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ABSTRACT
To ensure that a high degree of confidence can be assigned to the ongoing multi-jet impingement simulations, a single
axisymmetric jet was first numerically resolved and compared to in-house jet experiments. This required the definition of the
inlet boundary condition of the jet to be accurately documented. To that end, a turbulent flow exiting a long circular pipe was
first modelled and analyzed to ensure that the inlet boundary condition to a single axisymmetric jet was in good agreement with
the experiments. Initially, analysis was performed to approximate the length necessary to generate a fully developed pipe flow.
Once, the development length based on mean velocity was obtained, the pipe flow at a Reynolds number of 7,500 was analyzed
and compared with in house experimental data, and also with DNS and experimental data from Eggels [1]. It was observed that
the solution using the SST turbulence model performs better than the solution obtained using the Realizable k-ε model in the
pipe domain. Once the analysis was completed, velocity and turbulence components at the outlet of the pipe were extracted and
used as input for the jet flow simulations.
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1. INTRODUCTION
Flow of the fluid through circular pipes is one of the most fundamental flows with large industrial and research
applications. The flow of water through the pipe system in a building, the flow of blood through the arteries and veins,
and the flow of oil through long distance pipes are simple examples of pipe flow that shows its ubiquitous nature. The
pipe flow can either be laminar, turbulent or transitional based on the Reynolds number. Though simple enough to be
explained in an undergraduate fluid mechanics course, turbulent pipe flow holds significant research potential and is
still a topic of research.
One of the seminal works in turbulent pipe flow was performed by Nikuradse [2] in early 1930’s, who studied the effect
of roughness on the pipe flow since numerous earlier studies mainly concentrated on smooth pipes. He suggested that
an entrance length of 40 diameters was sufficient for obtaining a fully developed flow in a rough pipe while it takes
more (approximately 50 diameters) to achieve full development in case of smooth pipe. From these studies, he
concluded that the friction factor only depended on Reynolds number in some conditions. It was his observation that for
both smooth and rough pipes at small Reynolds numbers, the friction factor was almost same and increased slightly
with increase in Reynolds number. A further increase in Reynolds number did not effectively increase the friction
factor, and the friction factor became a function of relative roughness of the pipe.
Laufer [3], meanwhile recommends a lower value of development length for turbulent pipe flow. His suggested value of
30 diameters for development length has been questioned by Lien et al. [4] who also points that the Laufer’s prediction
of 55 heights for fully developed channel flow is inaccurate. Lien’s views may be correct since he was able to
corroborate his results with multiple research studies done after Laufer’s study. Dean [5] had tabulated the entrance
length required for fully developed flow in channels and shown that Laufer’s prediction of 55 heights is one of the
smallest, if not the smallest value of development length for channel flow. His own prediction for development length
in channel flow was 108 heights (significantly larger than Laufer’s value).
Laufer [3] had also shown the effect of Reynolds number in the mean and instantaneous velocity profile. This
observation is noted by other researchers of which Toonder [6] and Wagner et al. [7] has the Reynolds number close to
the value of interest to the current study. Toonder compared his experimental values with Eggels et al. [1] Direct
Numerical Simulations (DNS) data and showed good agreement. This bolsters Toonder’s results and adds credibility to
his view that the flow profile is Reynolds number dependent. The detailed view of logarithmic layer for various
Reynolds numbers plotted by Toonder also shows the variation of the velocity profile over Reynolds number range.
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Wagner et al. [7] on the other hand performed a DNS analysis for bulk Reynolds number ranging from 5,300 to 10,300
and compared his solution with Laser Doppler Anemometry (LDA) data obtained by Westerweel et al. [8]. His work
also showed the dependence of flow profile in the logarithmic region on Reynolds number. Eggels et al. [1] meanwhile
performed both DNS and experimental LDA, Particle Image Velocimetry (PIV), and Hot Wire Anemometry (HWA)
analyses on turbulent pipe for a Reynolds number of approximately 7,000. Their study showed an excellent match
between the experimental data and computational data thereby establishing a good reference dataset to which other
researchers could compare.
A Reynolds Averaged Navier Stokes (RANS) and Large Eddy Simulations (LES) based analysis of turbulent pipe flow
was performed by Vijiapurapu and Cui [9], who evaluated the performance of various turbulence models in the pipe
domain. They employed k-ε model, k-ω model, RSM model, and LES in their analysis and observed that for the
Reynolds number used in their study (Re = 100,000), the various turbulence models and LES were in close agreement.
However, it be noted that their analysis considered a Reynolds number more than an order of magnitude above the
Reynolds number used in the present study.

2. PIPE SIMULATION STRATEGY
In order to expedite the computational analysis and minimize the overall mesh count; the pipe flow preceding the
development of a single axisymmetric jet was numerically resolved separately. This allowed for an autonomous grid
independence study for the pipe and jet along with potentially providing for a higher mesh resolution in the jet’s free
shear layer. The velocity profile within the pipe section was validated against published and in-house experimental
results and the computational mesh modified accordingly in order to obtain a solution-independent grid. Once a grid
independent solution was obtained, the same mesh was used to generate inlet flow parameters to be used in the
axisymmetric jet study.

3. COMPUTATIONAL METHODOLOGY
In any computational simulation, the overall volume of the flow path has to be discretized into finite number of smaller
volumes called meshes. The quality and quantity of the mesh is generally defined by the geometry under investigation.
The quality determines the degree of accuracy while the node count affects computational time and power required.
Hence, using an appropriate mesh count with high quality mesh elements is critical to every computational study.
The starting point of every CFD (Computational Fluid Dynamics) analysis is the creation of the geometry, which
ideally defines the flow path under consideration. Based on the complexity of the geometry, in some cases model
simplifications can be performed. Model simplification would imply reducing the complexity of the model without
altering the flow physics, thereby leading to reduced mesh count and computational power requirement. This has to be
done by a person with insight on flow path and with the understanding that any simplification will affect the results at
some level.
In the current study, fluid flow through a pipe requires only a simple cylindrical geometry and does not require any
geometry modification. For geometry generation, initial calculations based on the literature review were performed to
estimate the entrance length required for the flow to become fully developed just upstream of the pipe exit. The length
of pipe section longer than the calculated value was used for the creation of computational geometry.

4. GEOMETRY GENERATION
Since the results of this study is to be applied to impinging jets, the work of Disimile et al. [10] was used for initial test
conditions and validation. They had used pipe exit Reynolds number of 7,500 based on the mean centerline velocity and
pipe diameter. Hence the Reynolds number for the current study was also taken as 7,500. A pipe diameter of 0.02m
(20mm), the same value utilized in Disimile’s experimental study was utilized.
Ansys Fluent, a commercial CFD solver was utilized in the present investigation. Hence, the default values for dynamic
viscosity and density of air were taken from the Fluent’s properties table and used for the calculation of mean inlet
velocity. Once the geometrical features (diameter and length of the pipe) were determined, the geometry was modelled
using commercial mesh generation software, Ansys ICEM CFD as shown in Figure 1 and Figure 2. Once the geometry
was created in ICEM CFD, it was extracted as a *.tin file and saved separately.
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Figure 1: Geometry of the Pipe

Figure 2: Inlet and Diameter

5. MESH GENERATION
One of the major factors that define the mesh for any geometry is the turbulence model to be used in the analysis. Each
turbulence model has its own specific requirements for the height of the first node away from the bounding wall.
Usually the displacement of the first node in the mesh is defined by inner wall variables utilized in turbulent boundary
layer analysis and is given by the variable (y+). This quantity (y+) represents the non-dimensional wall distance which
is determined by the product of height of the first node and friction velocity and divided by kinematic viscosity.

y 

y * u


(1)

An accurate value of y+ ensures that the mesh near the wall is properly positioned and the flow physics near the wall
can be adequately captured. In the current study, both epsilon (ε) and omega (ω) based eddy viscosity turbulence models
are utilized. The general agreed-upon view is that the epsilon based turbulence models require a minimum y+ of 30
since it uses wall function to resolve viscous sublayer and buffer layer. Meanwhile, the omega based models have more
accurate near-wall capturing capability and use meshes with y+ of approximately 1. Hence, different models required
the generation of different meshes.
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But, based on the literature review for an axisymmetric jet, it became evident that the Realizable k-ε model was the
model of choice. Mesh requirements for that model were investigated and it was indicated that the Realizable k-ε model
had the capability to resolve down to viscous sublayer while analyzing wall bounded flows. Hence, for the pipe flow
analysis; it was evident that the same mesh configuration could be used for both the turbulence models.
Based on the variables at hand, the required height of the first node in the mesh was calculated based on an ability to
obtain a y+ of approximately 1.
Table 1: y+ Calculation table
Variable
Reynolds Number
Diameter
Velocity
Kinematic Viscosity
Required y+ Value
First Node height required

Value

Unit

7,500
20
5.478
1.46e-5
1
3.6e-5

mm
m/s
m2/s
m

Once the first node height was obtained, ICEM CFD was used for mesh generation. Based on the complexity of the
geometry, multiple meshing strategies could be used. For the current simulation, simple hexahedral mesh was
generated employing the O-Grid method as shown in Figure 3 and Figure 4.

Figure 3: Mesh along the centerline of the pipe

Figure 4: Mesh at Inlet and at Walls
The O-Grid method used in the current simulation is simple combination of a cartesian grid and polar grid type
element as shown in Figure 5. O-Grids are generally used to model geometries where an O-shaped mesh is required,
either at a confined location or totally encompassing a geometric feature. In some occasions, proper capture of the
geometry may not be feasible without the use of O-Grids.
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Figure 5: Close view of O-Grid mesh at Inlet
While setting up a mesh, various quality checks are performed on the grid in order to ensure that the grid did not
contain any mesh elements of low quality. Mesh elements with lower quality can generate inaccurate results and hence
should be avoided. For the current study, the following ICEM CFD quality check variables were used and defined in
Table 2: Determinant, Angle, Aspect ratio and Quality.
Table 2: Mesh quality check parameters
Variable

Description

Determinant

The value ranges from 0-1 with 1 representing perfectly consistent prism mesh while 0
represents bad mesh with degenerate edges. Negative value of determinant represents
inverted cells with negative (non-physical) volume.

Aspect Ratio

Ratio of minimum element edge length to maximum edge length. An aspect ratio close to
1 is ideal for simulation but increases the mesh count. New generation CFD solvers can
support meshes with aspect ratio up to 100.

Angle
Quality

Minimum value of internal angle for each element. If the mesh is skewered, the internal
angle will be low and the solution obtained from this mesh may not be as accurate.
Weighted value of Determinant and Orthogonality.

All the meshes generated and used for the grid independent study were rigorously checked to ensure that they didn’t
have any low quality mesh cells. The minimum value of quality parameters used in the meshes is shown in Table 3: Table 3: Mesh quality parameters used
Variable

Minimum Value used

Determinant

0.4

Aspect Ratio

<100

Angle

30

Quality

0.4

Ansys Fluent has the capability to use skewed meshes with the aspect ratio of up to 100. In this study, it was always
confirmed that the aspect ratio is held below the maximum supported value. After achieving the required mesh
qualities, the mesh file was saved as a *.blk file (block file). On completion of meshing, the mesh file suitable for input
into Ansys Fluent was generated and exported.
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6. ANALYSIS USING ANSYS FLUENT

The commercial CFD solver, Ansys Fluent was used to computationally solve the flow field in the pipe. The mesh
generated from ICEM CFD was imported into Fluent where a preliminary quality check was again conducted. Since the
flow is turbulent, one of the primary factors to choose was an appropriate turbulence model. The turbulence models are
usually selected based on the application; some models are said to behave better in internal flows while others in
external flows. Since the main aspect of this analysis is to extract velocity profiles to serves as inlet conditions for jet
flow, the turbulence model capable of handling free shear flows was initially chosen.

7. TURBULENCE MODELS
Based on the literature review for axisymmetric jets, it was noted that the Realizable k-ε model performs well for free
shear flows since it has been modified to accurately account for the spread rates of planar and round jets. T.-H. Shih et
al. [11] who modeled the afore mentioned model notes that effect of rotation on both turbulent kinetic energy (k) and
eddy dissipation rate (ε) has been well captured in Realizable k-ε model and hence it outperforms standard k-ε model
for free shear flows. However, the SST model was also considered for the current analysis since claims of SST model
performing better than standard k-ε model were made in case of plane jet flows by Menter [12]. Since a comparison
between Realizable k-ε model and SST model for axisymmetric jet was not found by the author, a study to compare the
performance of each of these eddy viscosity models on the pipe flow, which serves as the inlet boundary condition for
jet flow was undertaken. As such, a brief summary of these models are provided below.
7.1
Realizable k-ε model
The Realizable k-ε model was generated as an improvement over standard k-ε model at NASA by T.-H. Shih et al.
[11]. The realizability condition implies that the Schwarz’ inequality for turbulent shear stress is satisfied and normal
stresses are not allowed negative values. Realizable k-ε model uses a variable value for the model coefficient Cµ in the
turbulence kinetic energy and dissipation rate equation whereas the standard k-ε model uses a constant value of 0.09.
Though Realizable k-ε model is based on standard k-ε model, it outperforms its predecessor significantly by accurately
capturing the spread rate of planar and round jets.
7.2
SST model
The k-ω SST turbulence model, or commonly called SST model [12] is one of the most popular RANS turbulence
model in use today. It is a combination of k-ω model in the boundary layer flow and standard k-ε model for outer layer.
The near-wall capability of k-ω model to capture the viscous sublayer without using wall functions makes the SST
model ideal for internal flows and flows where boundary layer capture is crucial. It is also designed to blend into
standard k-ε model in case of free shear flows. It is one of the most touted turbulence model with the capability to
correctly simulate flows with adverse pressure gradients and separation zone.

8. BOUNDARY CONDITIONS AND SOLVER SETUP
Once the turbulence model to be used in the analysis is selected, the next step is to choose the boundary setup which
will provide a good approximation of the real world physics. The choice of boundary condition was based on the
parameters available. Since the Reynolds number of flow was 7,500, the corresponding velocity was calculated using
Equation 2 where Uavg is the average velocity, D is the diameter of pipe and ν is the kinematic viscosity.

Re 

U

avg

* D



(2)

An average velocity value normal to inlet along with a turbulence intensity of 5% (moderate value of turbulence) was
given as inlet boundary condition. Since the solution will serve as the input to the jet flow, atmospheric pressure was
given as the outlet boundary condition to simulate pipe exit into ambient air. No-slip wall condition was used to
simulate the wall boundary at the pipe surface. The SIMPLE algorithm was used for pressure-velocity coupling with
2nd order upwind scheme used for spatial discretization. The default value of under-relaxation parameters was used for
the analysis as shown in Table 4.
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Table 4: Under relaxation parameter
Under-relaxation Factor

Value

Pressure

0.3

Momentum

0.7

Turbulent Kinetic Energy

0.8

Turbulent Diffusion Rate

0.8

Convergence criteria selection is critical to ensure that the solution obtained is devoid of any numerical errors. As the
iterative solver solves the equations, the residual should ideally decrease indicating smooth convergence. For the
current study, a convergence criteria of 1e-6 was set for continuity, velocity components, k, ε and ω. The solver was
programmed to run the required number of iterations in order to achieve the convergence criteria. Once the residuals
have come below the set value, the solver automatically stopped the analysis and the solution file was then saved
manually to be post processed.
Ansys CFX Post was used for post processing the solution file because of its versatility and stability. A state file storing
the details of section planes and curves was generated in CFX Post in order to reduce the post processing time. Once
generated, the state file could be used for other cases of analysis of same geometry. The velocity and turbulence kinetic
energy along the centerline was generated using CFX Post and exported.

9. GRID INDEPENDENCE
For any CFD analysis, it has to be ascertained that the solution is independent of the node count used in the analysis.
This is achieved by running the same simulation over numerous grid configurations with varying node count and
closely monitoring the important flow parameters. Once the flow parameter is observed to remain unchanged with the
increase in node count, the solution is said to have attained grid independence.
For the current study, 5 different mesh configurations were generated for the grid independence study. A pipe length of
1 meter was used for the grid independence analysis based on the value obtained from literature survey and the pipe
length used in experimental setup. The grid independence study was performed with Realizable k-ε model. Node count
modification feature of ICEM CFD was used in successive operations to vary the number of mesh nodes along each
edge by a factor of 0.9. This helped in maintaining uniformity among different mesh configurations, which would be
difficult to preserve if new block meshes were generated for each case. Along with this, it was also carefully ascertained
that under no circumstance did the quality of the mesh go below the minimum values discussed earlier.
Table 5: Aspect ratio across various mesh configuration
Node Count (Million)

Value

0.27

51

0.44

40.5

0.78

34.2

0.99

36.4

1.34

40

To study the development of velocity and turbulence kinetic energy along the flow length, profiles were extracted at 25
cm, 50 cm and at 100 cm (outlet) and results plotted. It can be observed from Figure 6 that velocity profile is initially
flatter (at 25cm) and becomes sharper (at 50cm) before reaching a developed profile. This observation is consistent with
flow development and is discussed in detail in next section. It is to be noted that the centerline velocity value initially
increases and then decreases. Hence the maximum value of velocity along the centerline will not be at the 100 cm but at
value close to 50cm.
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Figure 6: Velocity development along flow direction
Similarly, Figure 7 displays the variation of turbulence kinetic energy (TKE) along the radial direction at locations 25
cm, 50 cm and 100 cm downstream from the inlet. TKE along the centerline seems to be constantly increasing with the
increase in distance from inlet. In radial direction, TKE profile reaches a maximum closer to the wall and then
decreases towards the flow center. It is noted that the maximum value of turbulence kinetic energy occurs at
approximately 85% of radius and not along centerline. Hence, maximum value of turbulence kinetic energy along
centerline is much less than the maximum value of turbulence kinetic energy along the locations where the profiles
were extracted.

Figure 7:Tubulence kinetic energy development along flow direction
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Figure 8: Grid Independence based on Velocity value
Similarly, variation of maximum value of turbulence kinetic energy at the centerline and at outlet of the pipe for
various mesh configurations is plotted in Figure 9.

Figure 9: Grid Independence based on Turbulence Kinetic energy value
From Figure 8 and Figure 9, it becomes evident that the solution becomes grid independent at the mesh count of 0.99
million nodes; for both velocity profile and turbulence kinetic energy profiles. It can be noted that the velocity
parameter becomes independent of grid at lower node count (as low as 0.43 million nodes) while the turbulence kinetic
energy parameter requires higher node count to attain grid independence.
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Hence for future analyses, 0.99 million node mesh will be considered as the baseline mesh. In the case with different
Reynolds numbers, the first node height will be suitably manipulated to maintain a y+ value of 1, while maintaining a
total mesh count of 0.99 million nodes.

10. PIPE LENGTH DETERMINATION
Before simulating the jet flow field and any subsequent jet interactions, confidence that the jet is initiated from a fully
developed pipe flow condition must be attained. If the flow exiting the pipe is not fully developed, the resulting jet may
not produce reliable universal results and there by nullifying the validity of entire simulation.
Development length, or entrance length as it is usually called, is the length of pipe or duct required through which the
flow should pass before it attains fully developed or self-similar velocity profile. As the flow enters the pipe, an annular
shear layer grows from the wall until it reaches the pipe center where it comes together. This point of intersection
defines the length of entrance region. Beyond this point, the velocity profile is self-similar (Figure 8) and does not
change and the flow is said to be hydro dynamically fully developed (Figure 10). It is to be noted that the pressure drop
and wall shear stress also becomes constant once the flow is fully developed.

Figure 10: Development length [15]
The entrance length can vary based on if the flow is laminar, turbulent, or transitional. In the current study, the
Reynolds number is 7,500 which lies in turbulent region. Based on a commonly accepted correlation (Error!
Reference source not found.), the entrance length was estimated to be 19.47 diameters.

Le
~ 4 . 4 * Re
D

1
6

(3)

Significant numbers of research have been conducted on the turbulent pipe flow, of which the seminal ones were done
by Nikuradse [2] and Laufer [3]. In his work, Laufer states that based on the “mean-velocity” distribution, an entrance
length of 30 diameters can yield a fully developed flow. Likewise, Nikuradse has stated that an “approach length” of 50
diameters for smooth pipes, and 40 diameters for rough pipes were sufficient to yield a fully developed flow in case of
turbulent flow.
To validate the results with these studies, the effect of length in the development of mean velocity and turbulent kinetic
energy was examined. Three pipe lengths were selected for analysis starting with the lowest length of 50 diameters (1
meter) and then incrementing 25 diameters twice. The geometries were modeled in ICEM CFD and 0.99 million mesh
was used for all the cases. The first node height of 36 microns was used for all the cases in order to obtain a y+ of 1.
Both Realizable k-ε model and SST models were considered and their results analyzed.
Once the converged solution was obtained, y+ value at the wall was plotted for the cases to ensure that the y+ has not
exceeded 1 during the simulation. From Figure 11, it becomes evident that the y+ was maintained below 1 everywhere
in the domain, except at the inlet. This is because the initial value of wall shear is slightly larger, thereby increasing the
value of computed y+.
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Figure 11: y+ plot for the pipe
Based on the solution obtained from the pipe with a length of 50 diameters, the centerline velocity profile was
extracted for both SST and Realizable k-ε model (marked as RealKEp) case and plotted.

Figure 12: Centerline velocity profile for 1m long pipe with different Turbulence Models
It can be noted from Figure 12 that the flow approached an asymptote at 20-25 diameters (0.4-0.5 meter) for the
Realizable k-ε model, while it took 40-45 diameters (0.8-0.9 meter) for the SST model. Beyond 40 diameters (0.8
meters), velocity value has not changed significantly for either cases representing a fully developed flow. This is
consistent with the work of Nikuradse [2].
However, it should be noted that the turbulence model does in fact affect the mean velocity solution. The Realizable
k-ε model seems to have reached their asymptotic state much faster than the SST model. Also, the difference between
the mean velocity values predicted by both the models at the pipe outlet (ie at 1 meter) was observed to be
approximately 7%.
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While the mean velocity has attained a fully developed state with an entrance length of 40 diameters, it is observed
that the turbulent kinetic energy requires more length to reach the hydro-dynamically developed state as seen in Figure
13.

Figure 13: Centerline turbulent kinetic energy profile for 1m pipe with different Turbulence Models
It becomes evident from Figure 13 that the turbulent kinetic energy has not reached an asymptotic state for SST
turbulence model even at a length of 50 diameters (1 meter) and requires more pipe length, whereas Realizable k-ε
model has reached an asymptotic state around 30 diameters (0.6 meter). The purpose of the length determination study
was to obtain fully developed flow at pipe exit, which is typically based on the development of mean velocity. Even
then, the ongoing variation of turbulent kinetic energy profile needs to be studied to understand the effect of length in
its development.
Therefore, additional analysis was performed on the pipes of length 75 diameters and 100 diameters. The results of
all three cases were then examined in order to understand the effect of length in establishing the development of flow
variables.
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Figure 14: Centerline velocity profile for different pipes lengths with Realizable k-ε model

Figure 15: Centerline velocity profile for different pipes lengths with SST model
From Figure 14 and Figure 15, it becomes evident that the flow has reached the asymptotic state by 40 diameters (0.8
meter) with respect to mean velocity using SST model. This is in good agreement with the available literature and acts
as one of the validation method for the pipe flow. However, the Realizable k-ε model reaches an asymptotic state at
around 25 diameters (0.5 meters) which is earlier than the value predicted by Nikuradse.
The turbulent kinetic energy profile along the centerline for both the turbulence models was also plotted for various
pipe lengths (Figure 16 and Figure 17). It can be seen that the turbulence kinetic energy parameter predicted by
Realizable k-ε model reaches an asymptote state at around 30-35 diameters (0.6-0.7 meters) when compared to 55 -60
diameters (1.1-1.2 meters) taken by SST model.
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Figure 16: Centerline turbulence kinetic energy profile for different pipes lengths with Realizable k-ε model

Figure 17: Centerline turbulence kinetic energy profile for different pipes lengths with SST model
The various values predicted by both Realizable k-ε model and SST turbulence models are tabulated in Table 6 so that a
better understanding of the performance of these models can be achieved. It is to be noted that, at 50 diameters (1
meter); the value of turbulence kinetic energy predicted by Realizable k-ε model is almost 66% higher than that
predicted by the SST model. It is to be noted that this difference may play a significant role in the turbulence properties
in the axisymmetric jet.
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Table 6: Aspect ratio across various mesh configuration
Turbulence Model

Realizable
Model

Velocity
profile
development length(m)

SST Model

%
Difference
(approximate)

0.4-0.5

0.8-0.9

47

TKE profile development
length (m)

0.6-0.7

1.1-1.2

43

Velocity
value
development (m/s)

after

~6.5

~7

7

TKE
value
development (J/kg)

after

~0.25

~0.15

66

0.4-0.5

0.8-0.9

47

Velocity
profile
development length(m)

k-ε

Based on these analyses, it was concluded that a pipe length of 40 diameters (0.8 meters) or greater is optimum for
attaining a fully developed mean flow within the pipe domain. This provided support for using pipe with length
equaling 45 diameters (0.91 m or approximately 3 ft.) for the experimental arrangement. Although it is understood that
the turbulence kinetic energy may not have quite reached a fully developed state (depending on the turbulence model), a
pipe length of 1 m (50 diameters) was selected for further pipe simulations.

11. VALIDATION OF VELOCITY PROFILE
11.1 Normalized Velocity Plot
For the validation of velocity profile obtained from the CFD analysis, the local velocity normalized against maximum
centerline velocity was plotted for both the turbulence models and was compared with the Eggels et al. [1] and Landers
and Disimile [13] experimental data. Eggels’ DNS and LDA data showed remarkable similarity and hence only DNS
data was extracted and used for the validation of current study. It is noted that Eggels’ DNS data and Landers and
Disimile LDA data are in good agreement. However, the result from current analysis using Realizable k-ε model overpredicts the value of velocity outside the core region and close to the wall as seen in Figure 18. However, as observed in
Figure 19 the SST model is in good agreement with the data from Eggels’ and Landers’. The SST model appears to
more accurately model the flow physics inside the pipe.

Figure 18: Normalized velocity plot - Real k-ε model compared with Landers’ and Eggels’ data

Volume 4, Issue 9, September 2016

Page 22

IPASJ International Journal of Mechanical Engineering (IIJME)
A Publisher for Research Motivation ........

Volume 4, Issue 9, September 2016

Web Site: http://www.ipasj.org/IIJME/IIJME.htm
Email:editoriijit@ipasj.org
ISSN 2321-6441

Figure 19: Normalized velocity plot - SST model compared with Landers’ and Eggels’ data
11.2 Law of the Wall Plot
Law of the wall represents the velocity at any point beyond the buffer layer and shows its dependence on the wall
roughness and distance from wall for all turbulent cases. This law was first established by Theodore von Kármán in
1930 [14]. He proposed the value of von-Karman constant which is a non-dimensional constant in the Law of the wall
equation. His predicted value of 0.4 for the constant still holds today.
The major advantage of the correct validation against law of the wall is that it guarantees that the flow physics near
wall is well captured. If the viscous sublayer results obtained from the analysis matches with the law of the wall plot, it
is inferred that the viscous sublayer has been properly meshed and captured in the analysis.
For validation against Law of the wall, data from Eggels et al. [1] was used since the Reynolds number used by Eggels
was approximately 7,000. Hence, any Reynolds number dependence could be considered negligible. In their study,
Eggels et al. had performed velocity measurements using both experimental (LDA) and computational (DNS) analysis
of turbulent pipe flow and validated his results against each other. Validating the results of the current study against
Eggels’ provides confidence on the accuracy of the current analysis. It is to be noted that Eggels claimed that their
velocity profile had failed to match with the law of the wall, and a similar condition is observed in our current study.
This bolsters the validity of results obtained from the current analysis.

Figure 20: Law of wall plot - SST data vs Eggels
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Figure 20 shows the result from current SST analysis when compared to Eggels’ data. The von-Karman constant of 0.4
and a roughness constant of 5.5 (same as used by Eggels) was used for plotting the law of the wall. The SST model
appears to have captured the viscous sublayer with enough accuracy thereby ascertaining the capture of wall flow
physics. In the log law region, there seems to be no conformity to the logarithmic law as noted by Eggels. Similar
development was observed by Wagner [7] also who claimed that a well-defined log law region did not exist until a
Reynolds number of 10,300 for his case. The absence of well-defined log law region appears to be due to the low value
of Reynolds number. In order to gain additional confidence on the reliability of the velocity profile, the data was used to
plot velocity defect profile.
11.3 Velocity Defect Plot
Although the Log law plot can provide confidence in the capture of the near wall flow physics, the low Reynolds
number limits the reliability of such a plot in the buffer and log law region. Also deviation from Eggels’ data in the
buffer region and log-law region needs to be further analyzed. This in part may have arisen due to the fact that Eggels’
used honed pipe with very low surface roughness, thereby reducing overall turbulence generating capability of the wall
flow. Hence, to better validate the central core flow away from the wall obtained from the current study, a velocity
defect plot was generated from the SST model’s and Eggels’ [1] data. Again, Eggels’ DNS data was used since the
DNS data and LDA data showed very good similarity. Since the value of kinematic viscosity used in Eggels’ analysis
was not mentioned in his article, the value of kinematic viscosity of air (1.46e-5 m2/s) obtained from Ansys Fluent was
utilized. Although this may produce some numerical differences, no major differences in results is expected.
Table 7: Data taken from Eggels
Variable

Value

Diameter of Pipe(D)

95.4mm

Length of test section

77D

Rec (Re based on centerline velocity)

7,200

Reτ (Re based on wall shear velocity)

371

Table 8: Data calculated from Eggels
Variable

Value

Uc

1.102
0.057

Figure 21: Velocity defect data comparison – CFD SST model vs Eggels
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From Figure 21, it becomes clear that the data obtained using SST model compares very well with Eggels’ study and
reinforces the proper capturing of all the aspects of flow, from viscous sublayer to the flow core.

12. SUMMARY
Pipe flow analysis was performed for the Reynolds number of 7,500 and the outlet data was extracted to serve as the
inlet boundary condition for the next phase of the study wherein a single axisymmetric jet will be examined over a
range of Reynolds numbers and eventually used for a jet impingement study. Grid independence was initially
performed to establish a mesh configuration so that the solution obtained from the analysis did not depend on the mesh
used. Afterwards, the effect of flow length on the development of velocity and turbulent flow variables were studied in
order to establish the minimum distance required to obtain a fully developed flow with respect to mean velocity. It was
observed that Realizable k-ε model reached an asymptotic state showing full development at flow length of 20-25
diameters while SST model predicted 40-45 diameters as the development length, showing a difference of
approximately 47%. It was also observed that the value of centerline velocity predicted by both the models showed a
difference of approximately 7%.
While comparing the distance taken by both the models to attain full development in terms of turbulence kinetic
energy, it was noted that Realizable k-ε model again predicted lower value for full development. While the SST model
predicted 55-60 diameters to attain full development, the Realizable k-ε model required only 30-35 diameters to reach
asymptotic state for turbulence kinetic energy, showing a difference of approximately 43%. Based on these results, it
was concluded that a pipe length greater than 40 diameters (0.8 meters) was optimum for attaining a fully developed
mean flow within the pipe domain, and a longer pipe was needed for the turbulent kinetic energy to reach an
asymptotic state.
To gain confidence on the accuracy of the results obtained from the analysis, the results were validated against
experimental results; both published (Eggels et al. [1]) and in-house (Landers and Disimile [13]). Normalized velocity
plot was generated for both the turbulence models and compared with the experimental results. While the in-house
experimental results and SST results compared well with the published results, the computational data obtained from
Realizable k-ε model showed mismatch.
Law of the wall plot was generated from result obtained from SST model and compared with Eggels’ data. This
provided confidence in the mesh since good agreement was observed between both the profiles in viscous sublayer. But,
disparity was observed beyond the viscous sublayer, which may have arisen due to the fact that Eggels utilized a very
smooth honed pipe with lower surface roughness. The mismatch in buffer layer and log law region was further
analyzed using velocity defect plot. A close agreement was observed between both the profiles there by ensuring the
proper capturing of all the aspects of flow, from viscous sublayer to the flow core for SST model based analysis. From
all these validations, it can be concluded that SST model under this Reynolds number condition performs better than
the Realizable k-ε model in capturing the pipe flow physics.
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Symbols
D = Diameter (mm)
y+ = Non dimensional wall distance
y = First node height (mm)
= Wall Shear Velocity (m/s)
= Kinematic Viscosity (m2/s)
Re = Reynolds number
Le = Entrance length (mm)
Uc = Centre line Velocity (m/s)
U = Local Velocity (m/s)
Uavg = Average Velocity (m/s)
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