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ABSTRACT

Peristaltic pumping is the primary mechanism of food transport in the human intestine. Intestinal contents are often modeled as power-law
fluids with low-behavior indices (n < 1). Peristaltic flows were studied for periodic contraction waves (L// = 1) with infinitely long wave-
lengths (1/D — o0) in the Stokes flow regime (Re — 0). However, the peristaltic flow generated by an isolated contraction wave with a short
wavelength at nonzero Reynolds numbers is more relevant to physiological conditions. In this study, we investigated the peristaltic transport
of a power-law fluid with a low behavior index of n=0.21 at nonzero Reynolds numbers up to Re =10, generated by a single short contrac-
tion wave. First, we investigated the analytical solution for the peristaltic transport of the power-law fluid for /D — oo and Re — 0. The
analytical solution shows that the discharge flow rate of a power-law fluid generated by a single contraction wave is much smaller than that
of a Newtonian fluid (n = 1). Next, we investigated the peristaltic transport for Re <10 using the cumulant lattice Boltzmann method. The
numerical results demonstrate that the discharge flow rate for the power-law fluid sharply increased owing to the inertia effect. The power-
law fluid induces an asymmetric flow field with respect to the contraction wave at smaller Reynolds numbers than Newtonian fluids. The
inertia effect was increased by the sharpness of the contraction wave. These results suggest that intestinal contents can be transported more
quickly by an isolated contraction wave with a shorter wavelength when the contents have low consistency indices or when the contraction
wave has a large propagation velocity.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0122182

I. INTRODUCTION

Peristaltic pumping is the mechanism of liquid transport generated
by contraction waves along deformable channels. In the human intes-
tine, chyme transformed from food is transported by peristaltic motions
of the intestinal wall for digestion, absorption, and excretion. Peristaltic
transport is also observed in other organs, such as the esophagus, stom-
ach, and ureter. The most fundamental research on peristaltic flow is
analytical solutions based on the lubrication theory. Shapiro et al.’
derived an analytical solution for the peristaltic flow of Newtonian fluids
for periodic contraction waves with infinitely long wavelengths at zero
Reynolds numbers. Li and Brasseur” modified the classical lubrication
theory model to investigate peristaltic flow generated by contraction
waves with arbitrary wave numbers and channel lengths. Intestinal con-
tents are often modeled as power-law fluids with low-behavior indices.”
Shukla and Gupta® extended the theory of Shapiro et al.' to power-law
fluids. They demonstrated that when the behavior index decreases, the
amount of transported fluid decreased slightly. Power-law fluid flow

through peristaltic channels with arbitrary axisymmetric shapes has also
been investigated analytically. Srivastava and Srivastava’ and Chaube
et al® investigated the peristaltic flow of power-law fluids through a
nonuniform peristaltic channel. Misra and Pandey” studied the effect of
single and train expansion waves on peristaltic transport of power-law
fluids. Avvari® considered trade-off between the power consumption to
propel power-law fluids and the local longitudinal shortening.

These analytical solutions are applicable to the Stokes flow
regimes. However, if we assume that the diameter of the intestine is
D ~ 50-75 mm,”"? the maximum peristaltic velocity is C ~ 30 mm/s,’
density is p ~ 10’ kg/m’, consistency index is k ~ 1-3000 Pa s”, the
behavior index is n ~0.21,° and the Reynolds number reaches
Re ~ O(1) at most. Analytical solutions are also valid for infinitely
long wavelengths, but some contraction waves have wavelengths
similar to or shorter than the diameter of the intestine. Agbesi and
Chevalier,''  for example, reported short wavelengths of
A/D ~0.5-1.5 in the mice hindgut and chicken embryonic midgut.
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In addition, the previous studies considered periodic waves, but
contraction waves are often isolated in the intestine. Shikaya et al."”
for example, visualized isolated contraction waves in the chicken
embryonic gut. Thus, peristaltic flow generated by a single contraction
wave with short wavelength at nonzero Reynolds number is more rele-
vant to physiological conditions.

Recent studies have partly demonstrated the inertial effect on
the peristaltic flow of power-law fluids.'” '* Peristaltic transport by
an isolated contraction wave has also been studied.”'"'® In addition,
some studies focused on the dynamics of particles in peristaltic
flows."” ' However, the peristaltic flow of power-law fluids with
low-behavior indices is not fully understood. Motivated by the
above, we investigate the peristaltic transport of a power-law fluid
with a low-behavior index #n =0.21 at Re < 10, generated by a single
contraction wave.

We present a computational framework for simulating the peri-
staltic flow of power-law fluids with low-behavior indices based on
the lattice Boltzmann method (LBM).”’ The LBM does not directly
solve the pressure and velocity fields and is efficient for parallel com-
puting and complex wall boundaries. Furthermore, for power-law
fluids, the shear rate is estimated locally using the LBM distribution
function without finite differences. This benefit was first highlighted
by Ginzburg.”' However, the LBM for power-law fluids presents two
difficulties in terms of numerical stability. First, the diffusion num-
ber (non-dimensional viscosity) can easily exceed the stable range in
low-shear-rate regions. Second, the diffusion number (relaxation
time) may be extremely small in high shear rate regions. Gabbanelli
et al.”” presented a truncated power-law model to limit the maxi-
mum and minimum viscosities. An improved LBM for power-law
fluids was also developed in which additional forcing operators or
reconstructed distribution functions were introduced.” *” Stabilized
LBMs, such as multi-relaxation-time (MRT) LBM and cascaded
LBM, have also been used for this problem.y’ % The numerical con-
ditions were also studied by Conrad et al.”” However, the LBM for
the peristaltic transport of power-law fluids has not yet been estab-
lished. In this study, we propose a numerical method based on the
cumulant LBM.”

The remainder of this paper is organized as follows: In Sec. 11,
we describe the problem statement and the numerical methods. In
Sec. 111, the analytical solution of the peristaltic flow is investigated
for /D — oo and Re — 0, where 4/D denotes the wavelength rela-
tive to the channel diameter. In Sec. IV, we present the numerical
results to clarify the effects of A/D and Re on peristaltic flow. Finally,
we discuss our results with a focus on physiological conditions in
Sec. V.

Dp/2

scitation.org/journal/phf

Il. NUMERICAL METHODS
A. Geometry

We consider the three-dimensional flow of power-law fluids
driven by peristaltic contraction in a circular channel of length L and
diameter D (Fig. 1). A contraction wave of wavelength / propagates
with contraction ratio D,/D and wave speed C. The wave shape was
determined by a sinusoidal function. The shape of the channel at posi-
tion X and time # is expressed as follows:

D/Z—& 1+ 2—n(X—Ct) (—%<X—Ct<%)
H(X,t) = 4 ) 2= =2)

D/2 (otherwise).
1)
In this paper, the position and velocity vectors in the laboratory frame
are denoted by X = (X, Y,Z) and U = (U, V, W), and those in the
moving frame are x = (x, y,z) and u = (u, v, w). These parameters
are transformed by the following equations:
x =X —Ct,
u=U-C,

2

y=Y, z=1Z,
w=W. (3)

v=1V,

The shape of the channel in the moving frame is expressed as follows:

D/Z—&(l-i— 2—”) (—%< <%)
h(x) = 4 cos T 2=%=2) @

D/2 (otherwise).

Physical quantities are summarized in Table I.

B. Governing equations

The governing equations are the Navier—Stokes and continuity
equations for incompressible fluids as follows:

p<88—lt]+U-VU):V~a, (5)

V.-U=o0, (6)

where p denotes the fluid density and & denotes the stress tensor. The
stress tensor is obtained as follows:

where p denotes the pressure, 1 denotes the apparent viscosity, and E
denotes the rate of strain tensor. The rate of strain tensor is obtained
from the velocity gradients as follows:

y |

FIG. 1. Wall geometry of the peristalsis. D denotes the channel diameter, R = D/2 denotes the channel radius, and L denotes the channel length. D, denotes the amplitude

of the contraction wave, and 4 denotes the wavelength.
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TABLE I. Physical quantities.

Symbols Quantities

D Channel diameter

L Channel length

A Wavelength

D, Contraction amplitude

C Wave velocity

U Velocity vector in the laboratory frame
u Velocity vector in the moving frame
7] Shear rate

Re Reynolds number

p Pressure

Q Discharge flow rate

1(oU; 0U;
E;=- ! I, 8
72 (8Xj * 0X,.> ®)
The apparent viscosity of power-law fluids is expressed as follows: "'
u(lyl) = k71", ©)

where the constants k and # are known as the consistency index and
the behavior index, respectively, and } denotes the shear rate obtained
as follows:

7] = \/2E;Ej;. (10)
The governing equations are solved in the moving frame, with no-slip
boundary conditions at the wall, and zero-pressure boundary condi-

tions at both the ends of the channel. We define the Reynolds number
as follows:

Re = pCDh
u(C/D)
_ pCD
k(C/D)"!
B pC2 1D

P (11)

C. Lattice Boltzmann method

We simulated the peristaltic transport of power-law fluids
using LBM,”” as in our previous study on the peristaltic transport
of Newtonian fluids.'® The time evolution equation of the distri-
bution function fz,; for the lattice direction &,#,{ € {—1,0,1}
reads

fgng“(x7 t) :ffﬂhf(x, t) + Qiﬂﬁ» (12)
Jene(x + capr At t + At) = f (%, 1), (13)

where x denotes the position, t denotes time, c¢,; denotes the particle
velocity, and Q¢,; denotes the collision operator.

In the case of power-law fluids with a low behavior index (n < 1),
the apparent viscosity locally decreases in high shear rate regions, pos-
sibly resulting in numerical instabilities. Here, we use the D3Q27

ARTICLE scitation.org/journal/phf

cumulant model’” as a stabilization technique for numerical simula-
tions of power-law fluids. In the cumulant LBM, the collision of par-
ticles is modeled in a cumulant space. The cumulant C,p, for fz is
defined as

L oroPoy _
—h In (F(E)|z_y_z0 (14)

—————1In
o= oYl oz
where 2= (8,Y,Z) is the momentum wave number, o,f,7,
€ {0,1,2} are the indices of the cumulant, and F(Z) is the Laplace-
transformed distribution function. The collision of cumulant is
described by the following equation:

Copy =

upy = (1= 0u)Capy + 0y G (15)

where C* is the post-collision cumulant, C*? is the equilibrium value of
cumulant, and w,p, is the relaxation rate for cumulant LBM.
The second-order cumulants relate to shear viscosity; w20 = wo20
= Wpp2 = W10 = W101 = W11 = w1 = 1/7 and they have leading
influence on numerical results. The other relaxation rate can be
selected arbitrary from a range of 0-2. In this study, we set the
other relaxation parameter to 1. The post collision distribution
function f7 . is calculated by the Laplace inverse transformation of
cumulant C, ..

In conventional numerical methods, the rate of strain tensor can
be computed by finite-difference approximation using velocity data on
neighboring nodes. However, in the cumulant LBM, the rate of strain
tensor is locally discretized using the summation of the cumulant
without adjacent information.”® Then, the shear rate norm was

approximated as follows:
7| ~ \/2E(E] + (16)

where

1))
Efl = - 2_p1 (2C300 — Co20 — Con2)

1
2 (Ca00 + Coz0 + Cooz2 — ¥o00), (17)
Ey, = Ef, + 32—(;1(6'200 — Cox); (18)
By =E, + %(Czoo — Coz), (19)
E?z = *%Cum (20)
Ega = 7327(;1(:0117 (21)
E(311 = _32—6216‘1017 (22)

and ¢ denotes the artificial shear rate (ASR). The notation gy denotes
the central moment for o = f = 7 = 0. ASR was added to prevent the
apparent viscosity from approaching infinity in low-shear-rate regions.
For curved moving wall boundary conditions, interpolated-
bounce-back scheme™ is used.
In the LBM, the collision step is characterized by the relaxation
time 7. This is a non-dimensional parameter defined as follows:
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0 === u u
1072} A—A A 4 4
g v -7
-3 -
107k V—H/,, PY —=— B/C=10]

—A—— €B/C =107
—vy— &B/IC=10"

Error

10°f >/>//,, o

10k IR ] —»— e/c=10*
TP 1 —@e— n=100
10° ¢ - 1 - slope = -2
107k
10° 10? 10"
Ax/B

FIG. 2. Effect of ASR on the numerical solution of 2D Poiseuille flow for n =0.21,
where ¢ denotes the ASR, B denotes the parallel wall distance, C denotes the
wave velocity, and Ax denotes the lattice spacing. The referential diffusion number
is Dfier = 0.1. The results of a Newtonian fluid (n =1) are also provided. The
dashed line indicates second-order convergence.

1
v=_+3Df, 23)

where Df denotes the diffusion number

uAt
Df = .
f pAx?

(24

For power-law fluids, the diffusion number varies with the local shear
rate. Thus, we introduce a reference diffusion number Df,s as follows:

kAt -
Dfref = W W‘:‘nein' (25)
Here, ||,y denotes the mean shear rate, and we estimate it as
[7]imean = C/D to characterize the global viscosity in the computation
domain.

The influence of the ASR on the numerical solution of a two-
dimensional (2D) Poiseuille flow (see Appendix A) is shown in Fig. 2,
where the distance between the parallel plates is denoted by B. The
cumulant LBM has a second-order accuracy with respect to the grid
size for Newtonian fluids (7 =1). When ASR is set as ¢éB/C = 1074,
the proposed method also has second-order accuracy for the power-
law fluid with n=0.21, at least for a range from Ax/B =1/25 to

scitation.org/journal/phf

Ax/B = 1/400. Second-order schemes have also been presented in
the previous studies.”” **** Hereinafter, we use &B/C =104
(eD/C = 10~* for peristaltic transport) unless otherwise noted.

Ill. ANALYTICAL SOLUTIONS

First, we investigated the analytical solution of the peristaltic flow
generated by a single contraction wave for /D — oo and Re — 0.
The analytical solution was obtained using the lubrication theory."*"
For a three-dimensional channel, the relationship between the pres-
sure gradient and flow rate is as follows:

dp 3n+1\" 1 5 S
i Zk( - ) h3n+1(q+nCh)|q+nCh\ , (26)

where the flow rate is as follows:

h
q= J 2nurdr, (27)

0
and the derivation of the analytical solution is presented in Appendix
B. The flow rate in the laboratory frame is defined as follows:

h
Q= J 2n(u + C)rdr = q + nCH?, (28)

0
called discharge flow rate. In this study, the discharge flow rate at the
outlet (X = L) was calculated.

The contraction ratio may vary over a wide range in physiological
conditions. Agbesi and Chevalier,'’!  for example, observed
D,/D ~0.12-0.88 in their animal experiments. Figure 3(a) shows the
change in the discharge flow rate with the contraction ratio, where
L/ = 5. The discharge flow rate gradually increases with the contrac-
tion ratio for n=1. In the case of n=0.21, however, the discharge
flow rate does not increase with the contraction ratio for the low and
middle values of D,/D but steeply increases for large values
(D, /D ~0.75 or larger).

Figure 3(b) compares the discharge flow rate between n=1 and
n=0.21 as a function of L//. When L/ is larger, the discharge flow
rate decreases for n=1 and n=0.21, but the discharge flow rate for
n=0.21 more quickly decays. This results in a large difference in the
discharge flow rate between Newtonian and power-law fluids for a sin-
gle contraction wave. The discharge flow rate for power-law fluids
highly depends on the channel length relative to the wavelength.

(a) (b)
, ' ' ' 10 I
08l —— n=100 kl“.‘ll\.
107k A ]
O \A ] FIG. 3. Analytical solutions of discharge
‘a 102 \ i flow rate for Re — 0 and /D — oo (a)
= as a function of contraction ratio D, /D for
o 3 1 L/4 =5 and (b) as a function of L/ for
107F _ D,/D = 025.
r —ll— n=1.00 ]
10°L —A— n=021 i
0.00 025 050 075 1.00 10° 10’
Dp/D L/A
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FIG. 4. Validation of the present method for peristaltic flow of a power-law fluid with n = 0.21, where Re= 10, D, /D = 0.75, L/A = 5, and 4/D = 1. (a) Nonphysical oscilla-
tions appear at the contracted region of the channel in BGK-LBM, whereas such oscillations do not appear in the cumulant LBM. (b) Effect of the lattice spacing and referential

diffusion number on discharge flow rate.

IV. NUMERICAL RESULTS

In the present problem, four parameters were expected to influ-
ence the flow characteristics: D,/D, L/Z, 2/D, and Re. The effects of
D,/D and L/ are discussed in Sec. I1], using analytical solutions. In
this section, numerical simulation are used to examine the effect of
A/D and Re.

A. Validation

We first investigated whether the cumulant LBM can suppress the
numerical instability that occurs in power-law fluid simulations. We
compared the numerical results between the Bhatnagar—Gross—Krook
LBM (BGK-LBM) and cumulant LBM for D,/D = 0.75, Re= 10,
//D =1,and L/A =5 in Fig. 4(a). In BGK-LBM, nonphysical oscil-
lations appear in the contracted region of the channel. The shear
rate increases in this region, and the apparent viscosity decreases
according to the power law. This cause Df to be small, resulting in a
numerical instability. However, such oscillations were not observed
in the cumulant LBM. These results suggest that a cumulant LBM

can be used to avoid the numerical instability problem of power-law
fluids.

We also test the convergence of the numerical solution with
respect to Ax/D and Dfy. Figure 4(b) shows the effect of Ax/D and
Dfrer on the discharge flow rate. The numerical results were almost the
same for Ax/D = 1/100 and Ax/D = 1/125 for 0.1 < Dfr < 0.5.
Therefore, in Secs. [V B-1V D and V and Appendix C, Ax/D = 1/125
and Dfs = 0.1 are used.

B. Effects of //D

Next, we investigated the effects of 1/D at a low Reynolds
number of Re =0.1. Figures 5(a) and 5(b) show the discharge
flow rates for n=1 and n=0.21 as a function of /D, where
D,/D=0.5 and L/A=1. Newtonian and power-law fluids
exhibit nearly the same dependence on A/D. The effect of /D on
the discharge flow rate is limited to short wavelengths of approx-
imately A/D ~ 1. When /D increases, the discharge flow rate
converges to that obtained from the analytical solution for
A/D — oo.

Analytical solution
—l— LBM results

@) 0.80— : : : — ® 080
0.60f ] 0.60f
9O = o
Q 0.40f 1 G o40f
(e} ¢]
0.20f 1 0.20f
ool 0.00
1 2 3 4 5 1

FIG. 5. Discharge flow rate as a function of /./D for Re =0.1, D, /D =0.5,and L /4 =1: (a) n =1 and (b) n =0.21.
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FIG. 6. Discharge flow rate as a function of Re, where L/A =5 and D,/D=0.5: (a) n =1 and (b) n =0.21.

C. Effects of Re

Subsequently, we investigated the effect of Re on the peristaltic flow
of a power-law fluid. In Fig. 6, the discharge flow rate is shown as a func-
tion of Re for D,/D = 0.5 and L/A = 5, where /D varies from 0.8 to
1.2 (approximately 1). For n = 1, there was little change in the discharge
flow rate, even when Re increased to 10. In contrast, the discharge flow
rate increases sharply for n=0.21. In addition, the discharge flow rate
began to increase at a lower Re value when //D decreased. This indicates
that the peristaltic transport of power-law fluids induced by a single con-
traction wave is highly dependent on Re and 1/D.

D. Velocity field and pressure

To find the mechanism of changes in the discharge flow rate with
Re, we studied the velocity and pressure fields generated by a single
contraction wave. We compare streamlines on the laboratory frame
between Re =0.1 and Re =10 in Fig. 7, where L/A =5, A/D =1,
and D, /D = 0.5. In the case of n= 1, the velocity fields were almost
the same for Re=0.1 and 10. In contrast, the case of n=0.21, an
asymmetric velocity field appears with respect to the contraction wave
for Re = 10, with stronger retrograde flow than the other cases.

The analytical solution suggests that the flow rate is proportional
to (dp/ dx)"/" for power-law fluids because of apparent viscosity (see

Appendix B). The cross-sectional mean pressure is presented for
L/% =5,L/D =1,and D,/D = 0.5 in Fig. 8, where the numbers with
arrows indicate the slope of the least squares fit in the straight region
of the channel. For n = 0.21, because of the strong retrograde flow, the
pressure drop occurring in the contracted region is much larger for
Re =10 than for Re = 0.1 and increases the magnitude of the pressure
gradient in the straight region of the channel. In Fig. 8(b), the pressure
gradient for Re = 10 becomes approximately 1.3 times larger than that
for Re = 0.1, and this pressure gradient may cause three times larger
flow rate in Fig. 6(b).

V. DISCUSSION

First, we considered the analytical solution of this problem for
A/D — oo and Re — 0. The discharge flow rate of the power-law
fluid is much smaller than that of Newtonian fluids. Shukla and
Gupta’ compared the peristaltic flows generated by periodic contrac-
tion waves (L// = 1) between Newtonian and power-law fluids. They
reported that the flow rates were almost identical. The discrepancy
between their results and ours is likely caused by the difference
between the isolated and periodic waves, in particular, by the effect of
L/2 on the discharge flow rate. As shown in Fig. 3(b), although the
discharge flow rates are nearly the same for n=1 and n=0.21 at

u/C -4.0

-3.0

-20 -1.0 0.0

FIG. 7. Laboratory frame streamlines with x-directional velocity magnitude U/C at the center plane (XZ plane) of the channel, where L// =5, /D =1, and D,/D =0.5: (a)
Re =0.1and n =1; (b) Re =0.1 and n =0.21; (c) Re =10 and n = 1; and (d) Re =10 and n = 0.21.
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FIG. 8. Cross-sectional mean pressure along the channel for L// = 5, 2/D = 1, and D,/D = 0.5: (a) n=1 and (b) n= 0.21. The numbers with arrows indicate the slope of

the least squares fit at the straight region of the channel.

L/A ~ 1, the discharge flow rate of n=0.21 is much smaller than that
of n=1atalarge value of L/ 1.

Next, we performed numerical simulations to investigate the
peristaltic flow of the power-law fluid at nonzero Reynolds numbers
up to Re=10. We present a computational framework for power-law
fluids based on a cumulant LBM with an ASR. The numerical results
demonstrate that the discharge flow rate for the power-law fluid with
n=0.21 sharply increased even at Re = 10, owing to the inertia effect.
When a power-law fluid is transported by a single contraction wave
with a short wavelength, an asymmetric flow field appears with respect
to the contraction wave at Re = 10. Such an asymmetric velocity pro-
file is not an inherent property of peristaltic flow of power-law fluids.
As demonstrated in a previous study,'® an asymmetric velocity profile
appears at Re=100 for Newtonian fluids. These results indicate that
power-law fluids with low behavior indices tend to generate asymmet-
ric flows, even at lower Reynolds numbers, than Newtonian fluids.

The inertia effect was increased by the sharpness of the contrac-
tion wave, or 4/D. In Fig. 6, we changed the channel length relative to
the channel diameter, L/D, but the discharge flow rate at a fixed L/D
may be more useful under physiological conditions. Figure 9 shows
the discharge flow rate at L/D =5 as a function of Re, where
D,/D = 0.5. At a low Re, the discharge flow rate is higher for larger

0.20—+————T—
0.15} -
O
0 0.10F 1 —m— ~ND=08
5 —»~A— ND=1.0
—@— MD=12
0.05F -
| B
0.00
10 10° 10"
Re

FIG. 9. Discharge flow rate as a function of Re, where L/D =5, D,/D =0.5, and
n=021.

values of 1/D; this relationship is inverted at Re ~ 10. This suggests
that the intestinal contents can be transported more quickly by an iso-
lated contraction wave with a shorter wavelength when Re is increased.
In the human intestine, the Reynolds number may reach Re ~ O(1)
for intestinal contents with low consistency indices or fast propagation
of contraction waves under pathological conditions. For example, in
patients with irritable bowel syndrome, in which diarrhea is the pre-
dominant symptom, intestinal contents are transported more rap-
idly.”>*° This may be associated with an increase in the Reynolds
number and a decrease in the wavelength. Our results would be help-
ful for understanding intestinal transport in such patients.

VI. CONCLUSIONS

We have presented the peristaltic transport of a power-law fluid
with a low behavior index of # = 0.21, induced by a single contraction
wave. The discharge flow rate for the power-law fluid sharply
increased owing to the inertia effect. The power-law fluid induces an
asymmetric flow field with respect to the contraction wave at smaller
Reynolds numbers than Newtonian fluids. The results suggest that
intestinal contents can be transported more quickly when the contents
have low-consistency indices or when the contraction wave has a large
propagation velocity.
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APPENDIX A: ANALYTICAL SOLUTION OF 2D
POISEUILLE FLOW

The analytical solution of the 2D Poiseuille flow for power-law
fluids is obtained as follows:

n 14, C B B 1
=T (%d%) {(2) |)’|l+”}7 (A1)

where x and y are the components of the position vector, u denotes
the x-directional velocity, p denotes the pressure, B denotes the dis-
tance between parallel plates, and k and » denote the consistency
and behavior indices, respectively. In Fig. 2, the numerical error is
defined as follows:

1 N ULBM,node — Uth,node 2
Error = NZ (—) ) (A2)

ode Uth,node

where 1M node a0d Uth node (7 0) denote the numerical and analyti-
cal solutions at computational node, respectively, and N denotes the
number of computational nodes.

APPENDIX B: ANALYTICAL SOLUTION OF 3D
PERISTALTIC FLOW

Using the lubrication theory, the cylindrical form of Eq. (5)
can be simplified as follows:
>7 (B1)

b _ g (20)52 (1
dxisgn or) ror rar

where r and u denote the radial position and axial velocity, respec-
tively. Using the following boundary conditions:

M atr=0
—=0atr=0,
or

we obtain the Poiseuille-type velocity profile as follows:

u=—-Catr=h (B2)

_ dp\| 1 dp
u——C—sgn(E) ﬂa

Then, the flow rate is expressed as follows:

1
"on (hl+%

— ) B3
— rtn), (B3)

scitation.org/journal/phf

h(x)
q= J 2nrudr,
0

dp\| 1dppp n '
= —nCh* — T | kT B4
4 rogh (dx> 2kdx| 3n+1 (B4)
and we obtain the following:
dp 3n+1\" 1 5 2in—1
i S } < (S R — . B
o k( — ) P (q + nChH?)|q + nCH?| (B5)

APPENDIX C: D3Q27 MRT-LBM
We also tested D3Q27 multiple-relaxation-time (MRT) LBM.

In this paper, we follow Geier et al.”> The moment M,g, is given
by
Py
—cr P27 p(E
Ma/;y =C GE“BY/)‘C()ZV F('—)|E:Y:Z:O' (Cl)

The collision of the particles is written as
M;ﬁy = (1 - Sac/iy)Mac gy + Sac/}yM;?gy’ (C2)

where M b denotes the post-collision moment, Mz%7 denotes the
moment for equilibrium, and s,p, denotes the relaxation parame-
ter for MRT-LBM. In this paper, we set the relaxation parameter
as

506/3“/ = {Ov 07 07 Oa 087 w1, Wy, W1, W1, Wy,
0.8,0.8,0.8,0.8,0.8,0.8,0.8,0.8,
wl,wl,wl,wl,w1,0.8,0.8,0‘8,w1}. (C3)

We simulated the same problems as Fig. 4 using MRT-LBM. The
MRT-LBM can be applied to this problem, but a slight oscillation

near the contraction appears (Fig. 10). The relaxation parameter
must be optimized to obtain more proper result.

mE =

[7ID/C: 0O 120 240

FIG. 10. Numerical result of MRT-LBM for the same problem as Fig. 4.

Phys. Fluids 34, 111911 (2022); doi: 10.1063/5.0122182
Published under an exclusive license by AIP Publishing

34,111911-8


https://scitation.org/journal/phf

Physics of Fluids

REFERENCES

TA. H. Shapiro, M. Y. Jaffrin, and S. L. Weinberg, “Peristaltic pumping with long
wavelengths at low Reynolds number,” J. Fluid Mech. 37, 799-825 (1969).

2M. Li and J. G. Brasseur, “Non-steady peristaltic transport in finite-length
tubes,” . Fluid Mech. 248, 129-151 (1993).

3P. J. Yang, M. LaMarca, C. Kaminski, D. I. Chu, and D. L. Hu,
“Hydrodynamics of defecation,” Soft Matter 13, 49604970 (2017).

“]. B. Shukla and S. P. Gupta, “Peristaltic transport of a power-law fluid with
variable consistency,” J. Biomech. Eng. 104, 182-186 (1982).

SL. M. Srivastava and V. P. Srivastava, “Peristaltic transport of a power-law
fluid: Application to the ductus efferentes of the reproductive tract,” Rheol.
Acta 27, 428-433 (1988).

®M. K. Chaube, D. Tripathi, O. A. Bég, S. Sharma, and V. S. Pandey, “Peristaltic
creeping flow of power law physiological fluids through a nonuniform channel
with slip effect,” Appl. Bionics Biomech. 2015, 152802.

7]. C. Misra and S. K. Pandey, “A mathematical model for oesophageal swallow-
ing of a food-bolus,” Math. Comput. Modell. 33, 997-1009 (2001).

8R. K. Avvari, “Effect of local longitudinal shortening on the transport of lumi-
nal contents through small intestine,” Acta Mech. Sin. 35, 45-60 (2019).

OT. Takahashi, “Flow behavior of digesta and the absorption of nutrients in the
gastrointestine,” J. Nutr. Sci. Vitaminol. 57, 265-273 (2011).

19p, R. Kiela and F. K. Ghishan, “Physiology of intestinal absorption and secre-
tion,” Best Pract. Res. Clin. Gastroenterol. 30, 145-159 (2016).

TR, J. A. Agbesi and N. R. Chevalier, “Flow and mixing induced by single, colin-
ear, and colliding contractile waves in the intestine,” Phys. Rev. Fluids 7, 043101
(2022).

2y, Shikaya, Y. Takase, R. Tadokoro, R. Nakamura, M. Inaba, and Y. Takahashi,
“Distribution map of peristaltic waves in the chicken embryonic gut reveals
importance of enteric nervous system and inter-region cross talks along the gut
axis,” Front. Cell Dev. Biol. 10, 827079 (2022).

3T, Javed, A. H. Hamid, B. Ahmed, and N. Ali, “Effect of high Reynolds number
on hydromagnetic peristaltic flow in an inclined channel using finite element
method,” J. Korean Phys. Soc. 71, 950-962 (2017).

4T, Javed, A. H. Hamid, and N. Ali, “Numerical study of peristaltic motion of
non-Newtonian fluid at high Reynolds number in an axisymmetric tube,”
J. Braz. Soc. Mech. Sci. Eng. 41, 104 (2019).

SA. H. Hamid, T. Javed, B. Ahmed, and N. Ali, “Numerical study of two-
dimensional non-Newtonian peristaltic flow for long wavelength and moderate
Reynolds number,” J. Braz. Soc. Mech. Sci. Eng. 39, 4421-4430 (2017).

'6T, Oyama, S. Ishida, K. Maeyama, T. Miyagawa, and Y. Imai, “Liquid transport
produced by a cluster of peristaltic contractions in a circular channel,” Phys.

Rev. Fluids 6, 093102 (2021).

17B. Taghilou, M. Pourjafar, and K. Sadeghy, “On the use of peristaltic waves for the
transport of soft particles: A numerical study,” Phys. Fluids 32, 062108 (2020).

'80. Ashtari, M. Pourjafar-Chelikdani, K. Gharali, and K. Sadeghy, “Peristaltic
transport of elliptic particles: A numerical study,” Phys. Fluids 34, 023314
(2022).

ARTICLE scitation.org/journal/phf

M. Pourjafar-Chelikdani, B. Taghilou, N. P. Khabazi, A. M. Nejad, and K.
Sadeghy, “On the role played by extensional viscosity in peristaltic transport of
circular solid particles suspended in Oldroyd-B liquids,” Phys. Fluids 34,
073104 (2022).

20T, Kriiger, H. Kusumaatmaja, A. Kuzmin, O. Shardt, G. Silva, and E. M.
Viggen, The Lattice Boltzmann Method (Springer, Cham, 2017).

211, Ginzburg, “A free-surface lattice Boltzmann method for modelling the filling
of expanding cavities by Bingham fluids,” Philos. Trans. R. Soc. A 360, 453466
(2002).

225, Gabbanelli, G. Drazer, and J. Koplik, “Lattice Boltzmann method for non-
Newtonian (power-law) fluids,” Phys. Rev. E 72, 046312 (2005).

Z5M. Yoshino, Y. Hotta, T. Hirozane, and M. Endo, “A numerical method for
incompressible non-Newtonian fluid flows based on the lattice Boltzmann
method,” J. Non-Newtonian Fluid Mech. 147, 69-78 (2007).

24C. H. Wang and J. R. Ho, “A lattice Boltzmann approach for the non-
Newtonian effect in the blood flow,” Comput. Math. Appl. 62, 75-86 (2011).

25A. Vikhansky, “Lattice-Boltzmann method for yield-stress liquids,” J. Non-
Newtonian Fluid Mech. 155, 95-100 (2008).

267. Chai, B. Shi, Z. Guo, and F. Rong, “Multiple-relaxation-time lattice
Boltzmann model for generalized Newtonian fluid flows,” J. Non-Newtonian
Fluid Mech. 166, 332-342 (2011).

27M. M. Molla, P. Nag, S. Thohura, and A. Khan, “A graphics process unit-based
multiple-relaxation-time lattice Boltzmann simulation of non-Newtonian fluid
flows in a backward facing step,” Computation 8, 83 (2020).

28g Adam, F. Hajabdollahi, and K. N. Premnath, “Cascaded lattice Boltzmann
modeling and simulations of three-dimensional non-Newtonian fluid flows,”
Comput. Phys. Commun. 262, 107858 (2021).

29D, Conrad, A. Schneider, and M. Béhle, “Accuracy of non-Newtonian lattice
Boltzmann simulations,” ]. Comput. Phys. 301, 218-229 (2015).

3OM. Geier, A. Pasquali, and M. Schonherr, “Parametrization of the cumulant
lattice Boltzmann method for fourth order accurate diffusion. I. Derivation
and validation,” ]. Comput. Phys. 348, 862-888 (2017).

3R, B. Bird, W. E. Stewart, and E. N. Lightfoot, Transport Phenomena (John
Wiley, 2002).

32M. Geier, M. Schonherr, A. Pasquali, and M. Krafczyk, “The cumulant lattice
Boltzmann equation in three dimensions: Theory and validation,” Comput.
Math. Appl. 70, 507-547 (2015).

33D, Yu, R. Mei, L.-S. Luo, and W. Shyy, “Viscous flow computations with the
method of lattice Boltzmann equation,” Prog. Aerosp. Sci. 39, 329-367 (2003).

3"]. Boyd, J. Buick, and S. Green, “A second-order accurate lattice Boltzmann
non-Newtonian flow model,” J. Phys. A: Math. Gen. 39, 14241-14247 (2006).

35p. A. Cann, N. W. Read, C. Brown, N. Hobson, and C. D. Holdsworth,
“Irritable bowel syndrome: Relationship of disorders in the transit of a single
solid meal to symptom patterns,” Gut 24, 405411 (1983).

36R. Jian, Y. Najean, and J. J. Bernier, “Measurement of intestinal progression of
a meal and its residues in normal subjects and patients with functional diar-
rhoea by a dual isotope technique,” Gut 25, 728-731 (1984).

Phys. Fluids 34, 111911 (2022); doi: 10.1063/5.0122182
Published under an exclusive license by AIP Publishing

34,111911-9


https://doi.org/10.1017/S0022112069000899
https://doi.org/10.1017/S0022112093000710
https://doi.org/10.1039/C6SM02795D
https://doi.org/10.1115/1.3138346
https://doi.org/10.1007/BF01332164
https://doi.org/10.1007/BF01332164
https://doi.org/10.1155/2015/152802
https://doi.org/10.1016/S0895-7177(00)00295-8
https://doi.org/10.1007/s10409-018-0809-5
https://doi.org/10.3177/jnsv.57.265
https://doi.org/10.1016/j.bpg.2016.02.007
https://doi.org/10.1103/PhysRevFluids.7.043101
https://doi.org/10.3389/fcell.2022.827079
https://doi.org/10.3938/jkps.71.950
https://doi.org/10.1007/s40430-019-1596-z
https://doi.org/10.1007/s40430-017-0810-0
https://doi.org/10.1103/PhysRevFluids.6.093102
https://doi.org/10.1103/PhysRevFluids.6.093102
https://doi.org/10.1063/5.0009584
https://doi.org/10.1063/5.0080870
https://doi.org/10.1063/5.0096746
https://doi.org/10.1098/rsta.2001.0941
https://doi.org/10.1103/PhysRevE.72.046312
https://doi.org/10.1016/j.jnnfm.2007.07.007
https://doi.org/10.1016/j.camwa.2011.04.051
https://doi.org/10.1016/j.jnnfm.2007.09.001
https://doi.org/10.1016/j.jnnfm.2007.09.001
https://doi.org/10.1016/j.jnnfm.2011.01.002
https://doi.org/10.1016/j.jnnfm.2011.01.002
https://doi.org/10.3390/computation8030083
https://doi.org/10.1016/j.cpc.2021.107858
https://doi.org/10.1016/j.jcp.2015.07.066
https://doi.org/10.1016/j.jcp.2017.05.040
https://doi.org/10.1016/j.camwa.2015.05.001
https://doi.org/10.1016/j.camwa.2015.05.001
https://doi.org/10.1016/S0376-0421(03)00003-4
https://doi.org/10.1088/0305-4470/39/46/001
https://doi.org/10.1136/gut.24.5.405
https://doi.org/10.1136/gut.25.7.728
https://scitation.org/journal/phf

	s1
	s2
	s2A
	d1
	d2
	d3
	d4
	s2B
	d5
	d6
	d7
	d8
	f1
	d9
	d10
	d11
	s2C
	d12
	d13
	d14
	d15
	d16
	d17
	d18
	d19
	d20
	d21
	d22
	d23
	t1
	d24
	d25
	s3
	d26
	d27
	d28
	f2
	s4
	s4A
	s4B
	f4
	f5
	s4C
	s4D
	s5
	f6
	f7
	s6
	l
	f8
	f9
	l
	app1
	dA1
	dA2
	app2
	dB1
	dB2
	dB3
	dB4
	dB5
	app3
	dC1
	dC2
	dC3
	f10
	c1
	c2
	c3
	c4
	c5
	c6
	c7
	c8
	c9
	c10
	c11
	c12
	c13
	c14
	c15
	c16
	c17
	c18
	c19
	c20
	c21
	c22
	c23
	c24
	c25
	c26
	c27
	c28
	c29
	c30
	c31
	c32
	c33
	c34
	c35
	c36

