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option but its accuracy is claimed to be lacking. In this paper, the use of polyhedral
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mesh system by past researchers are reviewed. Evaluation on the application of
polyhedral mesh system for the study of the vortex formation with a simple single
pump sump model is made. Validation was made through the comparison of the
results from hexahedral, tetrahedral and polyhedral mesh sizes and the experimental
data from published data. The polyhedral mesh system was found to perform
Keywords: satisfactorily and was able to match the results from the hexahedral mesh system as
Vortex; pump; CFD; polyhedral well as the experimental data.

1. Introduction

Vortex formation is a common problem for submerged vertical pump. It occurs as surface or
subsurface vortices and could lead to noise and vibration for the pump. The resulted premature
failure of pump components reduces the plant availability and increase maintenance costs.

Typically, vortex formation is studied with experimental rigs during the design stage or during the
evaluation of the anti-vortex device (AVD) design. These were highlighted in a number of previous
works [1-5]. Sump dimension or approach flow condition is optimized to minimize or eliminate the
chances for adverse flow patterns that could result in vortex formation. An alternative method for
studying vortex formation which is through the computational fluid dynamics (CFD) is emerging and
evolving. Results from this method had been proven to be acceptably in good agreement with the
experimental method [6-12].

Rajendran et al., [13] conducted both experiment and CFD simulation for his simple single pump
sump model. Results from his work were used by past researchers to validate their models [14-17].
Rajendran et al., [13] assessed the formation of surface and subsurface vortices at five locations
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within the sump. Referring to Figure 1, with D being the diameter of the intake pipe, the referred
locations were as follows:

i)  Free surface vortex, as observed in a horizontal plane at 0.16D from the water surface,

situated at the corner of the backwall and right sidewall.

ii)  Floor vortex, as observed in a horizontal plane at distance 0.25D from the floor.

iii)  Backwall vortex, as observed in a vertical plane at distance 0.23D from the backwall.

iv)  Sidewall-1 vortex, as observed in a vertical plane at distance 0.15D from the left sidewall.

v)  Sidewall-2 vortex, as observed in a vertical plane at distance 0.25D from the right sidewall.

Intake pipe

oW

Bs. 4, Sidewall 2
Y

* F\OOI

Fig. 1. Five locations for the vortex formation within
the asymmetric pump sump [13]

Past researchers studying vortex formation employed either hexahedral mesh, or tetrahedral
mesh [18-21]. Hexahedral mesh is preferred since it could give an accuracy level that is equivalent of
typically 4 to 10 times the number of tetrahedral mesh [22]. Hexahedral mesh is also characterized
by low numerical diffusion especially for the flow perpendicular to the volume faces [23]. However,
it is significantly time consuming to generate such mesh for complex geometry, which makes
tetrahedral mesh the likely choice. With this mesh, it is relatively easier and faster to generate the
mesh but the elements cannot be stretched, thereby requiring a high number of elements. Each
element would only have four neighbors which would lead to problems in computing the gradients
and possess relatively higher numerical diffusion and converging errors. This, in effect, can result in
poor accuracy of the obtained solutions.

Polyhedral mesh is an alternative type of mesh to both hexahedral and tetrahedral meshes. As
with tetrahedral mesh, it can be easily applied and quicker to employ for complex bodies but with a
lower number of mesh, thereby resulting in faster iterations. While Spiegel et al., [24] employed
polyhedral mesh for cerebral hemodynamic simulation, Sosnowski et al., [23,25,27,28], and
Sosnowski [26] employed this mesh for flow studies in the fluidized bed chemical loop combustion
unit, air-water heat exchanger, an aerodynamics of a vehicle, building arrangement and granular
packed bed. It was found that the use of polyhedral mesh is beneficial as the high number of
neighbors and low number of elements and iterations can lead to converged and accurate solutions
that is comparable to the hexahedral mesh. The application of boundary layer meshes with
polyhedral mesh system had been shown not to cause any significant improvement for the accuracy
of the near wall profile [24].

14



CFD Letters
Volume 13, Issue 9 (2021) 13-27

Past research with polyhedral mesh in other areas had been conducted with standard k — ¢
turbulence model. For the study of pump intake vortex formation, this turbulence model had been
known to be poor for the near wall flow characteristics, thus SST k — w turbulence model had been
proven to be a better model which accounts for both near wall and far field flow [17]. There had not
been any past research with polyhedral mesh for the vortex formation, thus it is highly anticipated
that the application of this mesh system, together with SST k — w turbulence model, can greatly
improve the overall CFD modelling and simulation works.

The purpose of this paper is to evaluate the application of polyhedral mesh system for the study
of vortex formation in a simple single pump sump model. The results are compared against the
hexahedral and tetrahedral mesh systems as well as against the experimental data from the
published paper.

2. Methodology
2.1 Model Development

The numerical model for the study was developed based on the experimental model from the
research by Rajendran et al., [13], based on Figure 2. The model is for simple single pump model
without bell mouth, pipe diameter, D, of 88mm and wall thickness of 6mm. The intake pipe was
placed asymmetrically in a sump as intentionally to promote uneven approach flow distribution that
would lead to vortex formation, both surface and subsurface vortices around the vicinity of the intake
pipe. The intake pipe length for the model was extended to six times the intake pipe diameter, which
is beyond the length of four times the diameter for measuring the swirl angle as specified in ANSI/HI
9.8 [29]. This would allow for developed flow and avoid any flow instability within the intake pipe.
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Fig. 2. Dimensions of the simple single pump sump, used by Rajendran et al., [13]
A relatively high submergence of S/D = 1.6 was chosen to avoid the production of strong, air-

entraining free surface vortices, with submergence, S defined as the vertical distance from the water
level to pipe intake. The velocity of the water inside the vertical intake pipe of 0.492 m/s, the
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calculated Reynolds Number was 43,149, Froude number was 0.53 and Weber number was 295.
These dimensionless parameters are acceptable as such to neglect the effects of surface tension
forces (We > 120) and viscous forces (Re > 30,000) as per ANSI/HI 9.8 [29].

2.2 Model Meshing Scheme

The model was meshed with three types of mesh systems — fully hexahedral structured mesh,
fully tetrahedral unstructured mesh and polyhedral unstructured mesh, converted from the fully
tetrahedral unstructured mesh. The hexahedral mesh system was built based on the mesh count for
the edges of multiblock configuration of the model while the polyhedral mesh system was based on
the mesh interval size set for the tetrahedral mesh system prior to its conversion. Refer to Figure 3
for the sample comparison of the model with hexahedral and polyhedral mesh systems. Table 1
shows the details of the mesh generation for the mesh systems.

b

A

Fig. 3. Sample image for the simple single pump sump model meshed with hexahedral structured
mesh (left) and polyhedral unstructured mesh (right)

Table 1

Details of the mesh generation for the simple single pump sump models

Mesh System  Mesh interval

Total no of mesh

Min face area

Max face area

counts/sizes (m?) (m?)
Full 3.6 221,370 2.654e-06 1.024e-04
hexahedral 5.10 265,950 2.654e-06 6.590e-05
8.16 338,520 2.654e-06 5.479e-05
10.20 390,700 2.654e-06 5.479e-05
Hybrid 0.0025m 15,747,305 5.850e-07 1.461e-05
tetrahedral 0.0050m 2,151,959 1.908e-06 4.606e-05
0.0075m 612,828 5.000e-06 9.264e-05
0.0100m 266,412 1.090e-05 1.776e-04
0.0150m 82,570 1.808e-05 3.385e-04
Full 0.0025m 2,708,873 9.880e-08 1.519e-05
Polyhedral 0.0050m 381,359 4.488e-07 4.311e-05
0.0075m 113,043 1.035e-06 9.464e-05
0.0100m 50,731 1.083e-06 1.745e-04
0.0150m 16,935 3.382e-06 3.595e-04

2.3 CFD Simulation

The CFD simulation, which was conducted with ANSYS Fluent, was done based on single-phase
and steady-state condition. This was made on the basis that the generated vortices are not strong
enough to produce a vortex core filled with air, which is the vortex strength of lower than Type 4 as
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per ANSI/HI 9.8 [29]. This was practiced by past research which stated that several authors proved
that while omitting phase interface at the water surface did not prevent the capturing of the vortices,
adopting this would extremely reduce the computational time and complexity of the simulation [30].
The simulation employed SST k — w model since it was found to be a better turbulence model in
modelling vortex formation in pump sump compared to the k — & models such as standard,
Realizable and RNG k — € models, with respect to the treatment at the near wall without refining the
mesh sizes [17]. Rajendran et al., [13], Spiegel et al., [24] and Sosnowski et al., [25] used standard
k — € models for their research.

For the boundary conditions, water inlet was taken as velocity inlet with velocity magnitude of
0.382 m/s while water outlet was taken as outflow. Water surface was taken as symmetry and all
walls were assumed to be without slippage.

3. Results and Discussion
3.1 Difference in the Intake Pipe Discharge Flow

A comparison chart was made as shown in Figure 4 for the total number of cells and the (absolute)
percentage deviation in the intake pipe discharge flow at the plane of vertical distance 0.5m from the
intake for all mesh systems.
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Fig. 4. Comparison of the performance of Hexahedral, Tetrahedral and Polyhedral mesh systems

For hexahedral mesh, the total number of cells increased with the refinement of the grid. Its
performance, as reflected by the percentage deviation for the discharge flow, was almost unchanged
throughout the varying grid sizes. On the other hand, for polyhedral mesh, the total number of cells
decreased as the grid coarsened, thereby resulting in increased discharge flow deviation. The
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conversion from tetrahedral mesh to polyhedral mesh for the minimum interval size of 0.0050m
caused significant drop in the total number of cells by 5.6 times and reduced the deviation by 0.13%.
For polyhedral mesh converted from tetrahedral mesh with the minimum interval size of 0.0075m
and above, even though the total number of cells is low, the deviation in the discharge flow increased
significantly. This was attributed by the fact that the coarse grid at the intake pipe failed to capture
the boundary layer flow.

Hexahedral mesh system performed better in comparison to tetrahedral mesh. However,
polyhedral mesh converted from tetrahedral mesh with the minimum interval size of 0.0050m and
below, performed at the same level and even better when compared to the hexahedral mesh system.

3.2 Comparison of Streamline Plots

The results from the CFD simulation were assessed at five locations of vortex formation for
comparison with the work by Rajendran et al., [13]. These locations are illustrated in Figure 1. Figure
5 to Figure 9 show the selected streamline plots obtained from CFD simulation of the simple single
pump sump model using selected sizes of the hexahedral, tetrahedral and polyhedral mesh systems.

For backwall vortex as shown in Figure 5, the results obtained by Rajendran et al., [13] shows the
subsurface vortex core located closer to the pipe intake while the flow turning observed directly
below it. The similar flow characteristics can be seen with the streamlines produced with both
hexahedral and polyhedral mesh systems but not for tetrahedral mesh system which shows the
vortex core position closer to the floor.

Numerical (Ref) Hexahedral (8.16)

Experimental (Ref) Polyhedral (0.0025) Polyhedral (0.0050) Polyhedral (0.0075)

Fig. 5. Streamline plots for the backwall vortex, in comparison to the flow pattern obtained by Rajendran
etal, [13]

For floor vortex as shown in Figure 6, the flow characteristics shows similarity in the location of
the vortex core which is below the pipe intake. However, the subsurface vortex tailing from the 10
o’clock position could not be seen for tetrahedral mesh system which shows the vortex to be
confined within the area directly below the pipe intake.
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Numerical (Ref) TetraHybrid (0.0050)

9

Experimental (Ref) Polyhedral (0.0025) Polyhedral (0.0050) Polyhedral (0.0075)

Fig. 6. Streamline plots for the floor vortex, in comparison to the flow pattern obtained by Rajendran
etal., [13]

Reviewing the free surface vortex as shown in Figure 7, the circulatory motion and presence of
the vortex core can be distinctly seen for both hexahedral and polyhedral mesh systems, which are
the same as the result obtained for the experimental work by Rajendran et al., [13]. Finer mesh of
polyhedral, for example polyhedral (0.0050) can closely match the results produced by hexahedral,
for example hexahedral (8.16). On the other hand, for tetrahedral mesh system, the streamline
shows the absence of distinct vortex core.
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Fig. 7. Streamline plots for the free surface vortex, in comparison to the flow pattern obtained by
Rajendran et al., [13]
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While the use of tetrahedral mesh system does not produce any vortex core for both sidewall-1
and -2 vortices as shown in Figure 8 and Figure 9, the use of hexahedral mesh system produces weak
subsurface vortex core which is not distinctly seen. For polyhedral mesh system, a relatively coarser
mesh, polyhedral (0.0075) shows an exaggerated swirl below the pipe intake.

e ]

Numerical (Ref) Hexahedral (8.16) TetraHybrid (0.0050)

Experimental (Ref) Polyhedral (0.0025) Polyhedral (0.0050) Polyhedral (0.0075)

Fig. 8. Streamline plots for the sidewall-1 vortex, in comparison to the flow pattern obtained by
Rajendran et al., [13]
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Numerical (Ref) Hexahedral (8.16) Hexahedral (10.20) TetraHybrid (0.0050)
3
& Floor
Experimental (Ref) Polyhedral (0.0025) Polyhedral (0.0050) Polyhedral (0.0075)

Fig. 9. Streamline plots for the sidewall-2 vortex, in comparison to the flow pattern obtained by
Rajendran et al., [13]
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The plots at all locations produced by hexahedral mesh systems were qualitatively identical with
those published by Rajendran et al., [13]. The simulation done with tetrahedral mesh system
produced flow patterns that were distinctly different from those with hexahedral mesh system. For
free surface and sidewalls, the vortex and circulation flow were observed to be diminished from the
plots. For polyhedral mesh system, the results produced by the 0.0050m interval size were similar
with hexahedral mesh system at all locations while the other sizes had some slight differences in their
respective plots.

3.3 Comparison of Tangential Velocity Plots

Results for the tangential velocity across the vortex planes at all five locations were plotted for
selected sizes for the hexahedral and polyhedral mesh system and compared to the results from the
published paper by Rajendran et al., [13]. These are shown in Figure 10 to Figure 14.

The results for backwall vortex using hexahedral (10.20) and polyhedral (0.0050) were the closest
compared to the experimental results by Rajendran et al., [13]. Polyhedral (0.0025) and hexahedral
(8.16) showed overpredicted results.

For floor vortex, the plots for hexahedral (8.16) and polyhedral (0.0025) were closest with the
experimental results while the others underpredicted the vortex (weaker vortex).

Free surface vortex trend plots showed polyhedral mesh systems predicted better than the
hexahedral mesh system. All polyhedral mesh systems and hexahedral (8.16) were the closest to the
experimental results while hexahedral (10.20) underpredicted the vortex.

For sidewall-1 vortex, both hexahedral and polyhedral mesh systems prediction were far from
the experimental results. Meanwhile, for sidewall-2, polyhedral mesh systems prediction was better
and closer to the experimental results compared to the hexahedral mesh systems.

0.20
0.16
0.12
=)
c\DI
= 0.08
0.04
0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30
r/d
= =Numerical (Ref) — Experimental (Ref) - - -Hexahedral (8.16) (1)
--------- Hexahedral (10.20) (2) — - -Polyhedral (0.0025) (3) Polyhedral (0.0050) (4)

Polyhedral (0.0075) (5)

Fig. 10. Tangential velocity plots for backwall vortices for hexahedral and polyhedral mesh
systems, in comparison to the results by Rajendran et al., [13]
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Fig. 11. Tangential velocity plots for floor vortices for hexahedral and polyhedral mesh systems,
in comparison to the results by Rajendran et al., [13]
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Fig. 12. Tangential velocity plots for free surface vortices for hexahedral and polyhedral mesh
systems, in comparison to the results by Rajendran et al., [13]
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Fig. 13. Tangential velocity plots for sidewall-1 vortices for hexahedral and polyhedral mesh
systems, in comparison to the results by Rajendran et al., [13]
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Fig. 14. Tangential velocity plots for sidewall-2 vortices for hexahedral and polyhedral mesh
systems, in comparison to the results by Rajendran et al., [13]
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While it is clear that polyhedral mesh systems performance could match that with the hexahedral

mesh systems, SST k — w turbulence model satisfactorily predicts the vortex formation at all five
locations to match the experimental results.

3.4 Comparison of Directional Velocity Plots

Plots of directional velocity across the inlet to the intake pipe were made for both hexahedral and
polyhedral mesh systems to review the differences in the results. Figure 15 shows the plots of the
axial velocity in the y-direction along the z-axis for select mesh systems. Figure 16 shows the same
velocity plots at the center of the intake pipe where it is expected to see most velocity variation.

As can be seen, both mesh systems showed almost the same magnitudes for the directional
velocity. Small slight deviations between the results by polyhedral and hexahedral mesh systems
were observed within a few distance from the intake pipe wall, at maximum of 2.7% and within the
center of the intake pipe, at maximum of 5.7%.

There was no difference between hexahedral (8.16) and hexahedral (10.20). Meanwhile the
results for polyhedral (0.0050) and polyhedral (0.0075) were close to each other, but the results for
polyhedral (0.0025) distinctly deviated from the other coarser mesh.

0.20 1

0.10

Y-Velocity

0.00 _ 4
-0.20 -0.15 -0.10 -0j05 0.00 0.05 .~~~ U.10 0.15
% -0.10 -

-0.20
-0.30

-0.40
z

- - -Hexahedral (8.16) Hexahedral (10.20) Polyhedral (0.0025)
Polyhedral (0.0050) Polyhedral (0.0075)

Fig. 15. Directional velocity plot in the y-direction along the z-line axis crossing the pipe intake
and sump, covering both hexahedral and polyhedral meshes
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Fig. 16. Directional velocity plot in the y-direction along the z-line axis crossing the centre of
the pipe intake, covering both hexahedral and polyhedral meshes

4. Conclusions

CFD simulation of pump intake using different mesh schemes namely hexahedral, tetrahedral and
polyhedral are carried out. The focus on the analysis is to predict the surface and subsurface vortices
at five different locations in a simple single pump sump model. The comparison of the predicted
velocities and vortex cores is made with the experimental and numerical works of Rajendran et al.,
[13]. From the analysis, the following conclusions can be made:

i. Polyhedral mesh system produces vortex prediction that is comparable with the
experimental results. It also matches the results obtained with hexahedral mesh system,
with added advantages of easier and faster mesh generation especially with complex
geometries.

ii. A coarse polyhedral mesh could underpredict the vortex occurrence while a fine
polyhedral mesh could overpredict it. The validation process of the results is essential to
gain satisfactory confidence level on the analysis.

iii. SST k —w turbulence model can be used with polyhedral mesh and performs
satisfactorily to match the experimental results.
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