


2. Theory
2.1. Velocity triangles
The velocity triangles in Figure 2 shows the correlation between the velocity components at the
inlet and outlet of a RPT. cu1 = 0 for a centrifugal pump with no pre-rotation at the inlet flow.

Figure 2. Velocity triangles at the inlet and outlet of a RPT.

2.2. Pre-rotation
When pre-rotation is imposed upon the inlet flow of the impeller cu1 is no longer zero. Stepanoff,
[6], gives that the relative inlet head can be written in terms of the last part of Euler’s head
equation, as shown in equation 1.

H1 =
u1cu1
g

(1)

By using the geometrical correlation between the velocity components from equation 2,
equation 3 can be obtained. When the inlet flow angle, α1, and the volume flow, Q, is known
H1 can be computed as β1 is a constant and cm1 = Q

A1
.

cu1 = u1 − wu1 = u1 −
cm1

tanβ1
(2)

H1 =
u21
g

− u1cm1

tanβ1
(3)

For a pump with no pre-rotation H1 will be zero, while it will be positive for α1 < 90o and
negative for α1 > 90o. Inlet velocity triangles for the impeller with varying α1-values are shown
in Figure 3. When Q is kept constant, cm1 will be constant and a varying α1 will only affect
cu1. Figure 3 describes velocity diagrams for flows with equal rotational speed, u1, and varying
α1.



Figure 3. Inlet velocity triangles for a centrifugal pump.

Figure 4. Inlet velocity triangles with varying cu1.

The velocity triangles in figure 3 shows the size and direction of the velocity components
as the flow hits the impeller. In both Figure 3a), 3b) and 3c) the relative velocity is perfectly
aligned with the direction of the impeller blade. In reality the direction of the relative velocity
will differ from the direction of the blade.

For a discharge smaller than the design discharge, as in Figure 3b) and the black triangle in
Figure 4, the flow must have a certain rotational component in order to align perfectly with the
direction of the blade. If there is no device in front of the inlet adding the necessary angular
momentum to the flow to obtain this rotational component the flow will approach the inlet with
α1 = 90o, like the blue triangle in Figure 4. This causes a mismatch between the flow angle and
the blade angle and creates a higher pressure on one side of the blade and a lower pressure on
the other side of the blade, indicated by the large blue plus and minus signs.

When the flow approaches the inlet this pressure difference gives momentum to the fluid,
which results in a rotational component of the flow. This reduces the mismatch between the
flow angle and the blade angle and the pressure difference is reduced. However, the rotational
component will never be as big as it needs to be to make the flow angle align perfectly with
the blade angle (black triangle in Figure 4), because then the source of creating the rotational
component in the first place is completely removed. The red velocity triangle in Figure 4
describes the direction of the flow where there is a balance between the rotational component
caused by the pressure difference (red cu1) and the remaining mismatch between flow angle and
blade angle, causing the pressure difference itself (red plus/minus sign).

It is the presence of the low pressure region that can initialize cavitation, if the pressure is



low enough. This is the reason an imposed pre-rotation in the flow at the inlet is believed to
counteract the formation of low pressure regions, it might cause the velocity triangle to shift
towards the black velocity triangles in Figure 3 and 4.

2.3. Experimental data
The waterpower laboratory at NTNU has a RPT designed by Olimstad [2]. Stranna [7] have
performed measurements on Olimstad’s RPT in pumping mode which lays the ground for some
of the analysis discussed in this paper. In Table 1 the geometrical constants for the RPT is
presented. In addition, the gravitational constant, g, is set to be 9.81m2/s.

Table 1. Known constant properties for Olimstad’s RPT.

Constant D1[m] D2[m] B2[m] β1[degree] β2∞[degree]

Value 0.349 0.3605 0.0587 12.8 12.02

From Stranna’s measurements the volume flow, Q, the hydraulic head, H, and the efficiency,
η, is extracted for different values of the rotational speed, n. There are data sets for 10 different
n-values, and data for 15-19 different volume flows have been measured for each n-value. For
every Q there exists 43 individual data sets.

First the average values for each Q for all the different n-values are calculated. Then the
peripheral outlet velocity, u2 and the absolute velocity in u-direction, cu2∞, can be calculated
for the different volume flows and rotational speeds. cm1 and cm2 can be calculated as cm = Q

A
and cm = cm∞.

3. Model Description
3.1. Domain
To investigate how an imposed pre-rotation affects the characteristics and cavitational properties
of a reversible pump-turbine, CDF simulations on the RPT impeller designed by Olimstad are
performed in ANSYS CFX. The meshed impeller domain is shown in figure 5. The impeller
domain is split in three parts, the inlet part, the blade part and the outlet part. This is visualized
in figure 6 where the inlet and outlet part of the domain are meshed and the blade part is not.
The domain is a rotating fluid domain with water as the defined fluid and a rotational velocity
of 560 rpm. The water is further defined as a continuous and non-buoyant fluid, it is set to be
isothermal with a temperature of 298.15K and the reference pressure for the domain is 0Pa.



Figure 5. Meshed RPT impeller
domain.

Figure 6. Meshed inlet and outlet part
of domain of RPT impeller.

3.2. Boundary conditions
For this geometry there are a set of different boundary conditions. A smooth no-slip wall
boundary is imposed on the blade as well as on the hub and the shroud. The hub and shroud in
the blade part of the domain is rotating with the blade, but the upstream and downstream part
of the hub and the shroud, the parts that belong to the inlet and outlet part of the domain, are
not rotating. Since the whole domain is defined as rotating, the upstream and downstream part
of the hub and the shroud are defined as counter rotating in order to represent stationary walls.

An outlet boundary type is imposed on the outlet of the domain. The flow regime is subsonic,
and the boundary condition for mass and momentum is Mass Flow Rate. The imposed mass flow
rate is 21.65kg/s for all the simulations. This is the mass flow rate for BEP when n = 560rpm,
according to Stranna’s measurements.

The inlet has an inlet boundary type with a subsonic flow regime. A Static Pressure boundary
condition is imposed as the boundary condition for mass and momentum. Since Q is constant in
all the simulations, cm1 is also kept constant. To investigate whether a change in the pheripheral
velocity will have an impact on the cavitational properties a varying cu0-value is imposed on
the inlet. Each cu0-value corresponds to an arbitrarily chosen α0-value. Subscript 0 denotes the
flow at the inlet of the domain, while subscript 1 denotes the flow at the inlet of the impeller.
Stranna’s measurements show that the inlet pressure will be 272kPa for an inlet flow with no
rotation. The change in head, given by equation 3, for each value of α0 is added to the inlet
pressure and used as the static pressure boundary condition at the inlet.

The remaining boundary areas are imposed with a rotating boundary condition, as shown in
figure 8. This is to imitate a simulation of the whole impeller and not just one blade.



Figure 7. RPT runner domain with
mesh on the inlet, outlet and blade

Figure 8. RPT impeller domain with
mesh on the sides with a rotating
boundary condition.

Table 2 presents the different values for α0 imposed on the inlet flow and the corresponding
change in cu0, H0 and p0. For α0 = 90o, u0 = 5.9948m/s, cm0 = 1.362m/s, H0 = 0m and
p0 = 272kPa.

Table 2. Change in the inlet conditions for different values of α0.

α0[degree] ∆cu0[m/s] ∆H0[m] ∆p0[Pa]

70 0.4957 0.3652 3211.1
80 0.2402 0.1700 1494.4
85 0.1192 0.0827 727.1
90 0 0 0
95 -0.1192 -0.0795 -698.7
100 -0.2402 -0.1569 -1379.2
110 -0.4957 -0.3094 -2720.6

To find the initial values at the inlet the values from table 2 were added to the inlet values
for α0 = 90o, given by Stranna.

3.3. Turbulence model
The SST model is a simple and widely used turbulence model for turbomachinery simulations.
Although the model is a combination of the best parts of the k − ω-model and the k − ε-model
it is not able to give a completely accurate description of what is happening. For more accurate
results LES (large eddy simulations) or DNS (direct numerical simulations) can be conducted,
but those kind of simulations are extremely expensive and therefore avoided if the results given
by using a turbulence model are good enough.

3.4. Mesh
The impeller which was the subject of the CFD simulations in this report was provided as a
pre-meshed .cgns file without any possibilities of changing the mesh. A mesh refinement study



was therefore not conducted. The mesh consists of 322048 hexahedrons and have 347556 nodes.
A mesh refinement study reveals whether a mesh is fine enough or not, and since no such study
was carried out, the simulations, in the worst case scenario, might be completely off.

3.5. Steady state
As no attention is paid to pulsations of any kind only steady state simulations are performed.
A steady state simulation is only reliable once it has converged, and the result are not time
dependent. Due to the lack of time dependency no time step can be defined and no time step
refinement study has to be conducted.

3.6. Convergence
The convergence criterion for the simulations were set to be of max residual type with a residual
target of 0.001. This criterion were never met for any of the simulations and they were all
stopped after 300 iterations. As the rotating speed of the impeller was 560 rpm and the physical
timescale was 1/560, 300 iterations corresponds to 5 rotations. The RMS-values for mass and
momentum did not converge towards one constant value, but fluctuated periodically. When the
simulations went on for 1120 iterations the periodical pattern became clearer, as shown in figure
9. Since the fluctuations remained when the number of iterations were increased, 300 iterations
were deemed sufficient.

0 200 400 600 800 1000 1200

Accumulated Time Step

-1

-0.5

0

0.5

1

1.5

2

2.5

3

V
a
ri
a
b
le

 V
a
lu

e

10-3

RMS P-Mass

RMS U-Mom

RMS V-Mom

RMS W-Mom

Figure 9. Convergence of the RMS-values for mass and momentum when there is no imposed
pre-rotation.

3.7. Mass conservation
Mass conservation were checked by comparing the mass flow at the outlet and the inlet. The
error was estimated to be below 0.3% for all the simulations.

3.8. Smooth wall
A smooth wall condition were imposed on the no-slip blade in the simulations. This can
contribute to a less accurate description of the real model as the impeller does have a wall
roughness. However, as the objective of this part of the report is to investigate the relative



change in low pressure zones for an inlet flow with a variation of imposed pre-rotations, the
smooth wall assumption may be harmless as the simulations can be compared with each other
as long as they are defined in the same way.

3.9. Walls on the inlet part of the domain
On the inlet part of the domain two walls were defined. The outer wall is forming the wall
boundary the water is flowing within, while the inner wall boundary implies that the shaft the
runner is rotating around is extended further down in the inlet of the RPT. This can be a bit
problematic as this is not the case for the real model and can therefore lead to inaccuracies in
the simulations.

4. Results
All the simulations presented in section 3 resulted in a nonphysical negative pressure on the
inlet of the impeller. New simulations with a reference pressure of 100MPa for the domain
and an inlet pressure corresponding only to the pressure changes presented in table 2 were
conducted, but the negative pressure zone were even bigger for these simulations. Even if the
initial simulations (the simulations with 0Pa as reference pressure) were expected to have a
strictly physical behaviour as all the imposed boundary conditions were given by experimental
measurements, the effect of a change in the pheripheral velocity can still be evaluated. As a
result of the nonphysical behaviour multiple pressure zones on the blade were investigated for all
the simulations, not only the pressure zones with a pressure less than the vaporization pressure
for water at 25 degrees. The size of the affected area was compared for the different simulations.
Figure 10 shows the area of the pressure zones as a function of pressure, the whole area of the
blade is 0.1222m2.

0 0.5 1 1.5 2 2.5 3

p, [Pa] 105

10-6

10-5

10-4

10-3

10-2

10-1

A
, 
[m

2
]

1
 = 70

o

1
 = 80

o

1
 = 85

o

1
 = 90

o

1
 = 95

o

1
 = 100

o

1
 = 110

o

Figure 10. Area of the pressure zones on the blade for different α0.

No clear connection between α0 and the the size of the area exposed to a risk of cavitation
was found. The conducted simulations for α0 = 80o, 95o and 110o had a lower risk of cavitation,
while α0 = 70o, 85o and 100o had a higher risk of cavitation than α0 = 90o.



Figure 11. Pressure at the pressure side
of the inlet of the impeller for α0 = 90o.

Figure 12. Pressure at the suction side
of the inlet of the impeller for α0 = 90o.

Figure 11 shows the pressure side of the impeller for inlet flow with no pre-rotation and figure
12 shows the suction side of the impeller for inlet flow with no pre-rotation. For a flow at the
inlet with no pre-rotation the low pressure zone on the suction side covers a bigger area than
on the pressure side. Changing the α0-value did not seem to have an appreciable affect on the
relation between the low pressure zones at the pressure and suction side of the blade.

Even if the negative pressure zones at the inlet of the impeller are nonphysical, it does not
mean that the whole simulation is nonphysical. In fact, the negative pressure zones were almost
expected. The inlet of the RPT impeller is very thin, a lot thinner than for a centrifugal pump.
Impellers usually have a thicker inlet in order to avoid cavitation, i.e. low pressure zones. A
thinner inlet results in zones with lower pressure, and the thin inlet can also cause problems
when it comes to solving the system equations correctly. A thin inlet requires a very fine mesh,
otherwise the results can be wrong in that area.

5. Conclusion
The need for submergence of the RPT increases rapidly for volume flows that deviates form the
volume flow at BEP. Changing the peripheral velocity did not seem to have an impact on the
cavitation. However, the results found in this paper are not enough to dismiss the hypothesis
as the number of simulations are limited and only the volume flow for BEP is investigated.

6. Further work
First off, a mesh refinement study should be carried out in order to decide whether the conducted
simulations are good enough. If the results of the simulations in the mesh refinement study is
consistent with the results in this project report the used mesh good enough. Otherwise, these
simulations have to be discarded.

Simulations with an imposed pre-rotation should be analyzed, not only simulations with a
varying peripheral velocity.

Another important point is to study the effect of pre-rotation outside of BEP. As the goal is
to decrease the risk of cavitation without further submergence the cases of highest importance
are those exposed to a higher risk of cavitation.

Simulations on a geometry without a shaft in the inlet would possibly lead to more accurate
results. Simulations on a geometry with an extended inlet can also be conducted in order to
investigate how a more developed flow would affect the simulations. In addition, other methods
of imposing pre-rotation to the flow could be investigated.
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