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Abstract - The pressure at inlet of pump is mostly below atmosphere pressure and may come below the
vapour pressure of water depending on installation and operating condition. This situation may lead to
cavitation in pump and it is one of the leading causes for reduced reliability on performance of
centrifugal pumps. NPSH (net positive suction head) is used to check the cavitation condition in
centrifugal pumps and it is the absolute total pressure energy available above vapour pressure. The
NPSHR is the net positive suction head required at pump inlet for working of pump without cavitation
and special test rig is required to predict the values of NPSHR of pump experimentally. CFD has
minimized the experimental work for prediction of cavitation characteristics of hydraulic machines
where selection of turbulence model plays important role on the accuracy of simulation results. In this
paper, an effort has been made to predict NPSHR characteristics of double suction centrifugal pump at
three different operating points using Computational Fluid Dynamics (CFD) approach with two
turbulence models. The results from CFD using k-¢ and SST turbulence models have been compared with
experimental results at pump design condition and found to be in close comparison. The losses in
different pump components are also computed to study pattern of hydraulic loss with the growth of
cavitation.

Keyword- Centrifugal pump, cavitation, Net positive suction head, CFD analysis, Double suction.

[. INTRODUCTION

Water flows from high energy to low energy level. The rotation of pump impeller creates low pressure at the
inlet and due to this; water in sump at the atmospheric pressure is sucked into the pump. The difference between
suction pressure (stagnation) and vapour pressure is Net positive suction head (NPSH). It is the energy of liquid
required to overcome the friction losses from the suction nozzle to the eye of the impeller without causing
vaporization. Centrifugal pumps must have minimum NPSH to function properly and it is known as net positive
suction head required (NPSHR) and is specified by the pump manufacturer. The net positive suction head
available to pump (from the system to which the pump is attached), is designated as the net positive suction
head available (NPSHA). NPSHA is dependent on site installation and operating conditions of pump in
pumping system [1]. NPSHA must be greater than NPSHR for the pump system to operate without
cavitation.When the total absolute pressure at inlet of the pump is less than the water vapour pressure, then
water starts to vaporize and boil. The vapour bubbles formed near impeller inlet continue to move through the
impeller and collapse in areas of higher pressure within the pump [2]. The frequent collapse of bubbles develops
extremely high localized pressure and blows small portions of metal from the impeller surface.

When cavitation occurs in a pump, its efficiency reduces and can also cause surges in flow.When the volume
of water is subjected to a sufficiently low pressure, it may change its phase from water to gaseous resulting in
vapour bubbles[3]. The process of formation of vapour bubble in a space and their subsequent collapse in high
pressure space is referred as cavitation. If the pump operates under cavitation conditions for enough time, it
createsa loud noise and vibration, pitting marks on the impeller blades and volute casing wall, premature seal
and bearing failure and other fatigue failures in the pump[4].

The reduction of pressure at pump inlet may also be caused due to increase of the temperature of water and
reduction of the flow area by obstructions or sharp curvatures in piping or pump.
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The NPSHR characteristic of the pump is indicated on the pump’s curve. According to the standards of the
Hydraulic Institute, a suction lift test is performed on the pump and the pressure in the suction vessel is lowered
to the point where the pump suffers a 3% head drop. The NPSH at point is called the NPSHR (Net positive
suction head required) of the pump. The experimental approach for prediction of cavitation needs a well-
equipped laboratory and it is tedious and time consuming. The prediction of cavitation in pumps using CFD is
cost and time effective but needs proper selection of simulation parameters like turbulence models for good
accuracy|[5].

The present paper deals with numerical prediction of NPSHR characteristic of double suction centrifugal
pump at three different operating points (i.e. 80%, 100% and 120% of duty point). The numerical flow
simulation is carried out using two turbulence models (k-€ and SST). An effort hasalso been made to assess the
hydraulic loss pattern in the pump due to cavitation in different components.The numerically predicted
NPSHRcharacteristic at duty point is compared with experimental results and bears close comparison.
Commercially available software ANSYS CFX 16.1 is used for numerical flow simulation.

II. GEOMETRY FOR FLOW SIMULATION

The pump under investigation is a double suction horizontally split casing pump. It consists of stationary
suction passage divided into two halves, rotating double suctionfive vane impeller and a stationary volute casing.
The pump design head coefficient and discharge coefficient are 0.433 and 0.223 respectively with specific speed
NSUS 1710. A solid model of the entire assembly has been prepared using solid modeller package Pro-Engineer
as shown in Fig. 1. The front and isometric views of double suction impeller are shown in Fig. 2.
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Fig.1. Solid model of pump assembly Fig. 2. Front and isometric view of impeller

The assembly of pump parts imported to ANSYS ICEM CFDI16.1 for geometry cleaning and meshing. The
unstructured hybrid tetrahedral mesh is generated in flow domain except fine prismatic layers near the surface of
impeller vanes for proper resolution of the boundary layer. Grid independence study has been performed to
ensure appropriateness of grid size and Y+ value. There are nearly 300000, 1120000 and 200000 nodes in
suction passage, impeller and delivery casing respectively.

Eight turbulence models had been chosen for numerical flow simulation [6] but k-¢ and SST models were
found to give comparable results with the experimental ones. Hence these two models have been chosen for
cavitation analysis. The flow simulation for cavitation has been carried out in two stages i.e. single phase and
multiphase flow. Initially, the performance analysis of the pump was carried out using single phase flow to
generate initial guess for cavitation analysis.

Multiphase flow analysis was carried out using Eulerian approach option available in ANSYS CFX 16.1
software.In single phase analysis, the mass flow rate was specified at the outlet of delivery casing. Impeller
rotation was specified to impeller domain and assigned as rotating domain[7]. Suction passage and delivery
passage were specified as stationary domain. At walls, no slip condition has been imposed. Static pressure at
inlet was specified as one atmospheric by considering reference pressure as absolute zero. These results are used
as initial guess to cavitation solution. In cavitation analysis, inlet pressure has been varied to estimate 3% head
drop for NPSHR. The morphology of water vapour was set as dispersed fluid with 0.05 mm diameter as mean
diameter. Standard k-¢ turbulence model/ SST turbulence model with scalable wall function was selected for
simulation [8]. High resolution advection scheme was used for solution. In the high resolution scheme, the blend
factor values vary based on the local solution field in order to enforce a boundness criterion.

The steady state solution has been performed in the relative frame of reference. In multiphase analysis, the
two phases are defined as water and water vapour phase at 25°C. The buoyancy term and suitable gravity
components in X, y, and z directions were assigned. The water was set as continuous fluid. Morphology was
used to describe the connectivity or distribution of the fluid[9]. The difference in density between phases
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produces the buoyancy force in multiphase flows and hence it is important to correctly set the buoyancy
reference density. The density of water is set as buoyancy reference density. Rayleigh Plesset model [10] is
based on equations for control of vapour generation and condensationis chosen for analysis with saturation
pressure of water as 3600Pa. These equations describe the growth and collapse of the bubbles in different
hydrodynamic and thermodynamic conditions

IIT. COMPUTATION OF PARAMETERS

The numerical simulation gives values of pressure and velocity distribution in flow domain of pump. The
following local and global flow and loss parameters are computed in non-dimensional form as:

TR, -TR
Head developed = (1
P9
Relative loss in suction &= ?S *100 2)
Relative loss in impeller & = % *100 3)
Relative loss in casing &= % *100 4)
Total head loss Hy =Hg+H, +H (5)
TP -P
Net positive suction head NPSH =1 " (6)
P9

IV.RESULTS AND DISCUSSIONS
The flow simulation for cavitation prediction is carried out for 80%, 100% and 120% of design flow rate
using k-¢ and SST turbulence models. The inlet static pressure is varied to develop cavitation for each flow rate
and head developed by pump, NPSH, losses and efficiency are calculated. The results in quantitative and
qualitative form are presented.
A. Quantitative Results

The process of NPSHR estimation is relative to pump head and 3% drop in head of the pump is taken as
required NPSHR of pump. The CFD results from two turbulence models at 100% flow rate are compared with
experimental results. NPSH v/s head plot from experimental results is shown in Fig. 3.
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Fig. 3. Plot between pump head and NPSHof experiment results

It is seen from Fig. 3 that as NPSH value reduces, the head developed by pump (normalized w.r.t. pump head
without cavitation) is nearly constant till certain value of NPSH and afterwards a small reduction of NPSH leads
to reduction in the head ofthe pump. The point where pump head starts reducing is inception point of cavitation.
The reduction of pump head continues with further decrease in NPSH. The value of NPSH corresponding to 3%
drop in pump head is the required net positive suction head (NPSHR) of pump.

The pump head and NPSH values obtained from CFD results are normalized with respect to pump head and
NPSHR obtained from experimental results. The head variations with NPSH obtained from CFD are shown in
Fig. 4 to Fig. 6 for different turbulence condition at 100%, 80% and 120% of duty point flow respectively. It is
observed that pump head is nearly constant with inlet head condition in beginning and then starts falling due
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development of cavitation. In present work, for consistency of NPSH prediction, 3% drop in pump head at the
highest inlet pressure condition is chosen for assessment of NPSHR from CFD results for each flow rate.

It is observed from these figures that trends of pump head variation from both the turbulence models are
found to be similar to the experimental results. The value of NPSHR at 100% flow from SST model in Fig. 4 is
very close to experimental value (i.e. 100%).
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Fig. 4. Head v/s NPSH plot at 100% flow rate Fig. 5. Head v/s NPSH plot at 80% flow rate
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Fig. 6. Head v/s NPSH plot at 120% flow rate Fig. 7. NPSHR values at different flow rate
TABLE I
Hydraulic Losses in Different Components With and Without Cavitation Conditions
lized I 9
Simulation Flow Turbulence Normalized loss (%)
Condition (%) model HL Suc HL_Imp HL- HL Total
- - Del_Case -
No_Cav 80% SST 6.32 39.76 47.69 93.76
No_Cav 80% K-€ 6.65 40.67 52.61 99.93
Cav 80% SST 3.54 56.11 48.12 107.77
Cav 80% K-€ 4.15 47.73 53.48 105.36
No_Cav 100% SST 4.01 26.74 24.59 55.34
No_Cav 100% K-€ 6.67 33.38 31.47 71.52
Cav 100% SST 4.98 39.33 26.93 71.24
Cav 100% K-€ 6.03 40.86 33.38 80.27
No_Cav 120% SST 5.60 31.74 22.53 59.88
No_Cav 120% K-€ 7.91 37.39 33.18 78.48
Cav 120% SST 7.29 35.61 23.87 66.77
Cav 120% K-€ 7.40 47.14 30.98 85.53

It is also seen that in CFD simulation for cavitation, the value of pump head and NPSHR from SST model are
more than k-¢ model at all operating conditions.
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The hydraulic losses in suction passage, impeller and delivery casing are computed for two turbulence models
and three flow rates. The losses in individual component are normalized with the total loss from experimental
test for no-cavitation condition and are given in Table . It is seen that the head losses from SST model are less
in comparison to k-¢ turbulence model in all components both in cavitation and non-cavitation conditions. The
losses in impeller and delivery casing are significant and increase in cavitation condition while in suction
passage; losses are minimum and less than no-cavitation condition (in some cases). It means growths of bubble
in such cases are helping to reduce loss. It is also predicted that the numerically computed total loss is less than
experimental values except the cavitation condition at 80% flow.

B. Qualitative Results

The qualitative results are shown in the form of contour plots of volume fraction of water vapour. As inlet
pressure reduces, the amount of water vapour volume fraction increases with reduction of inlet pressure as seen
in Fig.8. There is gradual increase initially and later it is much faster and covers nearly complete space at
developed stage. The water vapour volume fraction at 1 atm and 0.4 atm inlet pressures at 80% of duty point
flow shown in Fig. 9 indicates there is negligible volume fraction zone at latm inlet pressure but slightly more
in case of SST model. At inlet pressure of 0.4 atm, it almost covers whole suction side of impeller vane. The
generation of water vapour is not symmetric on all the blades. It is also observed that on one vane it covers more
area than other vanes. The same trend is seen in the contour plots of different flow rates. The areas covered by
water vapour volume fractions are more in SST model at the start of cavitation and less at developed stage as
compared to k-¢ turbulence model as seen in Fig. 9 and Fig. 11 at part and over load conditions. At rated
conditions in Fig. 10, areas covered by water vapour volume fractions are nearly same in both the turbulence

models.
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Fig. 8. Water vapour volume fraction development with reduction of pressure at inlet for 100% flow rate
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Fig. 9. Comparison of water vapour volume fraction at80% of flow rate
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It is seen that the water vapour volume fraction at 1 atm inlet pressure at duty point flow in Fig. 10 is less
than that for 80% flow but at 0.4 atm, it is more for both the models. The vapour volume fraction at 100% flow
rate for 0.4 atm covers almost all the suction passage (from inlet to outlet). Asymmetry of extension of water
vapour region is seen in 100% flow rates plots also but both SST and «-¢ turbulence plots are similar in nature.

Inlet Pr—latm, SST model, 100% Flow Inlet Pr—1latm, x-€ model, 100 % Flow

Inlet Pr—0.4atm, SST model, 100% Flow | Inlet Pr—0.4atm, k-&¢ model, 100% Flow

Fig. 10. Comparison of water vapour volume fraction at 100% of flow rate

Inlet Pr-0.6atm, SST model, 120% Flow Inlet Pr-0.6atm, k-¢ model, 120% Flow

Fig. 11. Comparison of water vapour volume fraction at 120% of flow rate

The asymmetrical nature of cavitation zone may be due to presence of baffle plate in suction passage just at
upstream of impeller eye. The purpose of placing this baffle plate is to guide the flow into impeller inlet with
minimum losses. The flow enters into the rotating impeller after striking stationary baffle plate. There is local
pressure drop due to presence of baffle, when flow passes through baffle plate which is clearly seen in Fig. 12.
Since the simulation is conducted by applying frozen rotor interface condition between suction passage outlet
and impeller inlet, the relative position is frozen and hence this drop of local pressure is visible in the contour
plots.In reality, as impeller rotates, the relative position of vane changes with respect to baffle plate. Hence this
pressure drop changes with respect to relative position of impeller vane to the baffle plate.
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Fig.12- Streamline and contour plot in suction and impeller passage

V. CONCLUSIONS

The NPSHR value predicted from numerical simulations using SST model at duty point flow closely matches
with experimental value. It is found to increase with increase in flow rate for both the SST and k-& models. The
inception of cavitation occurs early at part load condition. As the discharge increases, water vapour volume
shifts towards outlet of runner. The development of cavitation zone on impeller is not uniform. The losses in
different components are also found to vary with flow rates and turbulence models. The losses in impeller
passage increase considerably due to cavitation while there is slight increase in losses in delivery casing. In case
of suction, the losses are found to reduce due to bubbles formation in cavitation in some of the flow rates.

As the numerical simulation results with SST turbulence model have very good agreement with experimental
values, therefore it is to be used for prediction of cavitation performance of the double suction pump using
multiphase flow/cavitation analysis capabilities of commercially available software at design stage.

VI.NOMENCLATURE

H head developed by pump, m

Hg headloss in suction, m

H; headloss in impeller, m

Hc headloss in casing, m

TP, total pressure at inlet, Pa

TPo total pressure at delivery, Pa
Pyvap water vapourpressure, Pa

g acceleration due to gravity, m/s”
p liquid density, kg/m’
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