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Part 1

Case Study 3: Flow through smooth
and sharp bends



Chapter 1

Introduction

1.1 Aim

The aim of this case study was to determine the minor loss factor of smooth and
sharp bend of pipes through CFD method. OpenFOAM version 1912 was used
for carrying out the simulation. Further, the velocity and pressure contours of the
flow were studied. The study was performed for a 3-D incompressible flow with
water as the working fluid, simpleFoam steady state solver was used and x-w SST
RANS model was adopted to simulate the turbulent flow. The results were viewed
in ParaView 5.7.0

1.2 Theory

The resistance to flow in a pipe network causes loss in the pressure head along the

flow. The overall head loss across a pipe network consists of the following;:
* Major losses

¢ Minor losses

1.2.1 Major Losses

Major losses refer to the losses in pressure head of the flow due to friction effects.

Such losses can be evaluated by using the Darcy-Weisbach equation:

Lo?

hmajor - fZg_D (1.1)
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where f is the Darcy friction factor, L is the length of the pipe segment, v is the flow
velocity, D is the diameter of the pipe segment, and g is acceleration due to gravity.
Equation 1.1 is valid for any fully developed, steady and incompressible flow. The
friction factor f can be calculated by the following empirical formula, known as the
Blasius formula, valid for turbulent flow in smooth pipes with Rep < 10°:

f = 0.316Re "% (1.2)

1.2.2 Minor Losses

In a pipe network, the presence of pipe fittings such as bends, elbows, valves, sud-
den expansion or contraction causes localized loss in pressure head. Such losses
are termed as minor losses. Minor losses are expressed using the following equa-

tion:
2

28

where K is called the Loss Coefficient of the pipe fitting under consideration. Minor

(1.3)

hminor =

losses are also expressed in terms of the equivalent length of a straight pipe (L)

that would cause the same head loss as the fitting under consideration:

02 J
hminor =K== f 2;[,1[)

(1.4)

D
Leg = 1<7 (1.5)

In the present study, we shall determine the head losses across smooth and sharp
bend. Loss of head due to bend in pipe: This is the energy loss due to bend. When
a bend is provided in the pipeline, there is a change in direction of the velocity of
flow Figure 1.1 and 1.2. Due to this, the flow separates from the walls of the bend
and formation of eddies takes place. Figure 1.3 shows the schematic layout of the
pipe network to be used in the present study.

1.3 Problem Statement

The primary objective of the case study is to simulate turbulent flow through a
sharp and smooth bend case and later calculate the minor loss factors using the
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Figure 1.1: Sharp Bend[1]

v

Figure 1.2: Smooth Bend[1]

CFD result and compare it with the experimental or analytical results. The dimen-
sions of the pipe fittings are considered from the lab manual[!]. The simulations
were conducted for 17 different cases. To study this turbulent flow, simpleFoam
solver is used.
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Figure 1.3: Schematic layout of pipe network with fittings[1]

1.4 Schematic Diagram

The dimensions of the geometry is given below

Diameter of the collecting tank, D, = 0.28 m

Diameter of the larger cross-section pipe, D1 = 14.3 mm

The geometry of smooth and sharp bend case is shown in the Figure 1.4.

y
[Smooth Bend] _/ [Sharp Bend] v/

Figure 1.4: Pipe Bend
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Chapter 2
OpenFOAM base case

2.1 pitzDaily

The base case considered for the simulation of the orifice meter is the pitzDaily
case. This case can be found under the incomressible section, simpleFoam sub-
section. The directory for this is
\OpenFOAM-v1912\tutorials\incompressible\simpleFoam\pitzDaily.

Based on the experimental work of Pitz and Daily (1981). It features a backward
facing step. Such a “classic” case is instructive for comparing different turbulence
models with respect to the size and shape of the recirculation zone[internet refer-

ence]. pitzDaily introduces the dollowing concepts for the first time:
* Mesh creation using blockMesh and also mesh grading capability

¢ Turbulent steady flow.

2.1.1 Folder Structure

Any case file in OpenFOAM has three folders, called the 0, constant and the sys-
tem. The constant contains coefficient values that will be used in equations and
also things which will remain constant like the mesh, material properties, envi-
ronmental constants which the solver uses, the 0 folder contains the initial and
boundary conditions, and the system folder contains the configuration files for the
mesh and also how the solver will be executed, schemes and methods to use and

controls for the simulation.
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Table 2.1: Folder contents

Directories Constant 0 System
Sub-directories | transportProperties U blockMeshDict
turbulenceProperties p fvSchemes
polyMesh nut tvSolution
omega
k
2.2 Solver

OpenFOAM or Open-source Field Operation And Manipulation is an open-source
C++ tool used for solving continuum mechanics problems, with a focus on Finite
Volume Method (FVM). The software package includes solver codes for different
kinds of transport phenomena, varying from simple laplacian solver called lapla-
cianFoam to complex multiphase flow, compressible flow, heat transfer, incom-
pressible flow, and many more. The flagship solver and most commonly used
solver is simpleFoam. simpleFoam is a steady-state solver for incompressible, tur-
bulent flow. It utilizes the SIMPLE (Semi-Implicit Method for Pressure Linked
Equations) algorithm. It is an approximation of the velocity field which is obtained
by solving the momentum equation. The pressure gradient term is calculated us-
ing the pressure distribution from the previous iteration or an initial guess. The
pressure equation is formulated and solved to obtain the new pressure distribu-
tion. Velocities are corrected and a new set of conservative fluxes is calculated. The
solver used for this case study is simpleFoam, it employs SIMPLE algorithm. The
case study considered is a steady state, incompressible, three-dimensional flow.
The set of Navier Stokes equations governing the flow is given below.

The continuity equation is given as,

V.ii=0 (2.1)
The momentum equation is given as.
Jil L1 2
FT V. i) = f—)Vp + vV (2.2)

Where, ii is velocity, p-pressure; v is kinematic viscosity The discretized momen-

tum equation and pressure correction equation are solved implicitly, where the
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velocity correction is solved explicitly. This is the reason why it is called "Semi-
Implicit Method".

2.2.1 Turbulence Model

The turbulence model considered for the simulation is x-w SST RANS model. x-w
SST model solves two additional equations, for turbulent kinematic energy x and
specific turbulent dissipation rate w. The equations for the x-cw SST RANS model

is given below,

Apr)  olprus) _ . d dw
o T om P — B pwx + a_xl-[(” +U‘”“f)a_aci] (2.3)
d(pw)  o(pwu;) v , 9 Sew 00y 3 I
ar ox: v Pow” + axi[(ﬂ+%ut)axi] +2(1—F) 3 o
(2.4)

where u; represents velocity component in corresponding direction, y represents

eddy viscosity. The default value of model coefficients [2] have been used.
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Chapter 3
OpenFOAM Case Modifications

Using the pitzDaily case, modifications were made with the geometry, the mesh
used, boundary conditions applied to it, and the control parameters which are

going to be explained further in the below sections.

3.1 Pre-processing

The models for both the case was created using the dimensions from the manual
provided [1]. As the geometry was complicated to be created using blockMesh
utility, the geometry and the mesh was created using ANSYS Design Modeller and
the mesh using the in-built software. As the geometry has 3-D mesh cells, the up-
stream length was reduced and a parabolic velocity inlet boundary condition was
provided to reduce the computational costs. The downstream length was about
10D.

3.2 Boundary conditions

The initial and boundary conditions are included in the O folder as k, omega, nut,p,
and U. The boundary conditions are summarised in the Table 3.1 for both the cases.

The value for x and w were determined using the below equations

3
r=( 1)? (3.1)
C—0.25K0.5
w =~ (32)

9
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Table 3.1: Boundary conditions

inlet outlet wall
omega fixedValue zeroGradient | omegaWallFunction
k fixedValue zeroGradient | kgRWallFunction
nut calculated calculated nutkWallFunction
P zeroGradient tixedValue zeroGradient
U codedFixedValue | zeroGradient noSlip

where u is the free stream velocity, I is the turbulence intensity, C, is the model
coefficient, 1 is the characteristic length. The inlet velocity was provided through
the codedFixedVelocity, parabolic velocity was provided through this function as
the upstream length was reduced.

3.3 Physical properties

The working fluid for both the simulation was water. The density considered was
1000 kg/ m3, with a kinematic viscosity of 1 x 1079% m2/ s. The value in the
transportProperties file was changed to 1 x 107% from 1 x 10~% and the trans-
portModel remained as it is to Newtonian.

3.4 fvSchemes & fvSolution

fvSchems and fvSolutions are found under the constant folder. fvSolution direc-
tory contains equation solvers, algorithms and tolerances. No changes were done
to this file, the tolerances for the residuals were pre-set to a value of 1e-05 and it
was not changed. The numerical schemes for the simulation are entered in the
fvSchemes dictionary. No changes were made in this file directory.

3.5 Control parameters

The OpenFOAM solvers begin all runs by setting up a database. The database con-
trols I/O and, since output of data is usually requested at intervals of time during
the run, time is an inextricable part of the database. The controlDict dictionary
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sets input parameters essential for the creation of the database. Here the endTime
was changed to 4000, i.e., maximum iterations were 4000. startTime was 0 and
writelnterval was set to every 100 iterations with 1 as deltaT as it was a steady

state analysis.

3.6 Post-processing

After the simulation has been completed, the results were viewed in ParaView.
To do this, first the results obtained were converted into viewable file using the
command touch suitable_file_name.foam. A file with .foam extension was created. In
this file, the results was viewed, the various contours of the solution was visualised,
streamlines were plotted and the data were analysed with the in-built plotting

options available.
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Chapter 4

Results

Steady state simulations were performed using SIMPLE algorithm for x-w SST
RANS model. The obtained CFD results have been compared with the experi-
mental results for the coefficient of discharge. Post-processing was done using

paraview.

4.1 Numerical Results

The post-processing of the simulation was done in ParaView for both the cases
each having 17 simulations, the Reynolds number varied from 5000 to 26000. The

numerical results are further discussed below.

4.1.1 Smooth Bend

The velocity and pressure contours obtained by the simulations are shown in Fig-
ure 4.1. Also, the pressure and velocity contours for higher and lower Reynolds
number are also plotted in Figure 4.2 and Figure 4.3. From the contours it is seen
that at the bend, there is a change in the direction of the velocity, which leads to
boundary layer separation. Due to the effect of centrifugal force, the boundary
layer at the inner wall is getting thicker and the boundary layer at the outer wall
is getting thinner. When the centrifugal force continues to increase, the boundary
layer will separate from the inner wall[3]. Due to this separation, there is a loss in

head, which accounts for the minor loss.

12
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Figure 4.2: Pressure Contour

Due to the flow separation and centrifugal forces, there is a secondary flow
pattern occurring at the exit of the bend. The secondary flow features include pair
of counter-rotating stream-wise vortices called Dean vortices. These flow structure
are further shown in the Figure 4.4. The stream-wise vortices formed are circled in
red colour. Dean vortices are also plotted for higher and lower Reynolds number
and are shown in Figure 4.5 and Figure 4.6 respectively. It is seen that the Dean
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Figure 4.3: Velocity Contour
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Figure 4.4: Dean vortices

vortices formed for higher Reynolds number is unsymmetrical compared to the
lower Reynolds number case.

4.1.2 Sharp Bend

The velocity and pressure contours obtained by the simulations are shown in Fig-
ure 4.7. Also, the pressure and velocity contours for higher and lower Reynolds
number are also plotted from Figure 4.8 and Figure 4.9. From the contours it is
seen that for sharp bend, the change in the direction of the velocity is greater com-
pared to smooth bend, which leads to larger boundary layer separation compared
to smooth bend. As the separation is greater, it leads greater loss in pressure head

and in turn greater minor loss compared to smooth bend.


https://cfd.fossee.in/
https://fossee.in/
https://spoken-tutorial.org/

[Entrance]

[6D]

Figure 4.5: Dean vortices for Higher Reynolds number
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Figure 4.6: Dean vortices for Lower Reynolds number
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Figure 4.7: Contours
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Due to the flow separation and centrifugal forces, there is a secondary flow
pattern occurring at the exit of the bend. The secondary flow features include pair
of counter-rotating stream-wise vortices called Dean vortices. These flow structure
are further shown in the Figure 4.10. The stream-wise vortices formed here are
similar to the ones that were formed in the smooth bend. These are also plotted for
higher and lower Reynolds number and are shown in Figure 4.11 and Figure 4.12
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[Entrance]

Figure 4.10: Dean vortices

respectively. Again, it is seen that the Dean vortices formed for higher Reynolds

number is unsymmetrical compared to the lower Reynolds number case.

[45°] e [Exit]
[6D] .

Figure 4.11: Dean vortices for Higher Reynolds number

[Entrance]

4.1.3 Minor Loss Factors

The minor loss factors are determined for both the cases using the Equation 1.4
for both the cases. The pressure difference for the equation, was determined be-
tween the entrance of the bend and at a distance of 9D from the exit of the end
as suggested in the paper[4]. To ensure the method was right, the minor pressure
difference available in the literature was reproduced through CFD simulations and
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Figure 4.12: Dean vortices for Lower Reynolds number
were compared. The obtained values are summarised in Table 4.1. From Table 4.1

Table 4.1: Literature Values v/s CFD values

Velocity | Reynolds Number | k (CFD) | k (Exp) | Error
1 40000 0.224 026 |13.84
2 80000 0.185 0.163 | 13.49
3 120000 0.1705 | 0.1429 | 19.31
5 200000 0.1552 | 0.1396 | 11.17

it is seen that the error between CFD and published value is less which assures
the procedure through which the pressure difference obtained is right. With this,
minor losses for both smooth and sharp bend is determined and is summarised in
Table 4.2 and Table 4.3 respectively.
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Chapter 5

Conclusion

In this case study, simulation of turbulent flow through smooth and sharp bend
was done using x-w SST RANS turbulence model. The minor loss factor was deter-
mined for both the cases in Reynolds number range of 5000-26000. Velocity, pres-
sure contours and secondary flow features were visualised through which various

distinctive flow behaviours were studied.
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