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Abstract: Peristaltic motion arises in many physiological, medical, pharmaceutical and industrial
processes. Control of the fluid volume rate and pressure is crucial for pumping applications, such
as the infusion of intravenous liquid drugs, blood transportation, etc. In this study, a simulation of
peristaltic flow is presented in which occlusion is imposed by pairs of circular rollers that squeeze a
deformable channel connected to a reservoir with constant fluid pressure. Naturally, this kind of flow
is laminar; hence, the computation occurred in this context. The effect of the number and speed of
the pairs of rollers, as well as that of the intrapair roller gap, is investigated. Non-Newtonian fluids
are considered, and the effect of the shear-thinning behavior degree is examined. The volumetric
flow rate is found to increase with an increase in the number of rollers or in the relative occlusion.
A reduction in the Bird—Carreau power index resulted in a small reduction in transport efficiency.
The characteristic of the pumping was computed, i.e., the induced pressure as a function of the fluid
volume rate. A strong positive correlation exists between relative occlusion and induced pressure.
Shear-thinning behavior significantly decreases the developed pressure compared to Newtonian
fluids. The immersed boundary method on curvilinear coordinates is adapted and validated for

non-Newtonian fluids.

Keywords: peristalsis; curvilinear immersed boundary method; flow control; non-Newtonian fluids;
shear-thinning fluids; pumping characteristic; roller pumps

1. Introduction

Peristaltic flow appears in many physiological processes, such as urine flow in the
ureter, lymph flow in the lymphatic system, bolus and chyme flow through the gastrointesti-
nal tract and spermatic flow in the vas deferens. Peristaltic pumping is used for industrial
applications, such as food displacement in pipes, and medical applications, such as the
extracorporeal pumping of blood and the infusion of pharmaceutical fluids [1,2].

Elaboration of Navier-Stokes equations for two-dimensional analysis with constant
viscosity (using the fact that viscous forces dominate peristaltic flow) results in good
predictions for the flow [3-5]. The effect of the presence of an axial body on such flows has
been theoretically investigated for Newtonian fluids, and the role of flow parameters in
pumping characteristics was characterized by Roy et al. [6]. A non-Newtonian analysis for
power-law fluids was reported by Srivastava and Srivastava [7], which showed a pressure
rise reduction for a power index less than unity.

An analogous experimental examination of peristaltic pumping for a circular de-
formable tube was introduced by Latham [3] and Weinberg et al. [8]. Flow through a
straight deformable tube squeezed by three pairs of rollers was studied for non-Newtonian
fluids using computer tomography and Doppler velocimetry by Nahar [9].

The effects of the relative occlusion imposed by the roller, the wavenumber, the
Reynolds number and the back pressure with a sinusoidal-shaped wave were investigated
computationally by Tsui et al. [10]. Saw-toothed and trapezoidal wave shapes were also
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calculated by Tatsumi et al. [11], who found that the wave formation is less important
than the wave amplitude. Additionally, shear-thinning behavior was simulated by Al-
Habahbeh [12] and Alokaily et al. [13] for circular-segment-shaped waves produced by
pairs of circular rollers squeezing the tube. U- and O-shaped pumps were simulated by
Zhoo et al. [14], who showed that the O-shaped ones may produce lower levels of wall
shear stress. This finding suggests that the O-shaped setting is more suitable for blood
and other cell-containing fluids, as it poses less hemolysis, or cytolysis in general, risk.
Backflow suppression and uniformization of roller pump outflow were addressed by
Manopoulos et al. [15] by introducing an appropriate inflating portion of the deformable
tube, thus producing momentum to compensate for the negative pressure gradient at the
outlet of the pump that occurs when there is zero occlusion by a roller.

In this study, the confined flow in an elastic tube under a peristaltic wave caused by
multiple (one, two and three) circular rollers moving consecutively was computed by means
of the immersed boundary method (IBM) [16,17]. As the first step, the conclusions drawn
via body-fitted methods for the effect of the roller speed, the half-gap and the Bird—Carreau
power index on the peristaltic flow are confirmed. The curvilinear immersed boundary
method of Ge and Sotiropoulos [18] is adjusted and tested for non-Newtonian fluids.

Subsequently, the resulting flow fields and the effect of the number of rollers on
the output fluid volume rate are investigated. Moreover, we computed the pumping
characteristics for a straight peristaltic pump considering Newtonian and non-Newtonian
behavior. The role of relative occlusion and pseudoplasticity in peristalsis characteristics
is analyzed.

2. Materials and Methods
2.1. Geometry

A two-dimensional symmetric model, given in Figure 1, is used to represent the
deformable channel. The elastic tube is squeezed by two opposite circular waves that
move horizontally with velocity c. Simulations were performed for channels with lengths
L = 90 mm (Sections 3.1-3.3 and 3.5) and L = 180 mm (Section 3.4). The half-height of the
undeformed channel is taken as H = 10 mm, similar to that of the human esophagus. The
radius of the circular sector of the roller is ¥ = 30 mm (as in the experiments presented by
Nabhar [9]). The minimum height of the deformed channel takes several values according
to the compression amplitude, which, in the figure, is depicted by the half-gap width .

A h
L X

Figure 1. Geometry of the two-dimensional computational domain for the peristaltic pump. Mir-

roring this scheme with respect to the x-axis and extruding with respect to the z-axis provides the
geometry of the full pump.

2.2. Mathematical Model

We consider time-independent non-Newtonian fluids with the constitutive law of the
form of a generalized first-grade Rivlin—Ericksen fluid [19] with shear-dependent viscosity:

o(v) = —pL+2u(y)D. 1

We employ the symbol ¢ for the Cauchy stress tensor, v for the velocity vector, p for
pressure, I for the identity tensor, y for the dynamic viscosity of the fluid considered, ¥ for
the shear rate (i.e., the strain rate tensor norm) and D for the strain rate tensor (2D is the
first Rivlin—Ericksen tensor):
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D= %((Vv)T + Vo) ()

=) = o = (%) 2 (2) s (2 )

where: represents the colon product between dyads, Vv is the velocity gradient tensor and
v = {u, v} is the Cartesian velocity vector. The incompressible Navier—Stokes equations
for the subclass of generalized Newtonian fluids that have a rheological equation of state
as in Equation (1) are

V-o=0 4)

v .
po; To(@-Vjo=-Vp+V-(2u(1)D). @)
Following previous research by Nahar et al. [20] and Al-Habahbeh [12], the density of
the pumped fluid is p = 1000 kg/m?, and its rheology is predicted from the Bird—Carreau
equation for the shear dependent dynamic viscosity [21,22]:
. . n-1
1Y) = Ping + (10 — ping) (1 + (A9)%) 7. ©)
In the above equation, p,¢ = 0 is the viscosity at infinite shear rate, 19 = 0.1452 Pa - s
is the viscosity at zero shear rate, A = 20 s is the relaxation time and 7 is the Bird—Carreau
power index. Fluids with n < 1 exhibit shear-thinning or pseudoplastic behavior, where
n > 1 shows shear-thickening or dilatant behavior, while fluids with n = 1 are Newtonian.
We studied fluids for which n < 1.
At the centerline symmetry, boundary conditions are defined; that is, the axial velocity
normal gradient and the transverse velocity are set to zero:

u
ay y=0

where u and v are the streamwise and vertical velocity components, respectively. On the
upper, deformable wall, the no-slip condition is defined.

=0, vi(x,y=0) =0, (7)

p(wall) = pyan, ¢ € {u,v}, (8)

where ¢y, is the velocity component of the wall.

For Sections 3.1-3.4, the boundary condition for the left and right ends of the tube—
cross-sections AB and DE in Figure 1, respectively—is the periodic boundary condition for
the velocity components:

p(x=0y) =¢(x=L,y), ¢ € {uv} )

For Section 3.5, at cross-section AB of Figure 1, the imposed boundary condition is
that of a parabolic velocity profile:

y 2
u(x =0,y) :umax(l (ﬁ) ), vix=0,y) =0, (10)
where 1,4y is the maximum velocity of the parabolic profile on the axis y = 0. At the outlet
cross-section DE, for x = L, a zero-velocity normal gradient is set:

o¢

ox

=0, ¢ €{uv}. (11)
x=L



Computation 2021, 9, 144

40f17

2.3. Computational Method

The dimensional incompressible Navier-Stokes equations for non-Newtonian fluids
were solved using the immersed boundary method on curvilinear coordinates of Ge and
Sotiropoulos [18]. The conservation of mass (Equation (4)) is expressed in index notation as

}aagj(wf) ~0 (12)

and the conservation of momentum (Equation (5)) is given as

a(]U") ack 9 , ock 9 ol ok 9 N im OU;
o a0 U = 5 () + s (s ) 0

where the Jacobian of the transformation is

axi
] = det(a(:]). (14)

In the preceding equations, the curvilinear coordinates are represented by &, and the
Cartesian coordinates are given by x;. Contravariant velocity components are given by
U', and the Cartesian velocity components are given by u;. The time variable is ¢, and the
symbol ¢/ stands for the contravariant metric tensor components:

jm _ 95 9™
axi axl- '

The governing equations (Equations (12) and (13)) are discretized by employing a
staggered grid arrangement [23]. Pressure is defined in volume centers, while momentum
equations for the respective contravariant velocities are solved at surface centers, thus
gaining the advantages of the staggered grid [24,25]. The equations are integrated in time
via a second-order Crank—Nicholson scheme [26,27]. After the velocity field is derived by
solving the momentum equations, the projection method for pressure is employed, leading
to the satisfaction of the continuity equation by the final calculated velocity field [28,29].
The solution method was implemented via the Virtual Flow Simulator (VFS) code [30] with
extensions for non-Newtonian fluids and for moving-wall boundary conditions.

A mesh independence study was performed using a coarse (451 x 52 nodes) and
a fine (1041 x 102 nodes) Cartesian grid for the 180 mm pump and analogously for the
90 mm pump. The peak difference at the axial velocity for the two grids is less than
0.25%. The maximum mesh interval of the fine mesh is 0.1 mm. A three-dimensional
solution algorithm was employed; therefore, a subtle depth was considered along with
slip conditions at the boundary surfaces of the third dimension. The immersed boundary
surface of the roller is triangulated with 3104 nodes and 6204 elements, and the node
distance is upper bounded by 0.2 mm.

We adjust the coordinate system shown in Figure 1 at the roller and define it as the
moving frame of reference. The simulation occurred at this moving frame of reference.
Consequently, the roller does not move, whereas the surface y = H moves with velocity
v = (—c,0); therefore, we computed a steady flow field. To the computed flow field,
the roller speed v = (¢, 0) is added uniformly in order to return to the laboratory frame
of reference.

(15)

3. Results and Discussion

The relative occlusion (RO) is defined as the ratio of the penetration of a pair of rollers
in the deformable tube to the height of the undeformed channel, namely,

H—h

R
© H

(16)
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The transport efficiency (TE) is defined as the fluid volume rate over the wave speed
and over the height of the complete channel, namely,
v

TE = .
c-2H

(17)

3.1. Varying Relative Occlusion

The higher the RO, the higher the values of axial velocity profiles near the centerline
and the higher the pressure rise after the roller, as shown in Figures 2 and 3, for c = 5mm/s
and ¢ = 10 mm/s.

Axial velocity profiles show higher values as RO rises, as suggested by Figure 4.
For small values of RO, backflow arises in the region under the roller, as observed in
Figures 2 and 4c-e.

Transport efficiency is found to be strongly dependent on relative occlusion, as is
shown in Table 1.
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Figure 2. Longitudinal velocity near the central axis of the pump (y = 0.05 mm) for various values of
RO and ¢, n = 1 and one roller. Comparison with existing results (A: Data from [12]) is presented.
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Figure 3. Pressure near the central axis of the pump (y = 0.05 mm) for various values of RO and c,
n = 1 and one roller. Comparison with existing results (A: Data from [12]) is presented.
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Figure 4. Longitudinal velocity profiles at successive longitudinal positions x (a—g) for various values

of RO and for ¢ = 5 mm/s, n = 1 and one roller. Comparison with existing results (A: Data from
[12]) is presented.

Table 1. Transport efficiency (TE) for various pumping conditions and pump length L = 90 mm. Comparison with existing
results [12].

n=1RO = 0.6 c=5mm/s,n=1 c=10mm/s,n =1 ¢ =5mm/s, RO = 0.6
¢ (mm/s) TE (%) RO TE (%) TE (%) [12] RO TE (%) n TE (%) TE (%) [12]

2.5 78.8 0.8 95.6 95 0.6 78.8 1 78.4 78

5 78.4 0.6 784 78 0.2 28.6 0.75 77.5 77

10 78.8 0.2 28.4 28 0.5 77.1 76

3.2. Varying Roller Speed

Roller speed has a similar effect to that of RO on axial velocity and pressure. As
indicated in Figure 2, for higher roller speed, the axial velocity near the centerline (y = 0.05
mm) away from the longitudinal center reaches values around 20-25% higher than c.
Pressure fluctuation is also approximately linearly related to roller speed, as suggested
by Figure 3. According to Figure 5, the shear rate near the axis has two similar skewed
bell curves, which are symmetric with respect to the vertical axis passing thought the
roller center (at x = 45 mm). The peak shear rate is approximately linearly related to the
roller speed. For example, for c = 2.5 mm/s, m};{ax{"y} near the axis is 0.374 s~1, while for

¢ = 5 mm/s, max{y} near the axis is 0.748 s 1.
X

The transport efficiency is approximately constant with respect to changes in roller
speed, so the flow volume rate through the pump is approximately linearly related to the
roller speed, as shown in Table 1.
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Figure 5. Shear rate near the central axis of the pump (y = 0.05 mm) for various values of ¢ and for
RO = 0.6, n = 1 and one roller. Comparison with existing results (A: Data from [12]) is presented.

3.3. Non-Newtonian Fluids

As the value of the Bird—Carreau power index decreases, the effect of the moving
roller on the axial velocity near the longitudinal axis of symmetry (y = 0.05 mm) slightly
weakens; i.e., near the axis, the streamwise longitudinal velocity curve exhibits fairly little
fluctuation, as shown in Figure 6. More specifically, away from the roller position, the
velocity decreases, while at the position of the roller, it increases.

As suggested in Figure 7, near the wall, the axial velocity is higher for pseudoplastic
fluids than for Newtonian fluids. Pressure shows a stronger dependence on the power
index, and the force exerted on the roller decreases 5-fold when the power index decreases
by a factor 0.5, as observed in Figure 8.

6
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Y T - \\ g e mm e m =
£ 53 O m‘\b r,o D @)
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§5 45 @\ I
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longitudinal coordinate x (mm)

Figure 6. Longitudinal velocity near the central axis of the pump (y = 0.05 mm) for Newtonian and
non-Newtonian fluids, ¢ = 5 mm/s, RO = 0.6 and one roller. Comparison with existing results
(A: Data from [12]) is presented.
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Figure 7. Longitudinal velocity profile at x = 89 mm for Newtonian and non-Newtonian fluids. The

roller speed is ¢ = 5 mm/s, the relative occlusion is RO = 0.6 and there is one roller. Comparison
with existing results (A: Data from [12]) is presented.
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Figure 8. Pressure near the central axis of the pump (y = 0.05 mm) for Newtonian and non-
Newtonian fluids, c = 5 mm/s, RO = 0.6 and one roller. Comparison with existing results (A: Data
from [12]) is presented.

The shear rate also decreases near the x-axis for smaller values of the power index
n, as Figure 9 shows. Near the wall, the shear rate increases for shear-thinning fluids
as compared to Newtonian fluids, as shown in Figure 10. Transport efficiency is weakly
dependent on the Bird—Carreau power index, as presented in Table 1.
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Figure 9. Shear rate near the central axis of the pump (y = 0.05 mm) for Newtonian and non-

Newtonian fluids. The roller speed is ¢ = 5 mm/s, the relative occlusion is RO = 0.6 and there is one
roller. Comparison with existing results (A: Data from [12]) is presented.

16 - n=1 - d
g n=075 - - - .
g 14 n=05 ------ *
3 L An=1 [J o !
I 2o A,n=075 m
o An=05 © 9%!/4
s 1r &
T, 08 J’g/ﬁ
o) _—*l
?‘ 06 4’;"’
g O o P
2 e
L 04 " ’;', -0
.f:) 0.2 /a—/.’ -7 g
® ’ 1 ’{-Dt_.—a'_

0 a8

0 1 2 3 4 5 6 7 8 9 10

transverse coordinate y(mm)

Figure 10. Shear rate profile at x = 89 mm for Newtonian and non-Newtonian fluids. The roller
speed is ¢ = 5 mm/s, the relative occlusion is RO = 0.6 and there is one roller. Comparison with
existing results (A: Data from [12]) is presented.

3.4. Multiple Rollers

The fluid velocity vectors for one, two and three roller pumps with L = 180 mm are
illustrated in Figures 11-13. The axial velocity shows the highest value near the x-axis away
from the roller and reaches its minimum value under the roller, as is also shown in Figure 14.
For the case of one roller, the axial velocity under the roller (82 mm < x < 98 mm) and
near the longitudinal axis of symmetry (v = 0.05 mm) is negative with a magnitude nearly
half the speed of the moving roller, creating a recirculation zone. For multiple rollers, no
negative axial velocity values appear.

The extrema of transverse velocity are directly before and directly after the roller(s)
train for all cases. This behavior is explained by the need for the area to be vacant for the
roller train to pass (e.g., at x = 114.5 mm for two rollers) and for fluid to fill the empty
space left from the departure of the roller (e.g., at x = 65.5 mm for two rollers).
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In Figures 15 and 16, the horizontal and vertical velocity profiles, respectively, are
given at the cross-sections of interest near the beginning and ending of the rollers, dis-
tributed under the rollers and at the incoming flow. The inlet longitudinal velocity profile
shows higher values as the number of consecutive rollers increases. The same pattern is
observed for the profiles around the middle of the length. Transverse velocity maxima are
at approximately the same level, v;;,x = 2 mm/s, for one, two and three rollers. Under the
roller center, the vertical velocity nearly vanishes, as is expected because of the symmetry
of the geometry, as shown in Figure 16.
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Figure 14. Longitudinal velocity near the central axis of the pump (y = 0.05 mm) for various numbers

of rollers. The roller speed is c = 5 mm/s, the relative occlusion is RO = 0.6 and the Bird—Carreau

power indexisn = 1.
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Figure 15. Axial velocity u profiles at successive longitudinal positions x (a—j) for various numbers
of rollers, c = 5mm/s, RO = 0.6 and n = 1.
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Figure 16. Vertical velocity v profiles at successive longitudinal positions x (a—j) for various numbers
of rollers,c = 5mm/s, RO = 0.6 and n = 1.

Pressure reaches its lower value right before the roller train and its higher value right
downstream of it, as depicted in Figure 17. Moreover, the pressure function under the
rollers is monotonous, and its maxima and minima have similar values, independent of
the roller number. Maximum shear rate values near the axis of symmetry are considerably
higher for one roller (0.98 s~ 1) than for more than one (0.75 s~! for two and 0.68 s~ ! for
three), as shown in Figure 18.
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Figure 17. Pressure near the central axis of the pump (y = 0.05 mm) for various numbers of rollers,
c=5mm/s, RO=06andn = 1.
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Figure 18. Shear rate near the central axis of the pump (y = 0.05 mm) for various numbers of rollers.
The roller speed is ¢ = 5 mm/s, the relative occlusion is RO = 0.6 and the Bird-Carreau power index

isn=1.

The shear rate profiles for a series of vertical sections are given in Figure 19.
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Figure 19. Shear rate profiles at successive longitudinal positions x (a—q) for various numbers of
rollers. The roller speed is c = 5 mm/s, the relative occlusion is RO = 0.6 and the Bird-Carreau
power indexisn = 1.

Away from the rollers’ positions (e.g., x = 0 for n € {1,2,3} or x = 117 for n € {1}),
the shear rate increases linearly as a function of the y-coordinate. Generally, the shear rate
reaches its maximum value close to the wall, or close to the roller for streamwise positions,
where a roller exists.

As tabulated in Table 2, transport efficiency increases sublinearly as the number of
consecutive rollers rises.

Table 2. Transport efficiency for multiple consecutive rollers, pump length L = 180 mm, ¢ = 5 mm/s,
RO =0.6andn =1.

Number of Rollers 1 2 3
TE (%) 60 78 87

3.5. Peristaltic Pump Characteristics

We simulated the flow of a parabolic inlet velocity profile (Equation (10)) through the
pump geometry with one roller. Therefore, we determined the pressure rise induced by the
presence of the roller wave.

For a higher inlet flow volume rate, the pressure rise decreases, as Figure 20 demon-
strates. The pressure drop through the elastic channel beside the roller is reduced as
the inlet fluid volume rate decreases. The pressure rise along the roller length increases
dramatically as the inlet fluid volume rate decreases.
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Figure 20. Longitudinal pressure distribution for the case of one pair roller pump, 90 mm long,
¢ =5mm/s, RO = 0.6, n = 1 and parabolic flow inlet profile with various values for maximum
velocity.

The characteristic line of the peristaltic pump is given in Figures 21 and 22 for the case
of one roller, a pump with length L = 90 mm and roller speed ¢ = 5 mm/s and for two
different values of the roller gap and of the Bird—Carreau power index.
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Figure 21. Peristalsis characteristics for roller pumps 90 mm long and one roller, moving with
¢ = 5 mm/s, using linear scale for the pressure.

The characteristics are approximately straight lines with negative inclination. The
slopes of the characteristics are negatively correlated with the relative occlusion. The
impact of the roller penetration on the flow becomes more noticeable when it is deeper,
namely, when the half-gap is smaller. For a constant volume flux, the maximum pressure
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that develops on the flow is approximately 6 times higher for RO = 0.8 than for RO =
0.6. Moreover, for a constant pressure, the relative occlusion and the flow volume rate
potentially observed, are positively related.
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Figure 22. Peristalsis characteristics for roller pumps 90 mm long and one roller moving with
¢ = 5 mm/s using the logarithmic scale for pressure.

Shear-thinning fluids also exhibit approximately straight-line characteristics with neg-
ative inclination. The pressure rise potential of Non-Newtonian fluids with a Bird—-Carreau
power index n = 0.5 is over an order of magnitude lower than that of the Newtonian
ones. Additionally, the fluid volume rate potential decreases for shear-thinning fluids. For
a non-Newtonian index n = 0.5, the maximum fluid volume rate that can be pumped
decreases by around one-fifth in comparison to that of the Newtonian fluids.

4. Conclusions

In the present work, we studied the peristaltic flow with circular rollers for straight
roller pumps. Using various values for relative occlusion RO, roller speed ¢, Bird—Carreau
shear-thinning behavior expressed by #n, number of rollers and length of the deformable
tube L, simulations with the curvilinear immersed boundary method were performed.

Some of our results were compared with existing computational results [12] obtained
with the OpenFOAM body-fitted algorithm [31]. The validation of the curvilinear immersed
boundary method for non-Newtonian fluids has a satisfying outcome, as good agreement
is observed with a similar depiction of the trends of the flow versus the parameters.

Relative occlusion and the number of consecutive rollers are found to be strongly
positively correlated with the transport efficiency. The Bird—Carreau shear-thinning expo-
nent has a very slight effect, and roller speed is independent of transport efficiency. For
a greater length of the deformable tube, transport efficiency decreases. Below the critical
value for the relative occlusion or for the number of rollers or above a threshold for the
length of the pump, backflow appears under the roller and near the longitudinal centerline.
Increasing the number of identical consecutive rollers causes a lower upper bound for the
shear rate, close to the longitudinal centerline, thus suggesting that multi-roller pumps
are more appropriate for the extracorporeal circulation of biological, cell-containing fluids
such as blood.

Peristaltic characteristics were computed for combinations of values of the input
parameters. Pumping capability decreases linearly as the flow volume rate of the pumped
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fluid increases. The pressure rise strongly depends on relative occlusion. For shear-
thinning fluids, the inclination of the characteristic rises drastically, meaning that the
pumping potential decreases significantly. As an example, for a fluid with a power index
n = 0.5, the pressure potential decreases by an order of magnitude compared to that of a
Newtonian fluid. The maximum volumetric flow rate that can be pumped also decreases
for shear-thinning fluids.
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