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Abstract: Peristaltic flow is important in many biological processes, including digestion, and forms
an important component of any in silico model of the stomach. There is a clear need to verify
the simulations of such flows. An analytical solution was identified that can be used for model
verification, which gives an equation for the net volumetric flow over a cycle for an applied sinusoidal
wall motion. Both a smooth particle hydrodynamics (SPH) code (from the CSIRO), which is being
used to develop a stomach model that includes wall motion, buoyancy, acid secretion and food
breakdown, and the Ansys Fluent Finite Volume Method (FVM) solver, that is widely used in
industry for complex engineering flows, are used in this exercise. Both give excellent agreement
with the analytic solution for the net flow over a cycle for a range of occlusion ratios of 0.1–0.6. Very
similar velocity fields are obtained with the two methods. The impact of parameters affecting solution
stability and accuracy are described and investigated. Having validated the moving wall capability
of the SPH model it can be used with confidence in stomach simulations that include wall motion.

Keywords: peristaltic flow; CFD; smooth particle hydrodynamics; finite volume method; model
verification

1. Introduction

Peristaltic flow arises when a series of contraction and expansion movements prop-
agate along elastic tube-shaped structures. The fluid and/or solid content inside moves
along with the wave as it propagates. In physiology, peristaltic waves are generated by
the longitudinal and circular muscular fibers along the wall [1]. This motion is essential
in the digestive system for its role in transporting and mixing food/nutrients in the gas-
trointestinal tract (GIT) [2–6]. The peristaltic motor patterns in the human gut are very
complex and governed by multiple mechanisms and factors, including muscle activity,
the thickness of the muscularis, and muscle tissue characteristics (elasticity, contractility,
extensibility) [7–10].

In vivo studies provide the most relevant insights into the digestion process due to
the complexity and inter-person variabilities of the digestion system. Researchers usually
use animal models to study digestion because human subjects are not easy to recruit,
experiments are hard to perform and to get measurements from, and complex ethical
approval is required [11]. Even though animal models are often used as an alternative
to humans [12–15], they do not necessarily accurately reflect the human situation and
still require strict ethics approval and specific technical skills. Therefore, in vitro models
(e.g., test tube-based or similar) are designed to replicate the digestion process. These
experimental studies are constructed with an aim to replicate the fluid flow conditions,
shear stresses and complex chemistry in the GIT. Detailed reviews of in vitro digestion
models are provided by Li et al. [16], Zhong and Langrish [17], Bornhorst and Singh [11],
Dupont et al. [18] and Hur et al. [19]. In vitro models allow control of many factors
that cannot be controlled in the in vivo system [11], which affords a better systematic
understanding of individual factors.
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However, these experimental systems can be hard to design to replicate local flow
and concentration fields that occur in the body and can be very hard to customize to
represent in vivo scenarios. With the massive improvements in numerical methods and
computing power over the last few decades, in silico methods have the huge advantage
that local data can be obtained for all variables, such as velocity, pressure, and species
concentration [3,4,6,20–23]. Therefore, if a suitably accurate computational model of an
in vivo system can be constructed, the in silico results can provide insights into the in vivo
system behavior. Although the primary aim is to understand in vivo behavior, in silico
models can guide in vitro experimental design after being validated by data from the
in vitro model. This synergistic approach is important in model developments that utilize
in silico models that benefit from the verification work performed here. Ultimately, the
in silico and in vitro work will lead to in silico models that can simulate the full digestion
process happening in the human stomach.

In the past two decades, many numerical models of this process based on Compu-
tational Fluid Dynamics (CFD) methods have been developed. Models have been built
for different parts of the GI tract, including the esophagus [24], stomach [4,25,26] and
intestine [3,20–23,27,28]. These models provide valuable insights into the flow pattern of
the digestion content, which is not easily quantified in both in vivo and in vitro studies.
In the early developed models, single-phase fluid was simulated with various densities
and viscosities. Recently, multiphase flow simulations (including with free surfaces and
particles) have been implemented and improved by Sinnott et al. [3] and Harrison et al. [4].
Some models also include gastric secretion [6] and electrophysiology [27]. The developed
models have demonstrated their capability and high potential in simulating this complex
system but, to date, lack systematic validation for replicating physical outcomes. It is there-
fore important to verify and validate the components of established models to demonstrate
their accuracy and stability.

An analytical solution [29], described later, can be used to calculate the detailed
peristaltic-induced fluid motion for an idealized tube geometry. However, numerical analy-
sis is needed to understand complicated systems, such as the intestine and the stomach,
which involve the combination of fluid flow, free surfaces, complex boundary conditions,
and solids content. The capability of SPH in simulating the digestion model has been
demonstrated in the intestine models developed using the CSIRO SPH code [3,20–23,28]
and the stomach model developed by Harrison et al. [4]. Peristaltic flow is a fundamental
component of all these models, and it is therefore useful to validate computational mod-
els for this process and then to perform additional validation as more physics is added,
knowing that the underlying moving wall flow model is well validated.

The main aim of this paper is to validate the accuracy of the smooth particle hydrody-
namics (SPH) method when applied to the peristaltic motion of a single-phase Newtonian
fluid. Once the model is validated for this simple system, it will provide a high level
of confidence for other applications, where peristalsis is involved in more complicated
systems. The Finite Volume method (FVM) is also employed in the study and acts as a
comparison approach. Compared with the novel mesh-free SPH method, FVM is a tradi-
tional mesh-based method that has been well-established for decades [30]. By comparing
the performance of both numerical methods, their accuracy and efficiency can be explored.

2. Analytical Solution

Several studies have investigated flow in a tube during simplified peristalsis driven by
a moving wall [1,29,31,32]. Under constrained flow conditions the flow field and pressure
distribution can be calculated from the amplitudes of the wall deformations only. In this
study, the analytical solution of Shapiro et al. [29] is used to validate the numerical models of
peristalsis. A continuous sinusoidal wave train moving in one direction along the tube axis
with a constant speed is used to determine the instantaneous shape of a moving boundary
wall on a tube of uniform initial diameter. The applied motion generates a volumetric flow



Fluids 2023, 8, 6 3 of 21

which can be compared with analytic results. An illustration of the fluid-filled tube, which
has a deforming wall that is one wavelength long, is shown in Figure 1.
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In the simulations, the wavelength λ of the imposed wave is specified, which is related
to the wavenumber by:

k =
a
λ

(1)

where a is the radius of the tube. Using these definitions, a Reynolds number can be formed as

Re =
ρac
µ
× a

λ
(2)

where c is the speed of the imposed wave, µ is the dynamic viscosity and ρ is the
fluid density.

The analytical model assumes a continuous train of waves and inertia-free fluid flow,
which requires two criteria to be met. Firstly, the wavenumber (k), which is the ratio of
the radius to the wavelength, should be close to zero, as it is assumed to be zero in the
analytical solution. Under this condition, the transverse velocities and pressure gradients
are negligible compared with their longitudinal counterparts. Secondly, the Reynolds
number (Re), which gives the ratio of inertial to viscous forces must be close to zero, as it is
again assumed to be zero in the analytical solution.

From Fung and Yih [1], the equation for the imposed peristaltic waves is:

b(x, t) = aφ sin 2π

(
x− ct

λ

)
(3)

where b(x, t) denotes the wall deformation in the radial direction, x is the longitudinal
location, t is time and φ = b/a is the amplitude ratio, which is set to a range of 0.1 to 0.6,
corresponding to occlusions of 10% to 60%, deemed to be sufficient given the purpose of
this study.

The effect of changing the amplitude ratio, φ, on the fluid flow is investigated. In the
analytical solution, the fluid is assumed to be incompressible. The fluid flows through the
tube with constant static pressure at the tube boundaries. The dimensionless time-average
volumetric flow rate (

.
V) is a good measure of the flow behaviour and is dependent on the

amplitude ratio (φ) [29]:
.

V =
φ(4 + φ)

2 + 3φ2 (4)

3. Setup of the Numerical Model
3.1. Physiological Parameters

The physiological data for the human ureter [1] are used in the peristalsis model
developed in this work. As shown in Table 1, the input parameters include the tube
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dimensions, the characteristics of the imposed motion and the properties of the fluid inside
the tube. Both the wavenumber and Reynolds number are close to zero as required.

Table 1. Parameters used in the numerical models.

Geometrical Dimensions

Radius a 0.001 m
Length L 0.05 m

Peristaltic Waves Characteristics

Wave speed c 0.03 m/s
Wavelength λ 0.05 m

Amplitude ratio φ 0.1–0.6

Fluid Properties

Dynamic viscosity µ 0.01 Pa·s
Density ρ 1000 kg/m3

Conditions

The ratio of tube radius to wavelength k 0.02 (close to 0)
Reynolds number Re 0.06 (close to 0)

The nodes on the boundary are displaced radially according to the profile given by
Equation (3) in both the SPH and FVM simulations. The wall location used in the simulation,
H(x, t), is determined from the imposed wave motion given by b(x, t) (Equation (3)) with
the inclusion of a ramp to start the simulation gradually to prevent mesh distortion:

H(x, t) = a
(

1 + min
(

t
ti

, 1
)
× φ sin 2π

(
x− ct

λ

))
(5)

where ti is the ramp time, set to λ/c. Results before time ti are not included when calculating
the averaged flow rate.

The following equations are applied to convert the equations into Cartesian coordinates.

θ = tan−1
(

z
y

)
(6)

y = H(x, t) cos(θ) (7)

z = H(x, t) sin(θ) (8)

where y and z are the transformed coordinates in a Cartesian coordinate system.
The problem described above is next set up and solved using both SPH and FVM

so that the results can be compared for the same geometry, boundary conditions and
fluid properties.

3.2. SPH Model

In the SPH approach, the Navier–Stokes equations are used to solve fluid dynamics
problems, with particles representing discrete “lumps” of fluid, that are tracked in a
Lagrangian framework. The formulation of the model results in a set of ordinary differential
equations describing the motion of fluid particles [33]. More details of the method can be
found in Monaghan [34,35] and Cleary et al. [20,33]. The CSIRO SPH code [36] is used in
this study.
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To obtain values of quantities such as density and velocity at a given point, data must
be obtained from the surrounding region. The interpolated value of a function A at a point
r, is the sum over all particles within a radius of distance related to h from point r [34]:

A(r) = ∑
b

mb
Ab
ρb

W(r− rb, h) (9)

where Ab is the value of A at rb, mb is the mass of fluid particle b, and W is an interpolation
kernel function with a smoothing length of h evaluated at a distance |r− rb| from the
position of interest. In this work, h is set to be 1.2 times the initial particle separation
distance, ∆x. The concept of a smoothing kernel is shown in Figure 2 below.
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The kernel is essential to the entire method as it is used for the calculation of both
spatially interpolated values and gradients. The effect of three different kernels is examined
in this work for the same smoothing length. The dimensionless distance used in the kernel
is defined as

∆ =
rab
h

(10)

where rab is the distance between particles b and a.
The quartic spline kernel [37] is used for the base case in this study

W(rab, h) =
1

20πh3


(2.5− ∆)4 − 5(1.5− ∆)4 + 10(0.5− ∆)4, ∆ ≤ 0.5

(2.5− ∆)4 − 5(1.5− ∆)4, 0.5 ≤ ∆ ≤ 1.5
(2.5− ∆)4, 1.5 ≤ ∆ ≤ 2.5

0, ∆ ≥ 2.5

(11)

The fifth-order Wendland kernel [37,38] is also studied:

W(rab, h) =
7

85.336πh3

{
(2− ∆)4(1 + 2∆), 0 ≤ ∆ ≤ 2

0, ∆ ≥ 2
(12)

as well as the cubic spline kernel [35,39]:

W(rab, h) =
1

πh3


1− 3

2 (∆)
2 + 3

4 (∆)
3, ∆ ≤ 1

1
4 (2− ∆)3, 1 ≤ ∆ ≤ 2

0, ∆ ≥ 2
(13)

A comparison of the kernel shapes is shown in Figure 3. To display them the dimen-
sionless kernel W(rab, h)h3 was plotted as a function of the normalized distance.
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From Figure 3 several important observations can be made:

(1) The value of any variable at a given point depends on all particle values inside a
sphere of radius nh centred on that point. In SPH this is usually referred to as a kernel
having compact support with radius nh. For the cubic and Wendland kernels n = 2,
and for the quartic kernel n = 2.5. Therefore, for any given particle configuration the
quartic kernel involves summation of more particles over a greater spatial extent than
the other two.

(2) The kernels give different relative weighting to particles closer to the point of interest.
This impacts not only the value but also the gradients of variables.

The gradient of the function A is obtained by differentiating Equation (9):

∇A(r) = ∑
b

mb
Ab
ρb
∇W(r− rb, h) (14)

The conservation equation for mass can then be formulated as [34,40]:

dρa

dt
= ∑

b
mbvab·∇aWab (15)

where ρa is the density of fluid particle a, t is time, vab = va − vb, is the relative velocity
between particles a and b.

The fluid pressure can then be calculated based on the particle density. Although the
analytic solution is derived for an incompressible fluid, a weakly compressible approach is
adopted here and is configured to have low compressibility. This approach is applied by
introducing an equation of state of the form:

P = P0

[(
ρ

ρ0

)Υ
− 1

]
+ Poff (16)

where P is the fluid pressure; P0 is the pressure scale factor; ρ is the particle density; ρ0
is the reference density, set to 1000 kg/m3 for water in this work; Poff is a background
pressure that is added to avoid negative pressure values.

Weakly compressible SPH is designed for free surface flow prediction [34] with an
essential component being the ability of diverging fluid (which has a negative pressure
when calculated by Equation (16) when Poff = 0) to create new free surface. In a fully
enclosed expanding flow this will allow unphysical internal void formation. However,
the analytical model assumes that the tube content is a single-phase fluid without internal
free surfaces. The equation of state therefore needs to be adapted to ensure that P > 0
throughout the tube and for the entirety of the simulation. This is achieved by including
a pressure offset, Poff, which is sufficiently large to guarantee that the pressure remains
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positive. Since the fluid dynamical force only depends on the pressure gradient, the addition
of such a constant has no other effect aside from ensuring the positivity of the pressure.

The effect of this offset pressure in the current work is very important, as shown
in Figure 4. Without the offset pressure voids are created, which are not present in the
single-phase flow being modelled here. A background pressure of 100 Pa is found to be
sufficient to ensure P > 0 and therefore inhibit this internal free surface generation and is
used for all cases.
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Figure 4. Addition of a background pressure is used to prevent void formation. The contours show
velocity, but the key point is the breakup of the fluid in the top picture is avoided when the offset
pressure is present.

The pressure scale factor P0 in Equation (16) is given by

γP0

ρ0
= cs

2 = (10V)2 (17)

where γ is 7, which is a material constant defined for water [41]; cs is the local speed of
sound, which needs to be large enough to make sure the density variations are small and
the fluid is close to incompressible, but it also needs to be low enough to avoid the need for
unnecessarily small timesteps [41] (see later); cs needs to be at least 10 times larger than the
characteristic fluid velocity in the flow field (V), which corresponds to a Mach number of
0.1 or smaller and gives a density variation of less than 1% [34].

The conservation equation for momentum becomes:

dva

dt
= −∑

b
mb

[(
Pb

ρ2
b
+

Pa

ρ2
a

)
− ξ

ρaρb

4µaµb
(µa + µb)

vab·rab(
r2

ab + η2
)]∇aWab + ∑

k
fak (18)

where Pa and Pb are the pressure of particles a and b, µa is the viscosity of particle a, ξ
is a calibration factor associated with the viscous term, which is calculated during the
simulation. The calculation of this factor is described in Cleary [42]; η is a small parameter
used to regularise the singularity when rab = 0. The term fak represents the particle–
wall force between particle a and wall particle k and is present only near boundary walls
(see [20,37] for details).

An explicit integration scheme [34] is used in the simulations. The timestep is governed
by the Courant condition modified to account for the viscous term to ensure simulation
stability. The details of the modification can be found in Cleary [36] and gives

∆t = min
a

(
0.5h

cs + 2ξµa/hρa

)
(19)

For this application, a constant spatial resolution h and a constant particle size are used.
Adaptive resolution can be used to improve accuracy in regions of high wall deformation,
but the simpler uniform resolution SPH is sufficient for the deformations of interest (φ up
to 0.6). For the base case simulation, a particle size of 0.10 mm is used to construct the
domain in the SPH model. The tube is filled with 158,000 particles, representing the fluid
content, with an initial spacing of 0.10 mm.

The tube wall is represented by 66,000 SPH boundary particles with a particle size
of 0.10 mm. The boundary particles are arranged with an equidistant spacing around
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the circumference and length of the tube. At each timestep, their position, velocity and
normal vector are updated using Equation (5), which are functions of time. Interaction
between boundary and fluid particles is calculated using a Lennard Jones penalty force
in the direction of the wall normal vector and a no-slip boundary condition in the plane
perpendicular to this [34]. The inlet and outlet of the tube are set to be periodic boundaries,
meaning that the velocity from the downstream boundary is applied at the upstream
boundary, so that vinlet = voutlet. The average volumetric flow rate is calculated based on
the average velocities of the particles at the mid-plane of the tube.

Once the velocity of the particles is known (from Equation (18)) their position can be
updated using Equation (20).

dra

dt
= va + 0.5 ∑

b

2mb
ρa + ρb

(vb − va)Wab (20)

The first term represents the usual dynamical behavior, whilst the second is the XSPH
smoothing term which is advantageous for solution stability [43]. Details of the solution
process used by the CSIRO SPH code are given elsewhere [36].

3.3. FVM Model

In FVM, the mass and momentum conservation equations employed for incompress-
ible flow with a moving mesh are:

∇·
(
u− ug

)
= 0 (21)

∂(ρu)
∂t

+∇·
(
ρ
(
u− ug

)
⊗ u

)
= −∇P +∇·

(
µ
(
∇u +∇uT

))
(22)

where u is the fluid velocity, ug is the velocity of the moving mesh, ρ is the fluid density, t is
time, µ is the dynamic viscosity, and P is the pressure.

The FVM model is developed using Ansys Fluent, 2022R2, a commercial software
package that has undergone extensive verification and validation [44]. Using the Ansys
SpaceClaim Meshing tools, the geometry is split into 68,000 hexahedral elements. Figure 5
shows the computational mesh generated on the tube in the longitudinal and transverse
directions. The mesh is swept between the inlet and outlet faces. Two inflation layers are
placed on the boundary. The minimum orthogonal quality of the generated mesh is 0.64,
and the maximum skewness is 0.69. The undeformed cell volume varies from 1.2 × 10−12

to 3.9 × 10−12 m3, which is equivalent to cell sizes of 0.11–0.16 mm.
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directions. (Only a short section of the longitudinal mesh is displayed).

Figure 6 shows the computational mesh in the transverse direction for the deformed
tube when φ = 0.6. The original element aspect ratio is 3:1 (Figure 5). The volume of
the cell is maintained when deformed and therefore the aspect ratio of the cells changes.
When deformed, the aspect ratio is roughly 2:1 at the widest section (Figure 6b) and 6:1 at
the narrowest section (Figure 6c), which is well inside the acceptable range for the Ansys
Fluent solver.
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The tube wall is prescribed to have a no-slip boundary condition. A diffusion-based
method is used to distribute the boundary motion uniformly throughout the interior mesh
with the number and connectivity of the mesh cells remaining constant. The inlet and
outlet of the tube are again set to be periodic boundaries. The initial values for the gauge
pressure, x, y and z velocity components are set to zero.

The transient, pressure-based solver is used with the laminar flow assumption. The
SIMPLE [45] algorithm is used for pressure–velocity coupling, with the first-order implicit
transient scheme. Gradients are determined using the least-squares cell-based method,
the pressure is determined using a second-order method, and the bounded second-order
upwind scheme is used for the momentum equation. A time step of 0.01 s is chosen
after assessing the timestep effect upon results. The simulation is run for 8000 steps for
each amplitude ratio. The maximum iteration number for each time step is set to 20,
with 5 iterations typically being needed for convergence. Convergence is deemed to have
occurred when the locally scaled root-mean-square (RMS) residual values for continuity
and the three velocity components are below 10–5.

The mass flow rate passing through the mid-plane of the tube is recorded during the
simulations. The mass flow rate is then converted to a volumetric flow rate and integrated
over time to retrieve the time–mean volumetric flow rate (Q). The integration process is
conducted using Matlab R2020a.

4. Simulation Results

Figure 7 shows the axial velocity contours on the mid-longitudinal plane for a single
wavelength and different amplitude ratios for both models. In the FVM, nodal values are
interpolated onto a longitudinal cross-sectional plane and in the SPH model data from
adjacent particles (which are disordered) are interpolated onto the plane. As the amplitude
of the wave increases, larger deformation results in faster flow through the tube. The
data show a larger region of positive flow in the expanded region and a smaller region of
negative flow in the contracted region. The positive flow region becomes much larger than
the negative region as the occlusion ratio is increased. The flow patterns achieved by both
methods show good agreement. Visually the regions of high positive and negative velocity
are slightly larger for the FVM results, principally because the gradients are higher so there
is a smaller region of the duct occupied by transition values.

The volumetric flow rate at the mid-plane from both models is recorded over time
and is shown in Figure 8 for the six levels of contraction. The quartic spline kernel is used
for the base case in the SPH model (see later). The overall patterns from both models are
very similar. The periodic behavior is established in both models after the ramp time has
elapsed and the flow pattern is smooth for all amplitude ratios.
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Figure 8. Volumetric flow rate at the mid cross-section over time: (a) SPH, (b) FVM.

After the initial ramp-up period, there is a strong forward flow with a shorter period
of reverse flow that becomes relatively less important as the amplitude ratio is increased.
The reverse flow magnitude is sensitive to the applied wave amplitude ratio. At low
amplitudes the difference between the forward and backward flow is small making the
net flow sensitive to this balance. However, as the wave amplitude is increased there is
a significant increase in the forward flow which completely overwhelms the reverse flow.
Both methods show very similar behavior.

Figure 9 compares FV and SPH results for volumetric flow rate at different amplitude
ratios over time. There is good agreement between the two methods for all the amplitude
ratios studied. The volumetric flow rates at the two extremes are slightly different with
the SPH model giving slightly higher extreme values compared with the FVM model for
all amplitude ratios. However, as the amplitude ratio increases, this difference becomes
proportionally smaller bringing the results closer together.
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Figure 9. Volumetric flow rate at the mid cross-section over time from both models.

The dimensionless time-averaged volumetric flow (V∗) recorded from both models is
then calculated based on the time–mean volumetric flow rate (Q).

V∗ =
Q

πa2c
(

2φ− 1
2 φ2
) (23)

The dimensionless results are compared with the analytical solution in Figure 10. The
volumetric flows from both models match the analytical solution very well for all occlusion
ratios. This shows that both methods are very well suited to this problem and give high
and comparable accuracy.
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5. Sensitivity Study

The influence of numerical parameters is tested here to examine the sensitivity of both
methods. In the FVM method, the resolution of a simulation is checked by investigating the
sensitivity of the results to both the computational mesh size and the timestep. In the FVM,
if the solution is independent of these, the accuracy of the results is then determined by the
order of the discretization scheme (typically for the convective term in the equation) and
level of convergence (i.e., how well matrix equations are solved) [46]. Typically bounded
second-order differencing is used for the temporal and spatial derivatives (albeit that in
some regions these must be modified to first order to preserve solution boundedness). This
is a highly researched topic and although a huge number of different schemes exist, most
software uses a set that has been tried and tested [46].

The situation is much less well-developed in the case of SPH. This arises partly because
there has been much less development of this method compared with the FVM but mainly
from the difficulty of performing detailed mathematical analysis when the data are stored
at the center of disordered particles that can be arranged in an arbitrarily complex manner
in space that evolves with the solution. Just as the results from the FVM depend on the
computational mesh and choice of the differencing scheme, the SPH results depend on the
particle size, choice of the kernel and initial particle separation as discussed earlier.

5.1. SPH Model
5.1.1. Effect of Initial Particle Arrangement

It is non-trivial to populate an arbitrarily shaped region of matter evenly with SPH
particles, which is the equivalent of generating a high-quality mesh in the FVM. Certain
arrangements are thought to contribute to lower solution quality, for example when a line
of particles is compressed perfectly along that line, they can exhibit an artificial resistance to
compression followed by a buckling failure. In this work, the aim is to fill a cylinder evenly
with a precise volume of SPH particles. Despite the tube geometry (Figure 1) being simple
in shape, it has not been established which type of particle packing will lead to optimal
results. Thus, three different particle filling approaches are examined: a cubic arrangement,
a cylindrical arrangement, and a hybrid of the two above. Here, we describe the properties
of each filling approach:

• A cubic arrangement of particles with the center of each adjacent particle located on a
cubic grid that is spaced by the particle size in each of the Cartesian directions.

• A cylindrical arrangement of particles with the particle centers one particle diameter
apart in the longitudinal direction and arranged in concentric rings around the longi-
tudinal axis of the cylinder that are spaced by one particle diameter and particles in
each ring approximately one particle diameter apart on the circumference of the ring.

• A hybrid of the above two approaches: a cylindrical arrangement of one ring of
particles near the boundary surface and a cubic arrangement of particles within.

The initial particle arrangements at a cross-section for the three cases described above
are shown in Figure 11. The hybrid discretization approach was used in the base case
presented above.

A cylindrical packing approach is the most obvious choice for fitting particles evenly
but is likely to lead to circumferentially adjacent particles having artificial resistance to
radial compression, rather than smoothly re-arranging as randomly located particles would.
A cubic packing is easy to implement for any arbitrary geometry but poor initial align-
ment of fluid particles with boundary particles typically occurs and often leads to non-
representative early results as boundary layers of particles are established. A hybrid of both
methods where the external surface of the fluid closely matches the boundary surface, but
the internal particle distribution minimizes any risk of artificial resistance to compression
may prove optimal and is used in the base case here for this reason.
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Figure 11. Initial particle arrangement for different assumptions.

The volumetric flow rate history over time shows very similar results for the different
initial particle arrangements. The only differences observed are during the ramp time,
as shown in Figure 12. The flow pattern for the cylindrical arrangement is less smooth
compared with the other two. For the 0.3 amplitude ratio case the cylindrical case also
shows greater reverse flow than the other two. The ease of rearrangement of the particles as
the tube contracts and expands causes these differences—with the cylindrical packing being
harder to rearrange with the cylindrical shells of particles at each radius being able to resist
deformation, as expected. The averaged flow rates resulting from the three approaches are
compared with the analytical solution in Figure 13. Only small differences are observed,
with all three approaches yielding high accuracy, as shown in Table 2.
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Table 2. Effect of particle arrangement in the SPH simulations.

Arrangement Normalized
Flow Rate

Variation from
Analytic Result

Normalized
Flow Rate

Variation from
Analytic Result

Normalized
Flow Rate

Variation from
Analytic Result

φ = 0.1 φ = 0.3 φ = 0.6

Cubic 0.207 3% 0.540 5% 0.901 0.5%

Cylindrical 0.197 3% 0.529 7% 0.903 0.8%

Hybrid 0.207 2% 0.546 4% 0.904 0.8%

5.1.2. Effect of Kernel Choice

The choice of the kernel is important in this study. A comparison between results
obtained with different kernels is given in Figure 14. It shows that the results obtained
using the quartic kernel give the best match to the analytic solution. The Wendland kernel
shows slightly worse agreement, while the cubic kernel performs the worst of these three
commonly used SPH kernels. Figure 15 shows the axial velocity contour at 5 s from the SPH
models with different kernels. The quartic kernel provides the smoothest and least diffused
pattern compared with the Wendland and cubic kernel, with this effect being most obvious
in the φ = 0.1 case, where external forcing is the smallest. Therefore, the quartic option is
the best kernel for this problem as it shows the smoothest result and the best agreement
with the analytical solution. This can potentially be explained by the shape of the kernels,
shown in Figure 3. Firstly, the quartic kernel has larger compact support (2.5h instead of 2h
for the other two) so can resolve steep gradients better. Secondly, it appears that the greater
emphasis placed on the nearest particles of the Wendland kernel compared with the cubic
kernel is advantageous in this case. The quartic kernel and to some extent the Wendland
kernel capture the boundary layer near the wall better (see Figure 15), which is important
in resolving the overall flow field, which in turn determines the net peristaltic flux.

Fluids 2022, 8, x FOR PEER REVIEW 16 of 22 
 

quartic option is the best kernel for this problem as it shows the smoothest result and the 
best agreement with the analytical solution. This can potentially be explained by the shape 
of the kernels, shown in Figure 3. Firstly, the quartic kernel has larger compact support 
(2.5ℎ instead of 2ℎ for the other two) so can resolve steep gradients better. Secondly, it 
appears that the greater emphasis placed on the nearest particles of the Wendland kernel 
compared with the cubic kernel is advantageous in this case. The quartic kernel and to 
some extent the Wendland kernel capture the boundary layer near the wall better (see 
Figure 15), which is important in resolving the overall flow field, which in turn determines 
the net peristaltic flux. 

 
Figure 14. Comparison of dimensionless volumetric flow for the SPH models with different kernels. Figure 14. Comparison of dimensionless volumetric flow for the SPH models with different kernels.



Fluids 2023, 8, 6 16 of 21Fluids 2022, 8, x FOR PEER REVIEW 17 of 22 
 

𝜙 = 0.1 

  

Quartic: 

Wendland: 

Cubic: 

𝜙 = 0.2 

  

Quartic: 

Wendland: 

Cubic: 

𝜙 = 0.3 

  

Quartic: 

Wendland: 

Cubic: 

Figure 15. Axial velocity contour at 5 s from the SPH models with different kernels. 

5.1.3. Effect of Fluid Sound Speed 
As shown in Equations (17) and (19), the local sound of speed (𝑐௦) controls the pres-

sure scale for the fluid flow and the timestep used in the model. In this work, a character-
istic velocity, 𝑉, is estimated based on the wall wave speed (0.03 m/s). 𝑐௦ for 𝜙 = 0.1 is 
set to be 20 times the wave speed, making sure the density variation is less than 1%. A 
numerical convergence study is conducted on the fluid sound speed for the different am-
plitude ratios listed in Table 3. The results are shown in Figure 16. The chosen base fluid 
sound speed is acceptable as neither decreasing nor increasing this speed has an impact 
on the simulation results. 

Table 3. Tested sound speed for different amplitude ratios. 𝒄𝒔 (m/s) 𝝓 = 0.1 𝝓 = 0.3 𝝓 = 0.6 
Base 0.60 0.68 0.79 

Lower (5% lower than base) 0.57 0.64 0.75 
Higher (5% higher than base) 0.63 0.71 0.83 

Figure 15. Axial velocity contour at 5 s from the SPH models with different kernels.

5.1.3. Effect of Fluid Sound Speed

As shown in Equations (17) and (19), the local sound of speed (cs) controls the pressure
scale for the fluid flow and the timestep used in the model. In this work, a characteristic
velocity, V, is estimated based on the wall wave speed (0.03 m/s). cs for φ = 0.1 is set to be
20 times the wave speed, making sure the density variation is less than 1%. A numerical
convergence study is conducted on the fluid sound speed for the different amplitude
ratios listed in Table 3. The results are shown in Figure 16. The chosen base fluid sound
speed is acceptable as neither decreasing nor increasing this speed has an impact on the
simulation results.

Table 3. Tested sound speed for different amplitude ratios.

cs (m/s) φ = 0.1 φ = 0.3 φ = 0.6

Base 0.60 0.68 0.79
Lower (5% lower than base) 0.57 0.64 0.75

Higher (5% higher than base) 0.63 0.71 0.83
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5.1.4. Effect of Spatial Resolution

A test of convergence is performed on the spatial resolution used in the SPH model.
The effect of four different particle sizes (0.15, 0.125, 0.1, and 0.0875 mm) is tested and the
results are shown in Table 4. As the particle size decreases, the variation of the normalized
flow rate from the analytic results decreases for the different amplitude ratio cases. As
shown in Figure 17, the results for particle sizes of 0.1 mm and 0.0875 mm are very close,
demonstrating that the solution is well converged and that 0.1 mm particle size is sufficient
for accurate prediction, with its results being very close to the analytical solution.

Table 4. Effect of particle size in the SPH simulations.

Particle
Size (mm)

Number of
Particles

Normalized
Flow Rate

Variation from
Analytic Result

Normalized
Flow Rate

Variation from
Analytic Result

Normalized
Flow Rate

Variation from
Analytic Result

φ = 0.1 φ = 0.3 φ = 0.6

0.15 77,000 0.077 62% 0.333 42% 0.583 35%

0.125 124,000 0.185 9% 0.444 22% 0.767 14%

0.1 224,000 0.207 2% 0.546 4% 0.907 1%

0.0875 320,000 0.197 2% 0.550 3% 0.903 1%
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5.2. FVM Model
Mesh and Timestep Independent Studies

A simulation with a refined mesh is made to establish mesh independence. The
number of mesh elements was increased from 68,000 to 240,000. The average element size
decreased from 0.15 mm to 0.1 mm. A smaller timestep, by a factor of 10, is used to examine
the effect of timestep on the numerical results. The results of these analyses are shown
in Figure 18. It is evident that the simulations are properly resolved using the original
solution parameters.
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6. Conclusions

Two numerical methods, FVM and SPH, are used to solve a peristaltic flow problem
and results from these are compared with the analytical solution. Simulation results show
that both methods yield very good agreement with the analytical model results across the
large range of occlusion amplitudes that are found in peristalsis. The moving wall boundary
condition results in flows in the forward and reverse directions. As the occlusion ratio
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increases the forward flow component increases much faster than the negative component
resulting in a significant increase in the net flow rate.

The results of both approaches depend on the resolution of the simulation and the
choice of solution settings used, but with sufficient resolution, both methods tend to an
asymptotic result that matches the analytic model. The spatial resolution in the FVM model
depends on the mesh size, while in the SPH model it depends on the chosen particle size.
Both methods gave resolution independent results for the base case. In the FVM model, the
mesh was refined near the wall but in the SPH model a constant particle size was used.

The dissimilar underlying methodologies of the two solvers meant that different
assumptions were made in the two approaches. The FVM model assumed incompressible
flow, used implicit time-stepping and solved a Poisson’s equation to determine the pressure
field. The SPH method assumed a weakly compressible flow, and uses an explicit time
integration method, which required a characteristic numerical sound speed to be set based
on the expected flow velocities to obtain the pressure field. Despite these differences, both
methods gave the same well-resolved solution for the cases presented, in terms of the
transient flow history, the net flow over a cycle and the local velocity fields. This work
also highlights the very different experience that is needed for use of these complementary
solution methods.
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