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Abstract- Pipeline’s flow simulation and estimation is a critical topic with high industrial interest. However in order to 
produce a flexible, simple and accurate enough numerical scheme high aspect ratios as well as local non-Cartesian pipes 
bound have to be treated. In order to overcome these difficulties a local mesh refinement technique is developed and applied 
in flows inside pipes producing approximated outer bounds wherever is necessary simultaneously. The numerical scheme is 
applied for incompressible, viscous, laminar steady and unsteady flows giving priority to the boundary conditions 
application according to the position of outer cells. Navier-Stokes equations are solved using upwind schemes, cell centered 
approach and finite volume methodology. Numerical results for the flow variables values and distribution are presented for 
straight pipe, pipe with step in various. According to each specific physical domain, a local refinement grid approach is 
developed providing accurate results and reducing the computational memory and time simultaneously. Validation of the 
results has been presented with satisfied convergence with corresponded results from the literature as well as from the 
commercial flow software package ANSYS. Emphasis is given to recirculation zones localization as well as to pressure drop 
regions providing by this way useful data to the related industries. The methodology is simple and accurate enough in order 
to predict industrial flows inside pipes as crude oil, gas or air internal flows.  
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I. INTRODUCTION 
 
Pipeline simulation and estimation is critical and 
provides numerous useful information in industrial, 
control and environmental engineering. According to 
the type and the application of the fluid flow in pipes 
topics as localization of separation zones, 
optimization of discharge ratios or identification of 
pressure drop may extract valuable information 
during industrial flow procedures. The accurate as 
well as the simple and flexible numerical simulation 
and estimation of this type of flow fields is demanded 
by several industrial sectors. That’s why various 
computational methodologies have been recently 
developed in pipes or channels flows estimating the 
values and the distribution of the variables in 
channels with specific geometrical characteristics.  
 
Numerical investigation, simulation and estimation 
for pipes flows is high beneficial for the industries as 
well as always a challenge for the researchers. 
Various codes applying several methodologies have 
been developed trying to predict the flow fields for 
straight channels or with steps [1,2,3], due to the 
sudden expansion interest. By the other hand the 
same pipe cases for various step’s angles have been 
developed providing important information 
concerning the flow variable distribution as well as 
the pressure drop. High interest also in the numerical 
simulation of channels, is presented at the non-
straight pipe-parts, where a special treatment is 
needed. [4,5,6].  

 
For all the researchers and engineers is important to 
investigate specific regions in curved pipes or in 
particular non-straight pipes’ parts as at Louda’s [7] 
work for branched channels, Liu’s one [8] for 
grooved channels,  or Marn’s paper [9] for the 
laminar flow in a 90ο pipe bend. Wallini has 
presented an interesting numerical study for turbulent 
flows in compressible conditions [10]. By the other 
hand, especially at the oil & gas companies, widely 
are used the T-junction branched channels. The 
numerical simulation and the accuracy of these 
results are important in order to try to minimize the 
energy losses. Louda [11], is presenting a numerical 
approach where the artificial compressibility method 
is applied in combination with a finite volume 
discretization and provides very useful results 
concerning the fluid behavior according to the flow 
rate. Multi flow numerical approach has been 
achieved by Plam [12], while Shamloo [13] provides 
detailed presentation of some separation zones using 
FLUENT for the computational methodology.   
 
1.1 Aim and objectives 
In the present work a numerical block nested grid 
approach is applied in combination with an artificial 
compressibility methodology in order to estimate, 
present and validate the flow variables as well as the 
spread and expansion of the recirculation zones for 
incompressible flows inside various short pipes.  Our 
work is based on the cell centered block refinement 
Cartesian techniques, [14,15,16] while the 
discretization of the flow equations is based on 
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upwind schemes introducing the artificial 
compressibility term [17]. We insist on the prediction 
of the separation zones, the grid independence as well 
as the pressure distribution, providing useful 
information for industrial applications with accuracy, 
for various Reynolds numbers [18,19,20]. Our results 
are accurate enough and these are validated either 
with the corresponded by the literature, either by 
similar numerical results using the commercial flow 
simulation tool FLUENT. This topic presents high 
interest due to the wide industrial applications while 
two important issues are faced; the high aspect ratios 
as well as the non-Cartesian bounds approximation. 
 
II. THEORETICAL METHODOLOGY AND 
ANALYSIS 
 
Cartesian grids present various benefits due to the 
simplicity of their application especially at physical 
domains with minimum curvilinear bounds as pipes. 
However even in channels, an approximation 
technique is required, in order to face the non-
Cartesian parts of each physical domain. The second 
challenge in the mesh generation is the necessity of a 
refinement technique in order to face the high aspect 
ratios.  
 
2.1 Grid generation and refinement technique 
According to the literature several ways have been 
presented in order to project non-Cartesian bounds 
into grid lines. At pipe’s flow numerical solution we 
prefer to represent the initial geometrical bound 
directly to the grid nodes, avoiding by this way mass 
conservation problems. This technique (saw-tooth), 
[18,21] has to be applied only for the specific non 
Cartesian pipe bounds in order to create a uniform 
grid without any refinement. The main idea of the 
above methodology is the description of original and 
approximated geometrical bounds by a set of data 
points on a uniform Cartesian grid. By this way we 
avoid all the non-Cartesian edges and manage to 
describe the physical geometry by the use of only 
grid lines (fig.1).  
 
Fortunately, not so many pipes’ geometries are 
needed the above saw-tooth approximation, due to 
their usual “straight” shape. However, according to 
the application, a net Cartesian grid generation 
method is not enough to discretize the physical 
domain, due to possible specific curvilinear 
characteristics as bends, elbows, curves or inclined 
bounds.  
 
The second usual problem in pipes simulation is the 
extended length of the physical domains and the high 
values of the aspect ratios. In order to overcome it a 
refinement and adaptive grid technique needs to be 
applied. 

 
Fig. 1: Saw-tooth geometry approximation for a curvilinear 

round bound. 
 
The integer refinement factor for the grids is defined 
as below:  

 
 
For this reason we choose a block nested local 
refinement technique based on a hierarchical 
structured grid approach. [14,21]. the method is based 
on using a sequence of nested rectangular meshes in 
which numerical simulation is taking place (figure 2). 
The whole domain is a rectangle whose sides lie in 
the coordinate directions. We simulate the domain 
based in as many refine grids as we need. The choice 
of the location for the nested grids is usually 
according to the velocity differences at the adjacent 
cells. where I is the refinement factor, 

1mm dxanddx  the grid’s resolution in longitude 
for the m grid level and for the m+1 (next) grid level, 
respectively, while 1mm dzanddz  the grid’s 
resolution in latitude for the grid levels as above.  The 
I is always a power of two. 
 

 
Fig. 2: Block nested refinement technique after the creation of 

the Cartesian approximated bound. The green cells are the 
boundary cells, the purple cells are level 1 when I=2 while the 

yellow cells are level=0, the initial one. 
 
2.2 Numerical scheme and Boundary Conditions 
In order to transfer the initial solution between a 
coarse to a fine interface either we set the velocity 
values equal among these, either we calculate the 
average values as it can be seen below [21]. We only 
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give the values for the velocity while we solve for the 
pressure:  

 
 

 
Fig. 3: Boundary values application at the physical 

approximated bound. 
 
where ),(1 kiu m the axial velocity component at the 

refined sub-grid and ),( nlu m the corresponded 
coarse cell axial velocity value (figure 3).  
In order to calculate the flow variables the 
incompressible and laminar Navier –Stokes equations 
are discretized and solved using flux vector splitting 
methodology and upwind schemes, [17,21]:  

 
 
where ρ the density, V the velocity vector, g the 
acceleration of gravity and µ the dynamic viscosity. 
The numerical solution of these equations is achieved 
after the introduction of artificial compressibility term 
in order to face the lack of pressure term at the time 
dependent term.  The un-factored discretized Navier-
Stokes equations are solved by an implicit second 
order accurate in time scheme, using Gauss-Seidel 
relaxation technique [17].  
 
III. RESULTS 
 
The accuracy and performance of the above 
methodology in pipeline flows various test cases have 
been developed. At the following sections we will 
present the main findings of the numerical simulation 
of incompressible flow inside straight pipes, pipes 
with 90οstep and incline step channels. By the below 
presentation and validation is extracted that the 
proposed methodology present satisfied accuracy and 
predicts the pressure distribution as well as the 
separation zones for each cases according to the 
Reynolds number value.  
4.1 Flow inside a straight pipe with step 

At the specific test case there is no particular 
challenge concerning the need of an approximated 
bound because all the edges are aligned with the grid 
lines. However the block nested technique is tested in 
order to prove the accuracy of the results with the 
reduction of computational memory and time 
simultaneously.  
At figure 4 the physical domain is presented where 
various types of block nested grids have been used 
and developed.   
 

 
Fig. 4: Block nested grids for the pipe with step domain 

discretization. 
 
Beside the low level of nested grids which are used, 
the accuracy of the results is satisfied as it can be 
seen by table 1.  

Table 1: Recirculation data - pipe with step. 

 
 

 
Fig.5: Streamlines along the channel. Grid size and type: 

block-nested 80x11, L=2, I=2. Re=800. 
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The streamlines and the velocity contours are 
presented at figures 5,6 and 8, proving the good 
compatibility between the results and the accepted 
accuracy of the nested refined methodology in 
combination with the artificial compressibility 
technique. Various velocity profiles are depicted at 
figures 7 and 9 for Reynolds number equal to 100 and 
800, where the lower and upper wall recirculation can 
be recognized. Using the block nested methodology 
computational memory and time deduction is 
performed.  
 

 
Fig. 6: Velocity contours inside the step pipe for Re=100 using 

ANSYS. 
 

 
Fig. 7: Velocity profiles along the pipe showing the 

recirculation close to the inlet for Re=100 (lower wall). 
 

 
Fig. 8: Velocity contours, ANSYS 160x20, Re=800, where easily 

the recirculation zones can be recognized. (upper and lower 
wall) 

Fig. 9: Velocity profiles – recirculation at upper wall, Re=800, 
ANSYS, grid size 160x20. 

 
Flow inside inclined pipe  
Particular interest is presented to the incompressible 
flow inside an inclined pipe due to various reasons as 
the approximated bound creation as well as the 
existence of recirculation zones. Numerous industrial 
flows can be modeling using the present methodology 
producing  
 

 
Fig. 10: Geometry description of the inclined pipe physical 

domain. 
 
important results concerning the connections of the 
step angle with the expanse of the separation zones 
mostly at the lower bound. For the specific test cases 
uniform and multi-block grids have been used sized 
501x26, with 1 and 2 levels of refinement and factor 
equal to two (2).  For the validations needs similar 
numerical estimations have been developed using 
ANSYS commercial software.  
The Reynolds number has been set equal to 100 and 
800.  
The physical domain as well as a part of the refined 
Cartesian grid are presented at the following figure 
10. 
Using the proposed methodology accurate and 
acceptable results are produced in terms of flow 
variables and localization of separation zones. This 
can be easily seen by the comparison of the results 
using ANSYS with similar domain, grid size and 
boundary conditions (fig. 11, 12). An additional 
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important positive point it is the good behavior 
among the neighboring sub-grids, without the 
presence of any inaccuracy due to the transfer of the 
flow variables. As it can be seen by the following 
graphs the accuracy of the results is acceptable and 
accurate enough, despite of the approximated 
physical Cartesian bound.  
 

 
Fig. 11a: Velocity profile along channel with inclined step 

angle=π/6, Re=100 on x=5 (before the step). Grid size: 211x11, 
I=2.  

 

 
Fig. 12: Velocity vectors along the inclined channel, ANSYS, 

Re=100. 
 

 
Fig. 11b: Velocity profile along channel with inclined step 

angle=π/6, Re=100  x=9 (after the step). Grid size: 211x11, I=2.  
 
By this way we are able to produce accurate results 
reducing simultaneously the computational memory 
and time and by the other hand using only Cartesian 
methodologies which are simple and flexible for pipe 
flows numerical modeling.  

CONCLUSIONS 
 
A method for the numerical simulation and 
estimation of flow inside pipes is presented, 
developed and validated at the present paper. We 
study the incompressible, laminar and viscous cases 
for internal pipe flows presenting the corresponded 
results for pipes with steps; 90οand 30ο angle step. 
The methodology is based on as Cartesian refinement 
technique for the grid generation as well as an 
artificial compressibility method for the Navier – 
Stokes discretization and solution. The numerical 
solutions are presented for various grid sizes and 
Reynolds numbers trying to determine the appropriate 
grid size for independence, the accuracy of the block 
– nested grids as well as the influence of the 
Reynolds numbers to the flow separation zones. It has 
been found that the block nested Cartesian technique 
is appropriate enough for pipe flows simulation and 
estimation producing accurate results despite of the 
approximated geometry bounds that sometimes are 
needed to be produced. The computational memory 
and time is decreased in comparison with other grid 
methodologies, while the model is simple, flexible 
and quite appropriate for industrial pipe flows 
estimation. The identification and depiction of the 
separation zones is produced by the accepted 
accuracy providing very useful information and data 
for industrial applications (crude oil, gas or air flows). 
The validation of the results have been successfully 
developed using corresponded results by the literature 
as well as the commercial flow software package 
ANSYS, presenting a very good and accepted 
convergence. It worth also to be mentioned that the 
recirculation zones are varied and increased 
significantly according to the Reynolds number 
providing higher resistance to each flow. Further 
investigation and research is needed to be done in 
order to provide deduction of these zones and identify 
the relationship of pipe diameter - step angle – 
recirculation zones or the effect of sharp pipe edges.  
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