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1. Problem Identification

As the cost of energy increases one has to spend it more efficiently to obtain sustainability.
Also net carbon zero energy production is another aspect of sustainability. On top of these
two, recycling water is becoming more and more important and hence the water treatment
facilities. EYS is already a manufacturer of rugged and robust submersible manure pumps
which are field proven in terms of durability. Now, considering the points made above we are
moving forward to increase the electrical and mechanical efficiencies of our waste water
pumps.

The problem to be tackled in this case study is to reduce the hydraulic design process time
and increase the accuracy of our predictions with the help of high fidelity Computational Fluid
Dynamics simulations using EuroCC HPC resources. We will be using open source finite volume
tools to investigate the hydraulic efficiency of our impeller and volute geometries. Based on
our initial estimates, a single high fidelity CFD (temporally and spatially well resolved) run on
our local compute server, together with collecting statistically meaningful data will cost
around to 1e5 cpu hours.

2. First Suggestion.

The tentative project plan is as follows:

Timeline Tasks and Milestones

Getting used to the Truba-EuroCC infrastructure

Setting up necessary tools (libraries, etc.) for our needs

Running initial simulations to see the wall clock time needed for production
runs

Estimating the data transfer rate between the client and server. (need to
decide what should be post-processed in-situ.)

Pre-processing the production runs. (Geometry preparation, mesh
generation etc.)

Production runs.

Post-processing the production runs

3. Solution Stage — |
We have successfully finished our test runs and figured out which queue system is best for
our needs. We also figured out an option in the queue system, which enables the infiniband
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fabric. From now on, we will be using the hamsi queue since our runs do not exceed the three-
day time limit.

Since we have finished our test runs we moved forward with the production runs and finished

pre-processing. Sample geometries for the volute, stationary blades and the impeller can be
seen at Figures 1 and 2.

Figure 1. Impeller

Figure 2. Volute with stationary cutter blades.

The full flow field is presented in Figure 3. Since this is a submersible pump in order to improve
the inflow characteristics a sphere is attached to the suction side and total pressure boundary
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condition is prescribed together with inflow outflow velocity. An outlet pipe is added to make
sure prescribed outflow conditions are correct. The number of cells is 90 million for this
specific case.

Figure 3. Full flow field.

A cross-section of the sample mesh around the impeller is shown in figure 4.
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As we have suggested in our preliminary project plan, we will be going forward with the
production runs. We will vary the outlet angle B, of the impeller blades in between 30 — 35
degrees and do a parametric search for the optimum design point using the computational
resources provided by EuroCC project.
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4. Solution Stage — |l

There are three main objectives of this project:
e Estimating the cost of a high fidelity simulation using an open source flow solver
OpenFOAM for rotating machinery,
e Comparing steady Reynolds-averaged Navier-Stokes (RANS) solutions against and
unsteady large eddy simulation (LES) solutions at off-design conditions,
e Increasing the hydraulic efficiency of a submersible wastewater pump using geometry
modifications.

The incompressible, unsteady, 3-D Navier-Stokes equations are given as
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In this study, constant coefficient Smagorinsky sub-grid scale model is used to model sub-grid
scale turbulent shear stresses and the remaining scales are resolved using large eddy
simulation approach.

Discretization Schemes and Numerical Methods:

Temporal Scheme: Implicit second order backward scheme. The maximum courant number is
limited to 10 but on average over 94 million cells it is around 0.01. A very small number of
cells (on the order of 100’s) has high CFL numbers. Especially when the impeller blades are
passing through the constant cutter blades sharp temporal velocity jumps are observed which
in return decreases the time step size.

Gradient Schemes: Second order central linear scheme without any limiters.

Divergence Schemes: Convective terms of the momentum equation are discretized using
linear-upwind stabilized transport (LUST) [1] scheme with a blending factor of 0.75.

Laplacian Schemes: A pure second order scheme with non-orthogonality correctors are
employed. Again no limiters are used to minimize the numerical dissipation effects for LES.
Pressure velocity coupling is handled by a combination of SIMPLE [2] and PISO [3] algorithms.
In this scenario an outer loop which incorporated the SIMPLE is used while inner corrections
are performed using the PISO algorithm.
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Linear solvers: The geometric agglomerated algebraic multi-grid (GAMG) method is used for
both velocity and pressure equations. An interesting observation was that even for 1000
processors GAMG still outperforms the preconditioned conjugate gradient (PCG) methods.

Boundary Conditions:

An important aspect of this project is to understand that the dynamic interaction between the
rotating impeller blades and the stationary cutter channels can be captured with a reasonable
amount of computational effort. And hence the inflow conditions must resemble the actual
submersible conditions to mimic the swirl action inside the suction cone. This is achieved by
using a total pressure condition at a spherical inflow surface together with a Neumann type
pressure inflow outflow velocity condition. On the other hand at the outflow a fixed static
pressure is used together with an inlet-outlet condition for velocity, with a uniform inlet value
of 0 to prevent backflow. The outlet is also put away 4 diameters downstream of the volute
diffuser to prevent the backflow. In this way the pressure difference is prescribed and
volumetric flow rate is sought for. The temporal statistics are collected after the volumetric
flow rate reaches a steady state. Figure 5 depicts the details of the computational domain.
Stator and rotor regions are coupled using the cyclic arbitrary mesh interface method [4].

Cutterq]

Volute- &:-
Discharge-Pipef]

Impellerq]
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Figure 5. Computational domain.
Parallelization:

The scotch domain decomposition method [5] has been utilized for parallelization. Even
though the loads per core are practically equal for each core the processor interfaces showed
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an imbalance up to %70. This aspect might be a room for improvement for parallel
performance in the following study.

UHeM’s Altay system was used with 512 cores. Jobs are submitted to a100qg queue. Since CFL
number limited variable time step method was chosen, the variation of time step size is
monitored and a sample is given in Figure 6. Average time step size is 2.56e-6 seconds.
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Figure 6. Variation of time step size in one period of impeller rotation.

The average execution time per time step is 9.25 seconds and its variation is given in Figure .
The regular jumps are attributed to in-situ flow visualization data access processes, but overall

the cost per time step is stable.

The total time spent for one period is around 154000 seconds. This accounts for approximately
21900 core-hours per period.
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Figure 7. Variation of execution time per time step.

5. Results and Achievements

We have successfully collected statistics over a statistically stationary period of time for three
revolutions of impeller. The operating point was a total pressure difference of 150000 Pa. This
pressure difference corresponds to an off-design condition where the flowrate is expected to
be lower than the on-design conditions and hence strong flow separation phenomena is
expected inside the suction cone and leading and trailing edges of the blades.

A preliminary RANS simulation, which was also used as an initialization for unsteady LES,
showed us that the flowrate would be around 80 m3/h at that specific operating point.
However, as the simulation evolved as shown in Figure 8, we have seen that the flow rate is
over estimated in RANS simulations compared to LES.

Based on this design a three-dimensional (3D) model of the impeller is produced using 3D
additive manufacturing methods. Figure 9 shows the impeller geometry. The volute is
manufactured using traditional modelling technique as shown in Figure 10. After
manufacturing the volute and the impeller a global experimental validation is done by
measuring the total head and the flowrate through the pump.

Experimental results and numerical predictions are presented in Figure 11. It is clearly seen
that unsteady LES run is predicting the flow rate more accurately than the RANS calculation at
low flowrate operating point where re-circulations are expected.
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Figure 8. Temporal variation of the flowrate through pump.

Figure 9. 3D Impeller model.
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Figure 11. Experimental results compared to steady RANS and unsteady LES studies.
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As seen from Figure 11, steady RANS calculation using moving reference frame (MRF)
technique reasonably predicts the flowrate around on-design conditions but majorly
overpredicts the flowrate at off-design. On the other hand, the focus of this study, unsteady
LES calculations predict the characteristics reasonably well at off-design conditions.

This result shows us that using HPC resources for high fidelity numerical simulations increases
the accuracy of predictions for industrial applications and hence make the CFD calculations
more reliable. One can argue that the cost of high-fidelity simulations are too high, but from
an industrial point of view compared to cost of multiple prototypes, tests and trials, it is still
manageable.

On top of that as seen in Figures 12 and 13 one can gather additional valuable dynamic data
for design purposes. Dynamic axial force data can be used when designing tight tolerances for
sealing whereas radial forces can be used for lifecycle predictions of the main shaft and
bearings.

Finally, an increase of %7 in efficiency is achieved with the new impeller design as shown in
Figure 14. This real-life result encourages us to use more HPC resources in the future and we
have already applied for another TUBITAK grant as a result of this study.

Axial Forces on the Impeller
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Figure 12. Axial forces acting on the impeller
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Radial Forces on the Impeller
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Figure 13. Radial forces acting on the impeller
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Figure 14. Efficiency comparison between two designs.
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