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Abstract: Recent advances in computational fluid dynamics 

(CFD), the availability of supercomputing power and the 

current understanding of the ureter make a realistic 

computational model of a ureter feasible. This study is aimed 

of developing a computational model of the ureter to examine 

urine flow. We use the in-house CFD code CgLes which is a 

highly parallelised three–dimensional fluid solver with second 

order accuracy in both time and space. It uses the Navier 

Stokes equations to simulate both laminar and turbulent 

incompressible flow of a fluid. The immersed boundary 

method has been implemented into CgLes to simulate moving 

boundaries and it will be used to simulate the interaction 

between the flow of urine and ureter. To simulate the wall of 

ureter, CgLes has been coupled with a world-class in-house 

Discrete Element Model (DEM) C code. An initial simulation 

has been carried out by applying a circumferential force to a 

flexible tube in two locations away from its inlet in order to 

simulate peristalsis motion. The tube was fixed at the inlet and 

outlet and we believe these deformations to be very similar to 

those of a real ureter. Further work will focus on the 

movement of urine down a ureter using the exact geometry 

from CT scans and the Mimics software.  

Key words: (peristalsis motion, CFD, The immersed boundary, 

Navier Stoke equations)  

                                                                                                                                

I. INTRODUCTION: 

 

In the urinary system, peristalsis motion due to muscular 

contraction of the ureteral wall drives urine from the kidney 

to the bladder through the ureter as seen in figure (1b). The 

urine is expelled from the body through the urethra during 

voiding by increasing the pressure in the bladder. A primary 

pacemaker location is known at the beginning of the ureter 

which initiates the peristalsis motion. The reason of this 

activity can be the distension of the pelvi-ureteric region 

when urine is produced by the kidney. However, there are 

other parts of the ureter that are able to show the initiation 

of the peristalsis called latent pacemakers Figure (1a). 

A common ureteral disease is Vesicoureteral reflux 

(VUR) which can be defined as a back flow of urine from 

the bladder into the ureters or kidneys due to a malfunction 

of the valve in the vesicoureteic junction. 
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                      (a)                (b) 

Fig 1: a: the concept of primary and latent pacemakers in ureter, and b: 

behaviour of ureter during diuresis. [1]  

Recent advances in CFD and the availability of 

supercomputers make a realistic computational model of a 

ureter and peristaltic flow possible and it can provide a tool 

to develop and explore further research. Extensive literature 

[2, 3, 4] has been devoted to finding mechanical properties 

of the ureter in both animals and humans and the majority 

of the studies indicated a viscoelastic behaviour for the 

ureter. The first attempts to create a model were based on 

the theoretical analysis and numerical solutions for viscosity 

dominated flow through a uniform tube with peristaltic 

motion [6]. In their study the hydrodynamics of flow 

through a distensible tube of a finite length with a peristaltic 

motion is discussed. Later, different rates of the frequency 

of peristaltic motion have been applied to the same model. 

The dynamics of the upper urinary tract have been 

investigated extensively and the pressure/flow relation in 

different conditions has been studied. [5, 6, 7, 8, 9, 10]. 

However, the fluid structure interaction has been not stated 

in any of the study mentioned above. 

Experimental techniques which have also been used to 

quantitatively measure ureteral dynamics including; time 

resolved dynamic contrast-enhanced magnetic resonance 

urography for the evaluation of ureteral peristalsis using a 

data sharing 3D gradient echo sequence with spiral k-space 

filling [11], Color Doppler Sonography to evaluate ureteric 

jets in order to define patterns of flow and ranges of flow 

values in an asymptomatic population [12]. 

Vahidi and Fatouraee [13, 14] assumed a rigid surface 

with contact in solid wall that could simulate peristaltic 

motion and used the fluid structure interaction method to 

simulate the interaction between the flow of urine and the 

ureter. The results included the position of the highest shear 
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stress and possibility of reflux on the ureter wall. Also the 

effect of some factors such as ureteral wall compliance and 

different pressure amongst the kidney and bladder on the 

efficiency of the peristaltic process was investigated. 

Although they developed their model by introducing a 

nonlinear hyperplastic material model, (Arruda–Boyce 

model) and indicated a possibility of the urine reflux to the 

kidney at the beginning of the wave and it decreases by 

distally propagating wave through the ureter [15]. 

Application of CFD in order to simulate a realistic model 

of the ureter is a very new topic which can open many doors 

to future research in various aspects and this has motivated 

our group to work on this subject. The aim of this study is to 

develop to a computational simulation of the contraction of 

a ureter by using our in-house codes as an initial step 

towards further investigations of the reflux phenomenon 

and other ureteral abnormalities. 

II. METHODOLOGY: 

 

We used the in-house CFD code CgLes [16] which is a 

highly parallelised three–dimensional fluid solver with 

second order accuracy in both time and space. To simulate 

the deformability of the ureter, CgLes has been coupled 

with a world-class in-house Discrete Element Model (DEM) 

C code [17, 18]. The combined code is capable of modelling 

the movement of solids, including particles such as kidney 

stones in the ureter, and red blood cells. 

 

i. Geometry of the Model: 

We assumed a computational box of 4 blocks with the 

gird resolution of 32x32x128 for the fluid domain. The grid 

cell length in the y and z directions is about 0.037cm and 

0.06 cm in x directions. For solid the length of tubes around 

8 cm gives 10353 elements yielding and an element length 

of is 0.1 cm see figure (2) for illustration. One should note 

that we are interested in the flow inside the tube (ureter) and 

any small residual flow created in the computational domain 

outside of the tube due to its motion is of little interest for 

this study. 

 

 

 

 

Fig 2. Geometry of current model. 

 

ii. Contraction simulation: 

To simulate the contraction, we defined two separated 

windows at the beginning and in the middle of the tube 

which could move down the ureter with a velocity of 2.4 

cm/s which is similar to that in a human  while applying a 

circumferential force to close the ureters cross sectional in 

order to push the urine down the ureter. The purpose of this 

design was to mimic the pacemaker activity in ureter to 

achieve a realistic contraction simulation. 

 

iii. Fluid and solid model: 

To simulate the walls of the ureter, we assume it is linear 

elastic homogeneous material with a Young’s modules 

5Kpas. No-slip boundary conditions on the tube walls were 

applied for the fluid flow. A mean pressure difference 

around 0.007 and 5 cmH2O was applied as an inlet pressure 

boundary condition in the stream-wise direction. The outlet 

and inlet positions of the tube were been fixed and the fluid 

(Urine) is assumed to be laminar and Newtonian, viscous 

and incompressible. 

 

iv. Fluid solid Interaction: 

The immersed boundary method has been implemented 

into CgLes to simulate moving boundaries and was used to 

simulate the interaction between the flow of urine and 

ureter. The immersed boundary (IB) method is used to 

tackle such complex FSI problems in an easy and 

straightforward manner. The fluid motion equations are 

discretized on a fixed Cartesian grid. An extra singular body 

force is added into the momentum equation to take solid 

boundary into account (equation 1, 2):  

 

 

 

                                        (1) 

 

 

                                 (2) 

 

v. Governing Equations: 

The governing equations for the fluid are incompressible 

Navier Stokes (NSE) which is continuity, momentum 

equations  

 

 (
  

  
     )                     (3) 

                                                           (4) 

Where v is the flow velocity, ρ is the fluid density;   is the 

fluid viscosity, p is the pressure and   is the body force. The 

solution can be obtained by using the finite volume method 
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and applying the projection method to ensure continuity. 

The Navier Stoke equations are discretised by a second 

order Adam_Bashforth method in terms of time. Spatial 

derivatives, diffusion and convection terms are 

approximated using the second order finite difference 

method. A conjugate gradient method is mainly used to 

solve the pressure Poisson equation in CgLes codes. 

 

III. RESULT AND DISCUSSION: 

 

We have to-date simulated laminar urine flow in a tube 

using published mechanical properties of ureters and we 

assumed that the fundamental reason for urine flow is 

mainly due to the contraction of the walls (pacemaker 

activity) and also the pressure difference between the 

kidney and bladder. We believe these deformations are 

more similar to those of a real ureter. See the figure (3) for 

the time sequence of wave propagation of the ureter under 

the action of application force. 

 

 

 

 

 

 

 

  

 

 

 

 
Fig 5. Instantaneous velocity distribution (cm/s) along the centre line. 

 

For the other two simulations, two pressure differences 

of 0.007 and 5 cmH2O were applied between the inlet and 

outlet of the flexible tube. It is worth mentioning that  

pressure difference between the bladder and the kidney can 

be between 0 to 5 cmH2O and depends upon the hydration 

in normal and healthy ureter.  

We have simulated two different conditions, when 

contractions are applied in present and absence of pressure 

difference between the kidney and bladder. 
 

 

 

Fig 3.  Simulated wave propagation in ureter. 

Figures 4 and 5 show the pressure and velocity 

distribution along the ureter in two separated contractions 

simulating the action of the pacemakers along the ureter 

while no pressure difference over ureter was applied. 

Increase in pressure and velocity is observed around the 

contractions. 
 

 

 

 

 

 

Fig 4. Instantaneous pressure distribution (dyn/cm2) along the centre 

line(cm). 

The pressure driven flow computation was validated by 

stiffening the tube’s wall and comparing the velocity profile 

to the analytical solution of Poiseuille solution, achieving 

excellent agreement. Figure 6 and 7 shows an increase 

velocity in the contraction area in comparison with the 

situation without pressure difference 

 

Fig 6.  Instantaneous velocity contour in x direction when pressure 

difference is 0.007 cmH2O. 

 

Fig 7.  Instantaneous velocity contour in x direction when pressure 

difference is 5 cmH2O. 
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The velocity contours in both the two pressure 

differences show an increase in the velocity magnitude in 

the middle of the tube as the pressure difference condition is 

applied. However, the velocity magnitude is somewhat too 

high for the high pressure difference of 5 cmH2O as the 

flow rate of urine is known around 0.1 to 3 ml of urine per 

minute. This is likely due to the difference between the 

shape of cross sectional area of the ureter and our model. 

(Figure 8) 

 

  

(a)                  (b) 

Fig 8.  (a): cross sectional area of the current model during the contraction, 
(b): cross sectional area of human ureter [19].  

As seen from Figures 9 and 10 the lack of pressure 

difference causes a significant back flow at the beginning of 

the contraction, indicating a possibility of urine reflux. In 

comparison, the back flow is not seen when the pressure 

difference was applied, pointing to a smaller possibility of 

reflux. 

Fig 9.  Instantaneous velocity vector in absence of pressure difference of 5 

cmH2O.  

Fig 10. Instantaneous velocity vector in present of pressure difference of 5 

cmH2O . 

 

IV. CONCLUSION AND FURTHER WORK: 

In this paper, a fluid-structure simulation technique was 

introduced to study two contractions in a small tube 

mimicking human ureter. The results showed an increase in 

pressure and velocity during the peristalsis around the 

contraction zone. A possibility of urine reflux was identified 

for a low pressure difference over the tube. Although the 

contraction design is very similar to the known 

physiological function, our model still needs improvement. 

We assumed the tube wall to be of an elastic homogenous 

material and used an initial circular shape for the tube’s 

cross sectional area. The latter is crucial as it directly relates 

to the magnitude of the force needed to simulate the 

peristalsis and affects the flow field inside the ureter. We 

already modelled the exact geometry of the ureter’s cross-

sectional star shapes from CT scans and we are in the 

process of feeding this geometry to our in-house simulation 

software. Viscoelastic behaviour of the ureter has also been 

modelled into our codes and the results are expected to be 

reported soon. 
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