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Abstract

In ureter physiology, the peristaltic mechanism is involved in urine transport from the kidney to the bladder through the
ureter. The constrictions in the ureter develop the critical regions for ureter disease. ANSYS-CFX is used to analyze the flow
dynamics. Multiple peristalsis waves are made to propagate over the tapered ureter model to understand the formation of
bolus and reflux effect. The effect of the peristaltic sinusoidal wave propagating along the tapered circular tube results in
pressure, velocity, pressure gradient, and wall shear distribution inside the ureter. The maximum pressure is created by the
urine bolus of the single wave as it flows in front of the ascending urine bolus. This creates a negative pressure gradient,
which can lead to a reverse flow. The high wall shear stress may affect the function of the kidney and play an important role
in various kidney diseases. In triple wave due to incomplete wave propagation at the end, the minimum pressure gradient is
recorded at the neck region due to contraction in the area. Also, the velocity shows a reverse flow at the outlet and this may
lead to some urinary infection in the ureter.
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1. Introduction

Peristalsis is a type of fluid transport that occurs when the
walls of a distensible duct are expanded or contracted. In
physiology, the peristaltic mechanism involves the urine
transport from the kidney to the bladder through the ureter.™
The contraction happens during the pacemaker in the renal
pelvis and transports the urine from the kidney to the
bladder.® The normal ureter length varies from 250 to 300
mm in a healthy person.[*-81 The bolus in the ureter formed due
to contraction helps the urine motion. The urine flow rate
influences the contraction rate and reduces peristaltic
amplitude.["® The peristaltic wave travels at a rate of 20 to 60
mm/sec through the length of the ureter. Peristalsis occurs
about 1 to 8 times each second, with an average of 3 times per

! Department of Aeronautical and Automobile Engineering, Manipal
Institute of Technology, Manipal Academy of Higher Education,
Manipal, Karnataka, India.

2 School of Engineering and Architecture of Fribourg (HEIA-FR),
Member of the university of applied science western Switzerland.

3 Department of Urology, Kasturba Medical College, Manipal
Academy of Higher Education, Manipal, Karnataka, India.

4 Department of Radio Diagnosis, Kasturba Medical College,
Manipal Academy of Higher Education, Manipal, Karnataka, India.

256 | Eng. Sci., 2022, 17, 256-265

second.® Many researchers carry out the ureterdynamics
study to understand the effect of peristalsis and its
biomechanical behavior during the flow in the ureter.

Most of the studies are carried out on the normal constant
diameter ureter.'*171 Only a few numerical analysis is done on
the variable diameter ureter. Srivastava et al.,['*?% studied the
effect of viscosity variation on the peristalsis in non-uniform
tubes and channels. They considered the tube dimension as
0.012 and 0.018 cm inlet and outlet, respectively. For the
analysis, the length of the ureter was assumed to be 20 cm
with 20 cm/s as the wave speed. They found that pressure
reduces as viscosity lowers, while pressure increases as flow
rate and fluid velocity decrease. Mishra et al.,’”! considered
the axisymmetric circular tube with a variable cross-section

for the peristalsis flow. For the analysis, they considered the
tapered ureter length of 20 cm, wave velocity of 10 cm/sec,
and a radius is considered as 0.01 to 4 cm. They concluded
that, when the wave number is changed, there is no change in
the Reynolds number and velocity. Eytan et al.?? analyzed
the two-dimensional finite non-uniform channel for the
peristalsis flow as the uterus. For the tapered wall, the effect
of the flow field due to phase shift and angle effect was
analyzed. They found that when the contraction is out of
phase, the velocity, pressure, and flow rates are reduced.
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Fig. 1 Tapped ureter geometry.

They observed that the reflux phenomenon when the wall
angle is more and trapping is enhanced as the wall angle is
small. The majority of the studies focus on flow dynamics in
the ureter using a constant diameter ureter. Najafi et al.[?24
used the models of 2D and 3D obstructed constant diameter
ureter. They studied the backflow, tapping, and reflux
phenomenon in the ureter. They concluded that as the
percentage of blockage increases the pressure gradient, the
wall shear stress also increases.

The mechanical properties of the ureter are one of the key
factors for the fluid-structure interaction analysis.[?4?"]
Takaddus et. al?®?1 considered the two-dimensional and
three-dimensional circular tubes to study the effect of flow on
the wall. The fluid's pressure gradient, shear stress, and reflux
were studied using two-way fluid-structure interaction (FSI).
Vahidi et al.®) adopted the actual ureter model to study the
ureter dynamics. The two-dimensional FSI model is used for
the analysis. They demonstrated that urine reflux to the kidney
happens as a result of the wave start and that as the wave
moves to the outlet, the reflux at UPJ (ureteropelvic junction)
decreases. The researchers®22 considered the peristalsis
activity on the tapered organ and researchers?>*l adopted the
constant diameter ureter to understand the ureterdynamics
during peristalsis® With the advancement in computational
techniques, finite element analysis is used widely in medical
applications.?*3 The functioning of human organs can be
studied using the finite element method (FEM), which indeed
does not require any intervention during the primary
investigation. Also, FEM is widely used to evaluate the
mechanical properties of medical implants.[3+-3¢]

In this work, a three-dimensional tapered ureter is adopted
to analyze the peristaltic effect during multiple wave
propagation. For the urodynamics analysis, the pressure,
velocity, and wall shear effect during the peristalsis wave
motion is investigated.

2. Material and methods
2.1 Modelling and meshing
The narrowing of the ureter is observed at the ureteropelvic
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junction and ureterovesical junction (UVJ), and the iliac
vascular transition. These three regions are critical regions for
ureter disease.l*l As per the urogram analysis, the anatomical
dimension of the ureter diameter varies from 2 to 8 mm.[-4
The total length of the ureter is divided into three parts, i.c.,
upper ureter 1/3, extending from ureteropelvic junction to
upper border of sacrum, middle ureter 1/3, extending from
upper to lower border of sacrum, and lower ureter (distal or
pelvic ureter) 1/3, extending from lower border of the sacrum
to the bladder.*®! The length of the ureter varies from 220 to
300 mm."* The segmental anatomy length can vary from 74
to 100 mm. For the multiple peristalsis wave motion over
the ureter, a length of 100 mm is considered. Fig. 1 shows the
variable diameter ureter of length 100 mm. The ureter model
is modeled in ANSYS 2021-R2, with an inlet diameter of 3
mm and an outlet diameter of 2 mm. The diameter of 4 mm is
considered to mimic the actual ureter junctions. ANSY S- CFX
is used to analyze the computational dynamics of the tapered
ureter.

The continuity and momentum equations are used to create
the pressure equation. The pressure corrects the velocity field,
so satisfying the continuity condition. A second-order upwind
scheme is adopted for scheming pressure and momentum.%
The tapered ureter model has meshed with a total number of
79091 elements and 69552 nodes using diffusion-based
smoothing and mesh motion (Fig. 2). The analysis is simulated
for a total wave cycle of 9 s at the time set of 0.05 s.

Fig. 2 Cross-section of the meshed structure of the ureter.

2.2 Boundary condition

For a tapering ureter model, a total pressure differential of 0.3
Pa is used as a boundary condition at the intake and outflow.
For the ureter wall and the urine inside the ureter no slip, and
no penetration is considered.[**# By using Equation 3, a
moving mesh method is added to the ureter wall.

2.2.1 Governing equation
Urine is treated as a Newtonian fluid that is a homogeneous,
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(a) Pressure plot at 3s
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Fig. 3 Ureter Pressure for single, double, and triple wave motion for time 3s (a) pressure plot (b) pressure counter.

viscous, and incompressible fluid. The Navier-Stokes equation
is used for the analysis, with density = 1050 kg/m? and
viscosity =1.3 cP.l*!

The continuity equation is given by Equation (1):

Voug = 0 @)
The momentum equation is given by Equation (2):
ou
Lt (U V)uy = —Vp +2(Vouy) )

where u; is velocity vector, p is the pressure,
p is density and y is fluid dynamic viscosity. The simple
algorithm handles the pressure components in momentum
equations and employs an iterative technique to acquire the

solution to the discretized equations."!

2.2.2 Peristaltic motion
During the peristalsis motion in the ureter, the velocity varies
from 20 to 60 mm/sec.[*®! In the current work, the sinusoidal
wave is accelerated at the velocity of 20 mm/sec on the tapered
ureter wall.

The tapered ureter wall displacement is considered as per
Equation 3:

d (z,t) = zasin(kz)sin(wt) 3)
where a = 1 mm, the amplitude of displacement, k = wave

(a)Pressure plot at 4s
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number (considered as 2 for the single wave, 4 for the double
wave, and 6 for the triple wave), and w = frequency (1 Hz).

3. Result and discussion

A numerical investigation is carried out on a variable diameter
ureter. The simple algorithm handles the pressure components
in momentum equations and employs an iterative technique to
acquire the solution to the discretized equations. For the three-
dimensional peristaltic flow analysis, discretized local
pressure and velocity are analyzed depending on the applied
boundary conditions. The results for the ureterdynamics were
obtained for the total wave cycle of 9 sec with a wave velocity
of 20 mm/sec. The pressure, velocity, and wall shear are
analyzed for time intervals from 3 to 6 sec.

3.1 The pressure contour analysis

At the time 3 s, the bolus is formed and starts moving towards
the outlet. At this time step, it was found that a maximum
pressure of 1.61 Pa in the single bouls and a minimum pressure
of -0.09 Pa in the double bolus wave motion as shown in Fig.
3(a). Maximum pressure is created in front of the propagating
urine bolus during a single bolus as the wave travels to the
output. The maximal pressure is recorded behind the bolus in
the double and triple bolus motions.

(h)Pressure contours at 45
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Fig. 4 Ureter pressure for single, double, and triple wave motion for time 4 s (a) pressure plot and (b) pressure counter.
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Fig. 5 Ureter pressure for single, double, and triple wave motion for time 5 s (a) pressure plot (b) pressure counter.

At 4 sec, it was observed that the double bolus motion will
dominate the pressure magnitude as shown in Fig. 4(a), it is
because of the reduction in the area towards the outlet and the
distribution of the pressure due to bolus formation. The
maximum pressure of 1.45 Pa is observed in the double bolus
and the minimum pressure of — 0.59 Pa in the single bolus (Fig.
4(b)).

At the time 5s, the maximum pressure of 0.698 Pa was
observed in the double bouls wave motion. The minimum
pressure of -1.16 Pa was found in the triple wave motion as
shown in Fig. 5(a).

Figure 6 shows the pressure plot (Fig. 6(a)) and pressure
contour (Fig. 6(b)) at the time of 6 sec. At this time, the wave
travels to the diverged area. Due to this, the maximum pressure
of 0.5 Pa was found in single bouls motion and the minimum

(a) Pressure plot at 6s
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pressure of -1.26 Pa was found in a triple wave.

For all the pressure plots (Fig. 3 to Fig. 6), it is clear that
the maximum pressure magnitude is recorded in the bolus, and
negative pressure is recorded in the neck of the bolus. The
negative pressure leads to a reverse flow in the neck due to the
peristaltic wave and reduction in the area of the ureter.

It is also seen that the pressure decreases as the wave
travels to the outlet (Fig. 7). Weinberg et al.¥ reported that for
a single bolus of a normal diameter ureter, the greatest pressure
is created behind the propagating urine bolus. In the variable
diameter ureter, it is observed that for the single bolus wave
motion, the pressure is generated in front of the bolus. It is also
found that the maximum negative pressure is increased as the
peristalsis travels to the outlet.

h) Pressure contour at 6s
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Fig. 6 Ureter pressure for single, double, and triple wave motion for time 6 s (a) pressure plot (b) pressure counter.
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Fig. 7 Pressure plot for the single, double and triple bolus for the time 3, 4, 5, and 6 s.
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(a) Pressure gradient at 3s
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Fig. 8 Pressure gradient along the ureter axis at (a) 3, (b) 4, (¢) 5, and (d) 6 sec.

3.2 The pressure gradient analysis

The pumping efficiency may be defined by raising pressure
over a characteristic length (dp/dz) since the flow in the
moving frame is constant. Fig. 8 depicts the pressure gradient
along the ureter axis for four distinct time steps in a triple wave
motion. Peristalsis causes the high-pressure gradient
surrounding the ureter's contraction. It is found that when the
wave propagates in the longitudinal direction to the bladder,
the gradient peaks diminish for the normal-sized ureter. But in
the variable diameter ureter, it is clear from the plot that for all
the time steps, there is an increase in the pressure gradient as
the wave travels to the outlet. The same observation is
observed for single, double, and triple bolus motion.

The maximum pressure gradient of 450 Pa/m is recorded
for double bolus motion for the time of 3 sec. This is because
of the wall contraction at the neck near the inlet as shown in
Fig. 8(a). These peaks in the plots are caused by high and low
pressure. In the single and double wave propagation, it is
observed that flow transition causes an increase in the pressure
gradient as the wave propagates to an outlet (Figs. 8(b) and
8(c)). In triple due to incomplete wave propagation at the end,
the minimum pressure gradient is recorded at the neck region
due to contraction in the area as shown in Fig. 8(d).

According to Vahidi et al.™ and Keni et al.,[*! when a
peristalsis wave propagates from inlet to outlet in a normal
diameter ureter, a rise in the pressure gradient value is

260 | Eng. Sci., 2022, 17, 256-265

recorded owing to ureter wall contraction. However, when the
wave propagates to the exit, the pressure gradient magnitude
increases in the variable diameter ureter.

3.3 The velocity contour analysis

Figures 9(a & b) shows the velocity plot and velocity flow
vector at the time 3 s, respectively. It is observed that a
maximum velocity magnitude of 0.0408 m/s is found in the
ureter of triple bolus motion. The other two bolus motions will
not affect the flow. But the velocity of the jet is produced in
the neck region of the ureter. At this region, the reverse flow
is observed. As the wave propagates further, it is observed that
at time 4 s, the maximum velocity is found in the bouls of the
triple wave as shown in Figs. 10(a) and 10(b). It is because of
the boundary condition and the reduction in the geometrical
area.

Figures 11 and 12 show a plot for 5 and 6 s. Due to
incomplete wave propagation, a maximum magnitude of
0.0403 m/sec of velocity is recorded in the triple wave at the
exit of the ureter. It is clear from the velocity plot that there is
a reverse flow at the neck region of the ureter. As the wave
travels at the outlet, the reverse flow is observed and this may
lead to some urinary infection in the ureter. Also as compared
to the single and double bolus wave motion, the area of
contraction is more in the triple wave motion. Because of this
contraction in the area, the reverse flow occurs in the ureter.

© Engineered Science Publisher LLC 2022
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Fig. 9 Ureter velocity for single, double, and triple wave motion for time 3s (a) pressure plot (b) pressure counter.
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Fig. 13 Velocity plot for single bolus, double bolus, and triple bolus for the time 3, 4,5, and 6 s.

Figure 13 shows the overall maximum and minimum
velocity developed for the single, double, and triple bolus
wave motion. It is clear from the graph that the high magnitude
velocity is developed as the urine enters the ureter at the
beginning of the flow. Further, the velocity vector plot (Fig.
9(b)) shows that at the time 3 s for all the bouls, the reverse
flow occurs at the inlet of the ureter. Also as the wave
propagates to the outlet, the reverse flow at the inlet disappears
(Fig. 10(b), Fig. 11(b), and Fig. 12(b)).

3.4 The wall shear stress

Figure 14 shows the wall shear stress during the flow at the
four-time steps. The peaks are visible in the wall shear stress
plot corresponding to the time and contraction location. On
further observing the behavior of wall shear stress, a
comparative average value is evident at the bolus, which is
then followed by abrupt jumps in wall shear stress towards
both maximum and minimum direction at the contractile
waves. As the wave propagates due to a high reduction in the
area, a high magnitude of wall shear is observed. As the
peristalsis wave starts propagating, a high stress of 0.098 Pa is
recorded at the beginning of the triple bolus motion (Fig.
14(a)). But as the wave propagates further, a decrease in the
magnitude is observed. Also, at time 5 s in the double bolus
wave motion, a rise in the magnitude is observed of 0.089 Pa,
this is because of the reduction in the area due to the peristalsis
wave (Fig. 14c).

262 | Eng. Sci., 2022, 17, 256-265

4. Conclusion

The peristalsis wave effect on the tapered ureter wall is
investigated at time-step intervals from 3 to 6 s. It was
observed that for the variable diameter ureter at the time 3 s,
the urine bolus enters the ureter. As the wave travels to the
outlet, it is observed that maximum pressure is generated in
front of the propagating urine bolus for a single bolus. In the
double and triple bolus motion, the maximum pressure is
observed behind the bolus. As the wave travels to the outlet,
the pressure will decrease. The maximum pressure magnitude
is recorded in the bolus, and negative pressure is recorded in
the neck of the bolus. The negative pressure leads to a reverse
flow in the neck due to the peristaltic wave and reduction in
the area of the ureter. The reverse flow advances the urinary
tract infection and results in the bacteria and toxins from the
UPJ to the kidney. This may further lead to serious kidney
problems over some time. Similarly, a high wall shear is
observed in the neck region of the propagating peristalsis wave
due to a high reduction in the area. The shear stress may affect
the function of the kidney and play a major role in various
kidney diseases. For the pressure gradient, in the single and
double wave propagation, it is observed that the flow
transition causes an increase in the pressure gradient as the
wave propagates to an outlet. In triple wave due to incomplete
wave propagation at the end, the minimum pressure gradient
is recorded at the neck region due to contraction in the area.
Also, it is clear from the velocity plot that there is a reverse

© Engineered Science Publisher LLC 2022
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Fig. 14 wall shear stress along the ureter axis. (a) at 3 sec (b) at 4 sec (c) at 5 sec (d) at 6 sec.

flow observed outlet and this may lead to some urinary
infection in the ureter. Also, when compared to the single and
double bolus wave motion, the area of contraction is more in
the triple wave motion. Because of this contraction in the area,
the reverse flow occurs in the ureter. Further experimental
work can be carried out by manufacturing ureter tubes using
suitable rapid prototyping techniques, which helps to
understand the effect of shear stresses on constrictions of the
ureter.
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