(ux+A— ux) — _lAprnJrl,
! Y
n+1 _ g%
(lly lly) _ _lAGyan’ (51)
At o
(u§+l — llj) — _lAGz n+1
At

Several key observations pertaining the ISPH method implemented are summarized as
follows:

— The Crank—Nicolson discretization of the viscous term in Eq. (42) leads to a nondiagonal
coefficient matrix (ﬁl — %AL) in Eq. (49). Had one chosen to treat the viscous term in
Eq. (42) explicitly, i.e., vV?u" instead of %(Vzu* + V?u"), the coefficient matrix of the
linear system in Eq. (49) would have become A%I, i.e., a diagonal matrix. Yet, this choice
that makes the linear solving trivial, would constrain the time step At owing to the explicit
treatment of the viscous term, which imposes the time-step restriction of At < 0. lZS%,
see Eq. (41).

— The x, y, and z directions in Eq. (49) use the same coefficient matrix, which simplifies
the implementation.

— A modification that proved particularly useful at small Az pertains a scaling of the pres-
sure by a factor Ar? in the Poisson equation, and by 1/A¢? in the correction step Eq. (51).
In other words, we compute pAt> when solving the Poisson equation, and subsequently
scale the pressure in the correction step Eq. (51) by a factor of 1/A¢>.
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3.4 Handling of boundary conditions

Herein, imposing boundary conditions (BCs) falls back on the use of so-called boundary
conditions enforcing (BCE) markers. These are fictitious markers, rigidly attached to the
boundary in a buffer zone that runs several layers of BCE markers deep. These markers are
used to enforce the no-slip and no-penetration conditions, i.e., to satisfy the u* = 0 condition
on the boundary. This condition is implemented differently in WCSPH, ISPH and KCSPH.

In one widely used approach [2], the expected kinematic attributes of the markers, calcu-
lated from the motion of the solid phase at the location occupied by the markers, are different
from their assigned values. The latter are calculated such that the no-slip and no-penetration
boundary conditions are implicitly enforced at the fluid—solid interface. The no-slip con-
dition states that the velocity of the BCE markers should oppose the velocity of the fluid
particles such that the average relative fluid—solid velocity at the interface is zero, i.e., the
average velocity at the interface is the expected interface velocity. Herein, the induced ve-
locity i, at the position of marker a is computed from the velocity of the fluid markers
as

Y wWy
~ _ beF

W, =
Z Wab ’
beF

(52)

where F denotes a set of fluid markers that are within the compact support of the BCE
marker a. The no-slip condition holds if (@, + u,)/2 = u}; in other words, the assigned
velocity of marker a is [2]:

uazzug—ﬁa N (53)

where u} is the expected wall velocity at the position of the marker a, and 1, is an extrapo-
lation of the smoothed velocity field of the fluid phase to the BCE markers.

The pressure of a BCE marker may be calculated via a force balance condition at the
wall interface, which leads to [2]

> psWa + (g8 —al) - X porasWap
__ beF beF

Pa= )
Z Wab
beF

(54

where g is the gravitational acceleration and a7 is the acceleration of the boundary/solid at
the location of BCE marker a.

Note that the boundary condition treatment discussed above is based on a force balance
argument and is conservative but not consistent. One may rely on interpolation methods dis-
cussed in [30] to retain consistency close to the boundaries. This approach is fairly straight-
forward to implement in WCSPH - one can modify the velocity and pressure of the BCE
markers according to Egs. (53) and (54), respectively. In regard to the ISPH method, (i) the
no-slip boundary condition is implemented in the linear system of Eq. (49); and, (ii) pres-
sure boundary conditions should be incorporated into the linear system in Eq. (51). In regard
to (i), the modified row of the linear system associated with the boundary marker a for the
velocity equation Eq. (49) is

Aluy =20y Wap,  Abuy =20ul)e Y Wap, Abw =2y Wap, (55
beF beF beF
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vo__
Ar=[... ZWe, .. Wos . (56)
——
——
ath element bth element s.t. beF and €S(a)

In regard to (ii), the interplay between Eqs. (50) and (54) leads to

Arp=(g—al)- > pprasWa, (57)
beF
Ar=[., XWa, . W] (58)
beF
——
ath element bth element s.t. beF and €S(a)

Note that instead of Eq. (54), one can enforce at the boundary the condition that the pres-
sure satisfy Vp"*! . n|yq = 0, which mimics the traditional Eulerian handling of pressure
boundary conditions. Insofar as the discretized pressure equation is then concerned, the row
in the linear system in Eq. (50) that corresponds to boundary particle a will read

Py —
Alp =0,
G
) — . G
Aa_[n-, bZFAab na, cees Aab'nu s ]
= —_—
ath element bth element s.t. beF and €S(a)

Above, A% € R? is the bth element of discretized gradient matrix AS (see Eq. (26)), n, is
the surface normal vector at the position of particle a, and p was defined in Eq. (34).

The fluid—structure forces on the boundary markers may be obtained from the pressure
and viscous forces acting on a boundary marker a according to the momentum balance
equations as follows:

F, :mudﬁ =m, (V' — lwa;*‘). (59)
dt P

In the discrete sense, similar expressions as the ones discussed in Eq. (33) may be applied
to the right-hand side terms to obtain the contributions of the fluid domain on the structure.
Finally, KCSPH handles boundary conditions via multibody dynamics techniques [44].
The no-penetration condition between SPH markers and boundaries is enforced just as in
multibody dynamics, i.e., via unilateral constraints (see Eqs. (2d)—(2e)). This strategy allows
for (i) strict (per SPH particle) enforcement of the no-penetration, and (ii) more flexibility
in terms of the geometry of the boundary. On the downside, in the current implementation
this strategy can only be used to enforce the no-penetration condition but not the no-slip,
which is unlike WCSPH and ISPH. In its current implementation, this limits the KCSPH ap-
proach to problems where the boundary layer effects are negligible compared to the pressure

gradient and the inertia terms.

3.5 Particle shifting

The advection of SPH particles can lead to scenarios characterized by high particle disorder
and/or regions with high particle depletion/plenitude. Maintaining the accuracy and stability
of the SPH method under these circumstances requires mitigating measures, one being par-
ticle shifting. The latter calls for retiring a particle only to introduce it back in a consistent
fashion, slightly away from the previous location and the streamlines in order to improve the
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uniformity of the SPH particle distribution. Particle shifting in conjunction with an ISPH-
type implementation was used in [77] and subsequently reported to be effective in [72]. It
has also been used in conjunction with a WCSPH-class implementation in [63]. The shifting
vector is computed for particle i as:
2 Lij
Or; = Bryumax At Z

JES(@)

Iy

where ry = NL, DI, umax is the maximum velocity in the domain, At is the integration

J
time step, and B is an adjustable dimensionless parameter determining the magnitude of
the shifting vector. At the end of each time step the position of particle i is shifted by
x!'" =x; 4 ér;. Accordingly, the field variable p;, p;, and u; are updated as:

1

new

P =pi+Vpi-dri, p=p+Vp-ér;, and u” =u; + Vu;-dr;.

4 Numerical experiments

The objective of this contribution is to compare KCSPH, a multibody dynamics-based so-
lution, against two established CFD methods, WCSPH and ISPH. To that end, two sets of
numerical experiments were carried out in this study: a first set was concerned with ensuring
that our WCSPH and ISPH implementations were sound. This set of experiments is of lesser
relevance; as such, it was moved into the Appendix. Therein, WCSPH and ISPH are vali-
dated in the context of a Poiseuille flow in Appendix A.1; and for a flow around a cylinder in
Appendix A.2. This section reports on the second set of numerical experiments, in which we
compare KCPSH against WCSPH and ISPH in conjunction with four tests chosen to probe
complementary aspects of the CFD solution. A “fluid-at-rest” test was chosen to gauge ef-
fectiveness in enforcing incompressibility; the dam break probed the effectiveness of each
solution for a free-surface problem that displays high transients; the floating cylinder prob-
lem was selected to assess the ability of WCSPH, ISPH, and KCSPH to handle fluid—solid
interaction phenomena; and small amplitude sloshing was chosen since it had an analytical
solution.

We use the standard SPH discretizations without particle shifting for the compressibility
test, the dam break, and the sloshing experiments. This is mainly due to the limitation of
the standard particle shifting method for free-surface problems. We use particle shifting in
ISPH and WCSPH for the Poiseuille flow and the flow around cylinder experiments in order
to maintain regular particle distribution. Finally, consistent discretizations are used in ISPH
for the Poiseuille flow and the flow around cylinder experiments to reduce the number of
neighbors and the computational costs of the pressure solver. All simulations were run in
3D using an open source code called Chrono [56] that is publicly available on GitHub [57].

4.1 The “fluid-at-rest” compressibility test

In this experiment we monitor the time evolution of the density for a fluid stored in a rectan-
gular container of dimensions 1.1 m x 1.1 m x 1.2 m (length/width/height). This “fluid-in-
a-bucket” test probes the free surface handling by the Lagrangian approach that underpins
WCSPH, ISPH and KCSPH, as well as the ability to enforce incompressibility. The model
consists of 11000 fluid SPH particles.
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Fig. 2 Time variation of the average compressibility offset for the KCSPH method (Color figure online)
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Fig. 3 Time variation of the average compressibility offset for the WCSPH method (Color figure online)

Finally, Fig. 2 reports KCSPH results. Setting aside the initial transients, KCSPH en-
forces incompressibility better than ISPH. This goes back to Eq. (35), which imposes in-
compressibility in KCSPH assertively. WCSPH is lacking this mechanism. Instead, an indi-
rect, “penalty” approach controls compressibility by a stiff equation of state that penalizes
density drift. One could draw a parallel between WCSPH and a widely used approach to
handling contact forces in granular dynamics, in which one uses a stiff penalty force to en-
force no-penetration conditions (a proxy for volume preservation, or incompressibility) at
the mutual contact point between two elements [17]. Just like in the case of WCSPH, the
penalty approach in contact mechanics requires small integration time steps for numerical
stability. For granular dynamics, a comparison of an assertive (kinematically constrained)
approach vs. a penalty approach is reported in [55].

Figure 3 reports WCSPH results for the same test. In line with expectations, compared
to ISPH, a smaller time step is required by WCSPH to remain below the 1% compression
threshold. This is explained by the numerical stiffness introduced by the equation of state
in Eq. (39), which translates into a small integration time step size owing to the conditions
in Eq. (41). The higher the value of the maximum velocity or k parameter, the higher the
stiffness, and thus the smaller the time step at which the simulation can proceed stably. As a
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Fig. 4 Time variation of the average compressibility offset for the ISPH method (Color figure online)

rule of thumb, an WCSPH step-size 10 times smaller than the ISPH time step was noted to
lead to comparable levels of errors in the two solvers. This is offset by the observation that
one WCSPH time step is markedly more inexpensive than an ISPH one owing to the latter
solver requiring the solution of a Poisson problem.

Finally, Fig. 4 reports the history of the average compression for ISPH, which reaches
1% compression at relatively large step size (At = 0.01 s). The 1% compression threshold
was selected to be in line with results reported elsewhere, e.g., [9].

4.2 Dam break

Lagrangian methods such as SPH use the dam break benchmark test to assess the per-
formance of fluid solvers in conjunction with a high transients, free-surface problem
[14, 32, 42, 59, 76]. The fluid domain is a rectangular prism of size 2.0 m x 0.5 m x
1.0 m consisting of 64000 SPH particles that are placed on a regular lattice at + = 0 s.
The reference density and viscosity are py = 1000 kg/m? and 1 = 0.001 Pas. The gravity
g=-98m/ s? is applied in the z direction. The KCSPH, WCSPH, and ISPH results are
compared from two perspectives: (i) the fluid front position over time, and (ii) the roll up
and the second splash — two characteristics highlighted in previous studies [2, 14]. Figure 5
shows the fluid front position as a function of time. While the KCSPH solution slightly over-
estimate the front speed (no dissipation term is implemented in KCSPH), nearly identical
front propagation is predicted by WCSPH and ISPH. With regard to the roll-up and second
splash characteristics, all three methods predict well these two hallmark features of the dam
break experiment, see Fig. 6. In terms of pressure profiles, it is practically less challenging
to obtain smooth distributions via ISPH method, mainly due to numerical and physical dis-
sipation aspects involved in the solution. In the KCSPH method, the pressure field is defined
by the Lagrange multiplier of the constant density constraints, and similarly to WCSPH
method, it is in general noisy owing to the index 3 DAE solution approach employed by
KCSPH. See Sect. A.2 for a more detailed discussion on comparison of pressure profiles.

4.3 Fluid-solid interaction: a floating cylinder problem

This experiment was used to compare the methods in conjunction with a 3D scenario that
displayed ample fluid—solid boundary movement. It may be regarded as a simplified prob-
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Fig. 5 Comparison of R
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lem that, in more complex forms, is conspicuous in several fluid—structure interaction ap-
plications in coastal and offshore structures, e.g., renewable energy devices and caissons.
A cylindrical object of radius » = 0.12 m and length L = 0.2 m is released from the height
h = 0.25 m above the surface of a tank of water at = 0 s. The dimension of the fluid domain
is 1.0 m x 1.0 m x 0.2 m (widthxheightxdepth). The gravity g = —9.8 m/s? is applied
in the y direction. The reference density and viscosity of the water are p = 1000 kg/m?
and = 0.001 Pas. The density of the cylinder is p;, = 0.7p, which turns it into a floating
structure.

The cylinder oscillates until its initial potential energy damps out. The steady-state so-
lution of this problem is given by Newton’s second law and basic hydrostatics. Indeed, the
upward buoyant force exerted on the body should balance the weight of the object, i.e.,
ps8V = 62.0. Figure 7 illustrates the vertical position of the cylinder and the vertical com-
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Fig. 7 Upward buoyant force imparted over time by the fluid to the floating cylinder (left) and the position
of the cylinder over time (right) (Color figure online)

ponent of the fluid—structure interaction forces and shows that all methods close in on the
stead-state solution approximately 6 s into the simulation.

The variation of the vertical position of the cylinder is fairly smooth for all three meth-
ods and the discrepancy between the steady-state results is less than the SPH kernel length
employed for the three methods. Note, however, that the forces predicted by WCSPH and
KCSPH are noisier than ISPH. Many aspects of the underlying numerical methods of each
approach contribute to such transient discrepancy. From the discretization standpoint, the
number of particles within the kernel support, as well as the kernel function itself are the
main contributing factors. From the integration standpoint, the numerical dissipation of the
time integrator as well as the treatment of the pressure equation play important roles. For
instance, the diffusion nature of the Poisson equation solved in ISPH has a smooth effect
to the pressure field, while the state equation used in WCSPH is stiff and contributes to the
noise in the pressure field. As seen in Fig. 7(right) though, after a transient phase, all solvers
are settling on the same steady state configuration.

4.4 Sloshing

Sloshing probes the ability of a CFD solver to handle a free-surface problem that experiences
lower frequency transients (when compared to the dam break). In this experiment a fluid
container undergoes a forced vibration motion according to x = X sin(2xw ft), where ¢ is
time, and f and X, are the frequency and the amplitude of the vibration, respectively. The
analytical solution of this problem under the inviscid flow assumption was discussed in [18]
and involves a set of natural frequencies w, defined as

wi=Qn—-n (ﬁ) tanh |:(2n - D <ﬁ):| )
w w

where n is the mode number, g is the value of the gravitational acceleration, w is the tank
width, i.e., the tank dimension in the direction of oscillation, and # is the height of the fluid
at rest. The analytical amplitude F,, of the net force exerted by the fluid on a sloshing tank
in a forced vibration can then be expressed as

N
Fy, w tanh[2n — Dwh/w] Q2
0 1+SE; TR o

Above, Q@ =2nf is the frequency of the oscillation and m; is the mass of the liquid. The
exerted force on the container in the horizontal direction is expressed as Fy = F, sin(2n f1).
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Fig. 8 Sloshing experiment: Comparison of fluid—structure interaction force along the axis of periodic mo-
tion (Color figure online)

We compare the KCSPH, WCSPH, and ISPH approximations with the analytical solution
for the following problem: the dimension of the domain (w x b x h)is 1.2 m x 0.4 m x
1.7 m and the fluid density is py = 1000 kg/m?3. The gravity g = —9.8 m/s? is applied in
the z direction. The numerical model is comprised of 98k SPH markers, which are placed
on a uniform Cartesian lattice at = 0 s. The frequency and amplitude of the vibration are
settobe f =0.75 s7! and X, = 0.1 m. Figure 8 reports the sloshing force exerted on the
container over time.

Ignoring the initial transient period, all methods predict the dynamic interaction forces
with reasonable accuracy. We attribute the initial discrepancy between the numerical and
the analytical solutions to the fact that the simulation tank starts its motion from rest; hence
the initial condition of the simulation is different from the analytical solution, the latter
only reported in the steady-state regime. However, the initial transient motion is damped in
approximately 1 s. As shown in Fig. 8, the steady-state solution of ISPH closely matches the
analytical solution; the steady-state solution of the WCSPH slightly overpredicts whereas
the KCSPH solution underpredicts the analytical result.

5 Discussion, conclusions, and future work

This effort set out to gauge the performance of a multibody dynamics-based approach to
fluid dynamics, by comparing it with two classical Lagrangian CFD approaches: (i) WC-
SPH, which uses an equation of state for pressure along with explicit time stepping; and (ii)
ISPH, which falls back on a Poisson problem to enforce incompressibility with Chorin-style
time stepping. KCSPH enforces incompressibility via kinematic constraints that assert the
constant value of the density; a half-implicit symplectic Euler integrator is used for time
stepping.

KCSPH vs. WCSPH, and ISPH: implementation aspects. The three methods discussed were
implemented in an open source simulation engine called Chrono [56, 71]. WCSPH and ISPH
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Table 1 Dam break, qualitative

information: solver execution method  Af (s) simulation time (s) average time per step (s)
times for the first, high transients,
second of the simulation WCSPH 1.0 x 1074 1646 0.17

WCSPH 2.5 x10™* 682 0.17

ISPH  1.0x1073 1692 1.69

ISPH  50x1073 369 1.84

KCSPH 1.0x 1073 1523 1.52

KCSPH 5.0x 1073 531 2.65

leveraged GPU computing through CUDA [52]; KCSPH used multicore parallel computing
via OpenMP [53]. The amount of effort required to implement these solvers in software was
quite different. Implementing the WCSPH solver was easier than ISPH, which was easier
than KCSPH. ISPH requires the solution of a sparse linear system on the GPU; such a solver
is not readily available and herein the implementation resorted to Krylov subspace iterative
methods such as BICGSTAB and GMRES [62]. A memory-efficient solver requires sparse
storage of the underlying systems (see Eqgs. (56) and (58)). Assembling and solving these
sparse linear systems made the ISPH implementation nontrivial. KCSPH was more chal-
lenging to implement since it required at each integration step the solution of a constrained
quadratic optimization problem, see [44]. This optimization problem was posed in hundreds
of thousands of variables — as many as SPH particles used in the formulation and its solution
was found using a Nesterov-type method [43].

KCSPH vs. WCSPH, ISPH: solution robustness. Due to the coupling they establish between
the field variables, KCSPH provides equally robust solution as ISPH. Owing to the integra-
tion scheme used in KCPSH and ISPH, the velocity and pressure/density are coupled more
tightly than in WCSPH, where pressure depends only on the density. Specifically in KC-
SPH, the pressures, which are a proxy of the Lagrange multipliers for the density kinematic
constraints, are coupled with the velocity in a fully implicit sense.

KCSPH vs. WCSPH and ISPH: quality of numerical solution. A simple answer to the ques-
tion “which method provides better quality results?” is difficult to produce as multiple fac-
tors come into play in determining the quality of the solution, e.g., the particle resolution,
the consistency vs. conservancy dichotomy, the decision to use or not particle shifting, the
size of the time step, the nature of the problem solved, etc. In general, ISPH turned out to be
easier to set up and get good results with. It is robust (non-finicky) and for a given simulation
time budget it provides better quality results. One stumbling block is that ISPH requires a
sparse linear solver. WCSPH, particularly for the inconsistent version, usually yields more
noisy results — this also came through in the flow-around-the-cylinder test. KCSPH shows
great potential (short simulation times, see discussion below), but it is a new method and it
its current implementation needs further work to address modeling (handling of viscosity,
no slip boundary conditions), and numerical solution (scalability) aspects.

KCSPH vs. WCSPH, ISPH: solution time. While an efficiency comparison between KCSPH,
WCSPH, and ISPH falls outside the scope of this contribution owing to the sheer scope of
such an undertaking, we considered insightful to provide timing results to understand, in-
sofar as order of magnitude is concerned, how long an SPH simulation would take. The
problem considered was the dam break simulation of Sect. 4.2. There was no attempt to op-
timize the WCSPH, ISPH, and KCSPH implementations. Implemented in Chrono, WCSPH
and ISPH rely on GPU computing; KCSPH draws on OpenMP. Table 1 shows gualitative in-
formation regarding the first second of simulation of the dam break problem. All 3D solvers
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used 215000 SPH markers. WCSPH takes smaller step sizes due to the explicit time step-
ping. However, its effort per time step is both step-size independent and cheaper than for
ISPH or KCSPH. For the latter two, given the iterative nature of the solution process, higher
computational costs are incurred for larger step sizes. Note that even for the same integration
time step, the amount of time required to converge at different points in the ISPH/KCSPH
simulation might be different owing to the difference in the number of iterations that the
underlying linear system/optimization solvers require to converge. Note that at small time
steps, for a highly accurate solution, KCSPH is the faster method.

KCSPH vs. WCSPH and ISPH: where applicable. WCSPH is the method of choice for
many single-phase and free-surface CFD problems such as the dam break and Poiseuille
flow. ISPH is a better choice when more complex physics, e.g., vortex shedding, boundary
layer separation, etc., are present. This is the case for problems like flow around cylinder
and flow over backward facing step at higher Reynolds numbers (Re &~ 10?-10°). ISPH is
also the solver of choice for FSI problems with relatively simple boundary geometries. On
the other hand, KCSPH leverages multibody dynamics approaches, which opens the door to
monolithic frameworks for more involved FSI problems, e.g., fording scenarios with com-
plex vehicle models (wheeled, tracked) [44]. Indeed, imposing ISPH or WCSPH boundary
conditions on a complex mesh, e.g., a vehicle, requires a uniformly generated point cloud,
whereas KCSPH does not have this restriction and is more flexible in terms of boundary
condition enforcement.

KCSPH, WCSPH, ISPH: connections to other physics. The inspiration for the KCSPH
method used in this study is a granular dynamics solution approach. Indeed, WCSPH has
a granular dynamics twin in the discrete element method (DEM) [17]: in DEM, there is a
penalty force associated with violating the no-penetration condition; in WCSPH there is a
penalty force (pressure) tied to the violation of the incompressibility condition. However,
there is a second class of granular dynamics methods that belongs to the family of com-
plementarity formulations, or differential variational inequality approaches, in which the
no-penetration condition is enforced by kinematic constraints, see, for instance, [66]. KC-
SPH is in fluid dynamics the twin of the complementarity approach in frictional contact
multibody dynamics. Continuing this granular dynamics—fluid dynamics parallel, the ana-
log of the contact force in granular dynamics is the pressure in fluid dynamics. Another
salient point in this analogy is that the pressure in ISPH is the analog of the Lagrange mul-
tiplier that enforces the p(¢#) = py in KCSPH, made clear in this contribution by casting
the SPH spatial discretization in a matrix—vector form. This is unsurprising given that in an
incompressible, Newtonian fluid model the pressure is devoid of a thermodynamic meaning
and instead becomes a mechanical attribute of the flow. For Newtonian fluids though, the
analogy ends here — while for a Newtonian fluid the shear force only depends on velocity,
in granular dynamics the friction force is tied to the contact (normal) force through a yield
condition that caps the former at a value equal to the normal force scaled by u, the friction
coefficient, fr < uf,.

KCSPH: what comes next. There are several directions in which KCSPH needs to be im-
proved. First, KCSPH should be endowed with support for computing viscous forces. In its
current implementation, it only handles inviscid flows. Second, our KCSPH implementation
needs a mechanism to enforce no-slip boundary conditions. No-slip could be implemented
through the friction between the SPH particles and the boundary; or, by kinematically con-
straining the motion of particles via bilateral constraints. Third, ongoing work is focused
on improving the particle shifting, a development that will benefit KCSPH but is applicable
to a broader class of SPH approaches when handling free surface flows. Preliminary results
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in this direction are reported elsewhere [31]. Likewise, it remains to carry out a more sys-
tematic analysis of the capabilities of the new method for FSI applications by using a more
thorough set of benchmark results as described, for instance, in [74]. Lastly, KCSPH is only
implemented to leverage parallel computing using multi-core hardware via OpenMP. For a
fair comparison, it should be implemented on the GPU, just like WCSPH and ISPH.
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Appendix: Verification and validation of ISPH and WCSPH
A.1 Poiseuille flow

Due to the absence of the pressure gradient term, this test is often used to validate the ac-
curacy of the viscosity model in the Navier—Stokes equations. The problem is set up as
follows: A rectangular domain of fluid with dimensions 1 m x 0.2 m x 0.08 m (in the
direction of flow, width of the channel, depth of the channel) consisting of 24000 SPH
particles is subjected to a body force f, = 0.01 m/s? in the positive x direction. Boundary
conditions enforce periodic boundary at the left and right, as well as at the front and back,
patch pairs of the domain. The top and bottom boundary conditions are no-slip velocity, see
Eq. (53). The fluid is accelerated by the body-force and reaches to a steady-state parabolic
velocity profile. The analytical solution of this problem is given by [49]

£
uc(y,t)= ,02 “y(y-L)
"
o 4plfy|L? [y Qn+ D*r’p
S Zn+1 = = Py, 60
+Zun3(2n+1)3sm 7 2n+1) )exp I (60)

n=0

where pg = 1000 kg/m?, i = 1.0 Pas and L = 0.2 m. The WCSPH and ISPH results show
a close match with the velocity profiles obtained from the analytical solution as shown in
Fig. 9. The time required for reaching steady-state solution is assessed according to the
change in the maximum velocity. The relative difference between the maximum velocity at
t =50 s and r = 100 s is 0.0001%, making the solution at t = 50 s a good approximation
of the steady-state solution for most practical purposes. The average error of the velocity in
the flow direction at = 50 s is 0.1% and 0.7% for ISPH and WCSPH, respectively. The nu-
merical error associated with the spatial and temporal discretization decrease by increasing
the resolution and decreasing the time step, respectively. The standard discretizations (see
Egs. (9)-(10)) are used in the WCSPH formulation along with larger kernel support radius
to maintain the spatial accuracy, while the consistent discretization (see Eqgs. (12)-(13)) is
applied in the ISPH formulation. A more in-depth discussion on the accuracy of the dis-
cretization method was presented in [30].

A.2 Flow around cylinder

In the Poiseuille flow example, the flow field was the outcome of an interplay between in-
ertia, viscous, and body forces. The “flow around cylinder” test is used to verify the ISPH
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Fig. 9 Velocity profile of 0.06
transient Poiseuille flow obtained
from numerical simulation of
WCSPH, ISPH, and series
solution at different times
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Fig. 10 Comparison of the steady-state velocity profiles predicted with WCSPH (left) and ISPH (right)
(Color figure online)

and WCSPH implementations in a scenario in which pressure gradient effects in the Navier—
Stokes equations are not negligible. In this test, the cylinder of radius 0.05 m is positioned
at the center of a rectangular domain of height 0.4 m and length 1.0 m. No-slip bound-
ary conditions are applied to the top and bottom walls while periodic (cyclic) conditions
are maintained at the left (inlet) and right (outlet) patches. A constant body force f,=1.0
m/s? is applied in order to balance the viscous force. The density and viscosity are set to
p0=10.0 kg/m? and p=0.1 Pas. The simulation time-steps are 107> s and 2 x 10~ s for
the ISPH and WCSPH methods, respectively; the models use 36000 SPH fluid markers. Fig-
ure 10 illustrates the steady-state velocity predicted by WCSPH and ISPH; the profiles are
nearly identical to each other and also to an FEM-generated solution whose plot is not shown
here but reported in [60]. In contrast, the WCSPH and ISPH pressure fields are markedly less
similar. As shown in Fig. 11, which reports the pressure fields on fixed grids, the results are
qualitatively but not quantitatively similar. The quality of the ISPH pressure solution was su-
perior (based on a comparison with a FEM approach [60]), an aspect that can come into play,
for instance, in acoustics applications. We also note that there is no unique ISPH solution
for pressure when solving the Poisson equation under pure Neumann boundary conditions
— in fact, the pressure solution is unique up to a constant. In other words, in the absence
of Dirichlet boundary conditions, pressure is a relative quantity in the Navier—Stokes equa-
tions. Whereas the reference (minimum) pressure for WCSPH is often set to zero, in ISPH,
we choose the pressure solution with the average value of zero. Consequently, the difference
between the legend of the plots in Fig. 11 has no real significance as long as the difference
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Fig. 11 Comparison of the steady-state pressure profiles predicted with WCSPH (left) and ISPH (right)
(Color figure online)
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between the solutions is a constant offset that only indicates a reference pressure. Note that
the choice of the reference pressure does not affect the gradient of the pressure, which is the
quantity that comes into play in the Navier—Stokes equation.

Herein, the expression used for the drag coefficientis C, = (H;P%, where F, is the drag
force magnitude along the x axis, p = pp and U = 1 m/s are the reference density and veloc-
ity, and A is the frontal area of the cylinder. Comparing drag coefficient results is insightful
since this exercise provides a macro-scale perspective that, while looking past micro-scale
fluctuations, captures emergent behavior of practical relevance. In Fig. 12, where a Finite
Element Method (FEM) analysis provides the “ground truth”, ISPH and WCSPH show dif-
ferent drag coefficients at the onset of the simulation yet the steady state solutions are in
good agreement — the relative error of the time-averaged drag coefficient over the last 2 s of
the simulations is 6.4%. We posit that two reasons contributing to these discrepancies are:
(i) the different time-integration schemes used in the formulations (see Sects. 3.3 and 3.2),
each with its own amount of numerical damping [24]; and (ii) the vastly different treatment
of the pressure by the two formulations.
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