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Abstract

Waterjets are commonly used in high-speed crafts because they have better propul-
sive efficiency compared to conventional marine propellers at high speeds. Nowa-
days, electric propulsion has been developed worldwide. This brings up the possibil-
ity of doing more research on how it can affect the hydrodynamic performance of the
waterjet propulsion system. The main objectives of this project are to optimize the
waterjet intake, which can maximize the overall system performance, and to inves-
tigate the hydrodynamic performance of the entire system when some constraints
can be modified due to waterjet electrification. During this research, finding the
system performance curve, the effect of extending pump-intake connection study,
the effect of shaft removal study, rim-driven impeller study, and intake optimiza-
tion are carried out. The results show that the intake design and the rotor driving
method are directly related to the system efficiency because the inflow to the pump
is significantly affected by the intake shape and the shaft. The impeller and the
intake should be designed together to match the blades with the specific wake field.
To achieve a better inflow to the pump, the key approaches are to lower the intake
height and extend the cylindrical part of the intake ahead of the impeller.

Keywords: Waterjet, Optimization, Computational Fluid Dynamics (CFD), STAR
CCM+, Capture Area, CAESES, Parameterized geometry, Wake field, Pump Per-
formance.
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1

Introduction

This section describes an overview of the project, including background on the wa-
terjet propulsion system, objectives, a project structure, and limitations.

1.1 Background

The waterjet propulsion system uses a reaction force created by high-speed water
jetting to propel vessels. The waterjet propulsion system draws water from the ves-
sel’s bottom and uses a propulsion pump to accelerate the flow and generate thrust
using momentum change. Waterjets are commonly used in high-speed crafts because
they have a better propulsive efficiency compared to conventional marine propellers
at high speed. In comparison to propellers, waterjets are quieter and produce less
vibration and noise, which improves not only passenger comfort but also undersea
noise and vibration. The system comprises the intake duct, the waterjet pump, the
nozzle, and the steering device (Bulten, 2006b).

The waterjet intake is used to connect the propulsion pump and the hull bottom.
The cavitation, vibration, and noise performance of the waterjet propulsion pump
are significantly affected by the hydraulic performance of the intake. The flow sep-
aration loss of the inlet, the constriction loss of the flow channel, the blockage loss,
and the friction loss are the key components of the hydrodynamic loss of the intake
(Weixuan Jiao et al., 2019). Therefore, it is necessary to find the best intake design
for a specific pump at the operating condition.

After passing through the intake, the flow gains a transversal velocity component
when it enters the impeller zone due to the impeller’s rotation. The impeller-induced
transversal velocity becomes the major non-axial component. The non-axial veloc-
ity components are considered the energy loss in the discharged jet. In theory, the
guiding vanes or stator should remove the flow swirl caused by impeller rotation so
that the nozzle released flow contains no velocity components other than the axial
component. As a result, the torque applied to guide vanes should be equal to the
impeller torque but in the opposite direction (Eslamdoost and Vikstrém, 2019). The
steering device is mounted downstream of the nozzle, which can deflect the jet in
order to create steering and reversing forces.
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1.2 Objectives

Nowadays, combustion engines often power modern waterjet units. The installa-
tion of waterjet propulsion units and their intake design are constrained by the size
of the engine and the gearbox. The application of electric drives can reduce the
dictated constraints of the conventional waterjet units and thus open new oppor-
tunities for modifying the placement of the waterjet unit, the intake design, and
the waterjet pump’s design. The main objectives of this project are to optimize the
waterjet intake that can maximize the overall system performance and to investi-
gate the hydrodynamic performance of the entire system when some constraints can
be modified due to the introduction of electric waterjet propulsion. From the two
main objectives, this project’s goals can be specified in further detail as shown below.

o Develop a parametric waterjet intake model, which can be parameterized for
both profile curves and cross sections along the longitudinal position.

o Find the best efficiency of the waterjet propulsion system.
o Study the effect of extending pump-intake connection.

o Study the effect of shaft removal.

o Study the effect using a rim-driven impeller.

o Optimize the intake geometry for maximizing the entire system efficiency.

1.3 Project Structure

At the beginning of the project, a literature review is conducted, so general ideas and
knowledge from previous research regarding waterjet propulsion are obtained, and
the studies that have been carried out in such investigations will not be repeated.
Many papers can be useful for furthering the study, such as the methodology of
capture area extraction and waterjet profile curve definition. After that, the pa-
rameterized intake duct is developed using CAESES software. The geometries of
the entire system have been prepared, including the rotor, stator, intake, tank, and
extension pipe. After having the whole domain, CFD simulation can be set up on
STAR CCM+. Before starting optimization, the verification and validation of the
AxWJ-2, which is the pump used in the simulations are conducted. During op-
timization, it is good to study and understand the system behavior with certain
geometry changes and investigate how the electrification of the waterjet gives room
for system geometry changes.

Firstly, in the study, the optimum operating condition of the waterjet system has to
be determined. The inlet velocity ratio of the system, which is defined by the pump
inlet velocity over the ship velocity, is the indicator for the optimum system operating
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condition. This ratio can be controlled by the mass flow rate specified at the nozzle
exit. After that, the studies of the extending pump-intake connection, shaft removal,
and rim-driven impeller are carried out. Finally, the intake optimization study is
performed.

1.4 Limitations

The time frame is the first limitation, as the project runs from January 2022 until
August 2022. The second is the pump model. The AxWJ-2 waterjet pump from
John Hopkins University is used for studying. During this project, this pump model
is used in all simulations and studies. Third, the focus of this thesis is to study
the water propulsion system itself, so hull interaction effects are neglected. The last
limitation is that all the results are from the simulations. Due to a lack of time and
equipment, no actual testing is performed.
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Literature review

In this section, a thorough literature study is conducted. The most interesting
sources for our propose are summarised in chronological order.

Bulten (2006b) studies the detailed analysis of a waterjet propulsion system from
theory until full scale application. The research shows that the major problem that
decreases the system efficiency is the large velocity variation due to non-uniformity.
It can cause lower impeller efficiency, cavitation, noise, and vibration due to blade
loading variation. There are four reasons that cause non-uniformity. First is the
boundary layer ingestion. Second is the deceleration of the flow at the inlet. Third
is the shaft inside the intake, and finally the bend of the duct. Different CFD solvers
are studied to analyse the flow. The solver that has an ability to capture vorticity
is beneficial due to large velocity variation. (Bulten, 2006b) comes up with RANS
and wall function methods. The paper does not study more in turbulence models
because it is not a goal of the research, so k-epsilon is good enough to close the
Navier Stoke equation. The validation of the CFD simulation with the experiment
with and without the pump is conducted. Finally, the study performs a full-scale
analysis for validation.

Jiang-ming and Yong-sheng (2010) conduct the flow loss of the waterjet intake study.
The flow loss of the intake is normally estimated by empirical rules, but the value is
over-predicted and might lead to the wrong power prediction. Therefore, this paper
introduced the new method to estimate the flow loss to be more precise. The flow
loss can be determined by the difference between the total energy at the outlet and
the captured area. The mass flow rate at the capture area must be equal to the
flow rate at the intake outlet. The capture area can be known if the streamtube
is obtained. The streamtube varies with the geometry and operating conditions.
The study introduces the method for finding the exact shape of the streamtube.
Firstly, the simulation must be done, and the flow field is obtained. After that, a
user-defined scalar equation is defined based on the transport equation, considering
only the convection term. The internal flow from the outlet of the intake is made by
the scalar value equal to one, while the external flow that does not pass through the
duct is marked by the scalar value equal to zero. Tracing the streamline backward
will give the streamtube shape.

Takai (2010) develops a CFD-based optimization system for waterjets with con-
sidering the interaction of a hull. An optimization tool can be done manually or
automatically by using an algorithm. There are three main steps. Firstly, a nonlin-
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ear problem is solved by forming an objective function and a constraint. Secondly,
geometry is generated by the design parameters. Finally, a CFD solver is used to
return the values. The paper Introduces many algorithms that help finding a multi-
objective design. During optimization, sensitivity analysis is performed manually
using a small number of design parameters to obtain the trend toward the objective
function. After that, several geometries are selected and applied with a morphing
scheme in the optimization loop. This research studies the optimization of the in-
take duct by varying the lip and ramp structure. The objective is to minimise the
friction loss. At the end, merging intake is investigated. The idea is to reduce the
wetted surface area that leads to minimising friction loss.

Eslamdoost (2014) studies the physics of waterjet and hull interaction, particularly
in the negative thrust deduction phenomenon, and develops a more accurate method
for predicting the gross thrust. Two methods are used to model the waterjet/hull
interaction. The pressure jump method is the first method, while another one is
RANS simulations. Regarding the pressure jump method, the waterjet induces a
lower pressure due to the suction process, so the sinkage is increased and leads to
the higher resistance. Regarding the self-propulsion RANS method and application,
it is found that the difference between gross thrust and net thrust comes from a
non-atmospheric pressure at the nozzle exit. Because of a transom wave, the nozzle
can be operated in ventilated or submerged condition. Non-atmospheric pressure at
the nozzle exit causes the thrust deduction factor to be less than zero. Furthermore,
It is shown that the capture area derived from the streamtube is quite different from
the shape that the ITTC Specialist Committee on Waterjets proposes. However, the
average velocities on the capture area section are still similar. Finally, the capture
area is not constant and depends on the operating conditions.

Budziszewski and Friedrichs (2018) research the optimization of an aircraft by the
boundary layer ingestion method. This method can reduce power consumption and
lead to lower fuel consumption and fewer emissions. The study is done by moving all
the propulsors to the rear part of the aircraft and embedding the engines to ingest
more boundary layers. When more boundary layer is ingested into the duct, propul-
sive power can be reduced while the thrust remains constant. There is a drawback
to this method due to the fact that more non-uniform flow into the fan will reduce
the fan’s efficiency. However, it demonstrates that using this method, propulsive
power can be reduced by one to four percent.

Huang et al. (2019) proposes a parametric waterjet intake CAD model and finds the
optimized intake duct without considering hull interaction by varying four param-
eters. These varying parameters include slope angle, ramp radius, lip radius, and
lip height. The fixed parameters are pump diameter, duct height, and duct length.
There are three optimization objectives. The first goal is to achieve as uniform flow
as possible at the outlet. The second goal is to have as much perpendicular flow at
the outlet as possible. The final goal is to achieve maximum hydraulic efficiency. A
sensitivity analysis for each parameter is also carried out. The study shows that the
slope angle has a significant effect on the hydrodynamic performance, while the lip

6
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height does not affect much. The research also studies the operating conditions with
an inlet velocity ratio. It is found that the inlet velocity ratio of 0.6 to 0.8 is the
suitable operating condition, otherwise the hydraulic efficiency will drop drastically.
Finally, after determining the best design, the model is tested with a mixed-flow
waterjet. The more uniform inflow mainly affects the pressure distribution on the
impeller suction surface and causes different shaft power.

Weixuan Jiao et al. (2019) proposes a parametric waterjet intake CAD model and
finds the optimized intake duct without considering hull interaction by varying three
parameters, including duct length, slope angle, and lip structure. No parameters
are fixed. The optimization goals are uniform flow, perpendicularity, and maximum
hydraulic efficiency. Moreover, the study of cavitation is included. In the beginning,
grid convergence is studied, then a validation of the CFD solver with the experi-
mental data is performed and it shows a good agreement with each other. The inlet
velocity ratio is studied. The optimized inlet velocity ratio is 0.78 to 0.96. If the
intake is operated outside this range, cavitation will occur. A low inlet velocity ratio
will have less cavitation risk but will have poor uniformity and separation risk. A
high inlet velocity ratio will have better uniformity but also a higher risk of cavi-
tation. After that, ship speed is investigated. The study finds that there is a ship
speed limitation and It is limited by cavitation.

Eslamdoost and Vikstrom (2019) develop a body-force model for waterjet pump
simulation. The sliding mesh technique can capture the pump flow physics and is
the most accurate approach to represent the pump operation in reality. This paper
demonstrates the validation between the sliding mesh technique and the experiment.
The result shows a small difference between each other, so the sliding mesh technique
is used as the benchmark when studying other pump model techniques. Because
pump geometries exist in the sliding mesh technique and the impeller blades have to
rotate during the simulation, this method has an extremely high computational cost,
and it is not worthwhile to use it for other studies such as waterjet hull interaction.
Thus, the moving reference frame technique (MRF) and the body force technique
are introduced. The body force technique, in which the stator is present in the
simulation and only the impeller blades are neglected, shows quite similar results to
MRF, but gradually faster in computational time. Moreover, it can predict the jet
stream better. It can be said that the overall performance of the body force technique
is better than MRF. In addition, the body force method shows an acceptable result
compared to the sliding mesh technique. Furthermore, it is much faster because
the impeller is gone. This leads to simpler geometries. Therefore, the body force
approach is fast and practical, while the result is still acceptable.
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Theory

3.1 Characteristic Velocities in a Waterjet

This project proposes the study of waterjet intake optimization. In order to carry out
such an investigation, the efficiency of the system should be determined. Therefore,
the velocity definitions at specific parts of the entire system are required. Four
main velocities can be extracted from fig. 3.1, including ship velocity (V5), ingested
averaged velocity at the inlet (V;,), averaged velocity at the pump entrance (Vyump),
and outlet averaged velocity (Vo) (Bulten, 2006b). A good understanding of the
figures and velocities mentioned above is crucial for a waterjet performance study.
Aspects such as head rise, pressure, efficiency, and thrust are directly correlated to
the different flow velocities across the unit.

Voump

Figure 3.1: Characteristic velocities of a waterjet (Bulten, 2006b)

3.2 Control Volume of the Waterjet Unit

The control volume for the waterjet unit comprises different seven crucial parts
numbered in fig. 3.2. From left to right, surface number 1 is commonly named
vena-contracta, where the jet reaches its minimum diameter. Right before that,
surface number 2 represents the nozzle exit, where the flow exits the waterjet unit.
Surface number 3 represents the pump unit. The fourth surface shows the intake
duct along with region 5 named "lip" which works as the connection point between
the duct and the bottom plate. Surfaces 6 and 7 represent, respectively, the stream
tube area and the capture area (Eslamdoost, 2014).
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Figure 3.2: Control volume of the waterjet Unit

3.3 Capture Area

The capture area is the region where the flow enters the waterjet system. The cap-
ture area provides information on the flow entering the waterjet. The capture area
shape varies according to the operational condition. However, the experts (ITTC
2002) developed the methods to estimate the capture area geometry. Regarding this
method, it was observed that the width of the capture area is almost constant even if
the Froude number is large. Empirical widths of the rectangular and half-elliptical
capture areas are shown in fig. 3.3. The height of the capture area varies based
on the flow rate through the system, and it is a bit higher in half-elliptical intake
geometry compared to the rectangular one (Eslamdoost, 2014).

132w 1.5%w

'Y A
h h
Y Y

Figure 3.3: Capture area geometry - ITTC Method

Another way to predict the most accurate shape of the capture area is by using
CFD. This method requires backward tracing of the streamlines from the pump
inlet down to the duct inlet. Fig. 3.4 shows the exact capture area shape from the
simulation.

10
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R ——

Figure 3.4: Capture area geometry - CFD Method

3.4 Head Rise

The pump head (H) defines the added pressure in a pump due to Bernoulli’s prin-
ciple. Because of the waterjet condition of the pump elevation concerning the inlet,
there is an added energy difference, measured in meters as a derivative from the
Bernoulli equation (Carlton, 2012).

P (W) Py (Ve)?
_1+@+H=—2+ﬂ+6h+hloss (3.1)
pg 29 Py 29
(2)? = (V)* | (= P)
_'_
2g PY

H= + 0h + hjpss (3.2)

Where in eq. (3.1) and (3.2), P stands for pressure, p stands for the fluid density, V'
stands for fluid velocity at the different measured points, and h defines the height
at those sections as shown in fig. 3.5.

Figure 3.5: Waterjet head rise sketch

11
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3.5 Momentum Flux

From Eslamdoost (2014), the thrust generated by the waterjet unit is always related
to the momentum flux variation through the waterjet unit. Why cannot the power
of a waterjet be expressed as net thrust? The reason is due to the limitations of
measurement methods. The momentum flux change concept can be defined as the
change of momentum through the waterjet. The reason is due to the limitations
of measurement methods, which measure from the low speed at the intake until
the high speed jet at the nozzle exit of the waterjet system. The momentum flux
balance on the control volume gives the resultant forces from the waterjet and can
be expressed as the following in eq. (3.3).

M; = //Apui - (ugng)dA (3.3)

p is the fluid density, u is the velocity, and n is the normal vector to the volume
surface.

3.6 Waterjet System Performance

The efficiency of a waterjet unit can be described as the correlation between the
pump torque (7) and the impeller angular velocity (w), the head of the pump (H)
in meters, and the flow rate (Q) in m?3/s.

_ pgHQ
’]7_
TW

(3.4)

It can be also expressed as a dimensionless equation, by adding non-dimensional
terms for flow rate (¢) as shown in eq. (3.5) and head rise (¢) as shown in eq. (3.6).

O =—= (3.5)

PPt BB - (WP

Where P states for pressure and V' is the velocity at different measurement points.
Extracting the capture area information is an added complex procedure. Therefore,
another simplistic and less accurate way to calculate the system efficiency without
the need of extracting information from the capture area can be described as the
relationship of thrust (77) and torque (7). However, this method only gives the trend
of how efficiency will change. It does not tell the exact number.

TV,
N TW

U (3.7)

Where V is the ship speed and w for the rotational speed of the pump impeller.
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3.7 Impeller Theory

The impeller theory comprises velocity and force components. Figure 3.6 sketches
both components schematically. Starting from the velocity components, the triangle
is formed by V, as the flow velocity and the side rotational speed of the impeller,
ending with V,. as the resultant velocity of the two previous named components. The
triangle of velocities will determine the angle of attack («), which is an essential
parameter for the blade design. On the left-hand side, the force components D
represents the drag force, L represents the lift force, and R represents the resultant
force combined from the drag and lift force. Finally, torque is the force rotating the
impeller and thus generating the thrust (7') needed to power the ship.

Va

21Irnp

Figure 3.6: Impeller velocity and force components

3.8 Flow Separation

Flow Separation is a phenomenon that occurs due to the three main forces acting on
a fluid. This force equilibrium occurs between pressure, inertia, and friction forces.
Krause (2005) proposes an example to explain such a phenomenon, assuming a flat
plate boundary layer as shown in fig. 3.7. According to fig. 3.7, the flow velocity
profile has a point of inflection at the flat plate due to friction forces. The flow static
pressure and friction forces slow down the flow near the flat plate. Separation will
occur when the velocity of the particle due to the wall shear stress reduces to zero,
which can develop a negative direction of the fluid flow.

13
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Figure 3.7: Boundary layer flow

Because of the low fluid velocity and the high-pressure gradient at the ramp region,
there is a high risk of separation around the ramp region of the duct, as shown
in figure 3.8. This risk increases when the inlet velocity ratio is low. The flow
separation dramatically affects the inflow to the pump and the pump performance.

Separation Risk

NN

/
A

Figure 3.8: Risk of separation

3.9 Tip Clearance

The tip clearance is defined as the gap between the blade of the impeller and the
casing. It is the main parameter to take into account for blade design. In shaft-
driven impellers, tip clearance is required for correct operation, and it has a direct
impact on the system efficiency as it can cause tip leakage and tip vortex, in that
way causing potential flow separation to affect the inflow to the impeller (Moon-
Chan and Chun Ho-Hwan, 2005). These two effects are the result of the pressure
difference between the two sides of the impeller blade. Some flow from the pressure
side can be re-directed upstream towards the suction side of the blade. The physic
phenomena are further represented in fig. 3.9.

14
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Figure 3.9: Tip Clearance

3.10 Meshing Techniques

Using the right meshing techniques is essential for a successful simulation and ob-
taining the correct flow characteristics. In this project, three different meshing
techniques have been used: prism layer, trimmed mesh, and advanced layer mesher.

3.10.1 Prism Layer Mesher

Prism layer meshing is used mainly to simulate the flow behaviour at the boundary
layer, where the flow gets influenced by the wall friction. The boundary layer thick-
ness can be estimated by assuming the logarithmic relationship in eq. (3.8). The
following equations are from White (2011).

Log-Law
1 *
[y s (3.8)
u kK U
where
=
ut == 3.9
p (3.9)
Reynolds Number
U
Re=—" (3.10)
v
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where v is the kinematic viscosity

(3.11)

Cp=—= (3.12)

= (3.13)

3.10.2 Trimmed Mesher

The trimmed mesher cuts and generates hexahedral volume cells from a template
mesh. It is commonly applied when the base custom mesh needs to be used or for
further improvement of mesh quality for polyhedral grids (Siemens, 2018).

3.10.3 Advancing Layer Mesher

The Advancing Layer Mesher generates a high-quality prismatic cell layer. It is used
to generate volume mesh out of prismatic cells next to the wall boundaries, as well
as polyhedral mesh elsewhere. The advanced layer mesher improves information
from the boundary layer (Siemens, 2018).
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Methods

4.1 Parametric Geometry Generation

This chapter will introduce how the geometry is generated in CAESES (2019) and
the design parameters on which it depends. The main features of the model are
to be reliable for geometry parameter changes. A high degree of modification and
avoiding abrupt transitions are needed to ensure a good inflow to the pump. All
components are dependent on each other to ensure robustness to change.

4.1.1 Profile

As shown in Figure 4.1, the waterjet intake geometry is divided into four different
parts, including the horizontal straight pipe, the intake elbow, the ramp, and the
lip. Each of these sections is controlled by dependent and independent parameters.

Figure 4.1: Geometry Parts

The horizontal straight pipe length is defined by L; and it has an outlet diameter
of D. The elbow radius is determined by R; and Ry — D. L, and R, are defined to
control the ramp shape. Ls, R3, R4, and hy;, are used to control the lip shape. Table
4.1 shows the dependency conditions of the different parameters that generate the
waterjet intake model.
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Hduet

Lduct

Figure 4.2: Design Parameters of an Intake duct. Huang et al. (2019)
Table 4.1: Profile Design Parameters

Fixed Independent Dependent

L a (Slope Angle) L,

D Ry Ly

R3 originat f» (Beam Factor) Lo

Piiporiginal  H Ls

Hy R,
Ry
hiip (Lip Height)
Ry

The intake duct length (L) and pump diameter (D) are fixed. The independent
variables have to be determined for the purpose of generating the model. These
independent variables can be used for optimization later on. After defining the values
of the fixed parameters and independent parameters, the dependent parameters are
calculated by the following equations as shown below. Eq. (4.1), (4.2), (4.3), (4.4),
(4.7), and (4.8) are from Huang et al. (2019).

Lo = \/(Ry — R3)? — (R4 — hyyp)?— Ly-cos(a) — (Ry— D— Ry)-sin(a)+ L—L; (4.1)

L1 = Ry - sin(a) — Ly - cos(a) — Ry - sin(«) (4.2)
Ly=H+ 12) — (Ry - (1 —cos(a) — Ry - (1 — 528) (4.3)
D c?s(a)

Ly=H — 5 = hiip — (Rs - cos(a) — (Ry — D) - (1 — ) (4.4)
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R3 = Rs 0rigina — (Ho— H) -0.1-3 (4.5)
hiip = Piip.origina — (Ho — H) - 0.1 -3 (4.6)
Ry =189-D (4.7)

Ri=D (4.8)

In order to permit the geometry to handle height modification, which is one of the
strong reference parameters for most of the dependent variables, equation (4.5) and
(4.6) has been introduced. To avoid cad generation error when optimizing height,
this scaling equation modifies parameters hj;, and R3 at the same time, and it uses
original values as initial reference parameters.

4.1.2 Cross Section

Another feature required for better geometry optimization is a variable cross-section
along with the waterjet intake. Therefore, a cross-section of NURBS curves has been
created. NURBS curves are initially defined from three different reference points,
A, B, and C, as shown on the left side of figure 4.3. Modifying the position of
points A and B will vary the cross-section size, allowing a transition from a circular
cross-section to ellipse-shaped sections. The weight factor parameter is introduced
to constrain the distance between the curve and the reference point C. In that way,
the varying weight factor accomplishes obtaining unsymmetrical and variable corner
shapes between the top and the bottom part of the section. An example of the weight
factor influence can be found in fig. 4.3. As observed, the higher the weight factor,
the closer the curve to point C.

- 1 .1,
& | Weight_Factor :ﬁ g .  Weight Factor =3

Figure 4.3: NURBS Curves
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Table 4.2: Cross-Section Design Parameters

Fixed Independent Dependent

weight bottom area adjust factor weight top area adjust factor (fu...) end tangential angle
weight bottom (w,) weight top (wy)

Beam factor (f;) start tangential angle (6;)

width adjust area

In order to control the section shape along the duct, engine F-Spline curves are used
to determine the value of the design parameters across the length of the intake. The
following Figure 4.4 shows two cross-sections, at the outlet and inlet, defined as
section A and section B respectively. From Table 4.2 the parameters governing how
the reference curves for the cross-section transition from points A to B are presented.

Figure 4.4: Cross-Section Variation
Section A must be a circular cross-section to match with the pump geometry casing,
so the values for the weight factor and the width are fixed in the following values:

1
Wy =wy = — (4.9)

V2

width = D (4.10)

Figure 4.5 represents the reference curves for the cross-section variation. After
the initial desired value for the parameter is defined, weight top and bottom take
different shape until the inlet position. The ending value of the F-Spline curve will
determine the shape of section B as shown before in fig. 4.4. The evolution of the
cross-section shape is then defined by the F-Spline curves as shown in fig. 4.5. In
that way, a flexible and manageable way of controlling the section is accomplished.
As stated in Table 4.2, the top, bottom, and width curves can be further adjusted
by modifying the area below the curve. Notice that the weight reference curves for
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the bottom and top are distinct to obtain asymmetric upper and lower corners if
needed.

| Weight Top

Weight Bottom

Figure 4.5: Engine Curves for cross-section variation

For a better transition between the inlet and outlet of the intake duct, the weight top
area adjust factor can be modified as shown in fig. 4.6. Where the dashed curve 1
represents the original reference curve, and the rest 0.8, 1.2, 2, and 1.5 are possible
options for curve area modifications. This adjustment parameter allows a high
degree of change in the cross-section transition. Moreover, two more parameters
have been introduced to control the starting and ending tangential angles of the
reference curves. In that way, more abrupt transitions can also be obtained by
setting the start angle to 90 deg, or smoother either way.

Figure 4.6: Reference curves for cross section transition

4.1.3 Surface

After defining the cross section and profile curves as stated above, a feature defini-
tion is created to obtain cross sections at any position along the length of the intake.
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Feature definitions are a sequence of commands which help customize curves with
specific routines. From these feature definitions, a curve engine is created to further
describe the curve cross-sections along the domain and to obtain curves per length
of intake.

A meta surface is used to generate the intake surface. The meta surface is the
most flexible surface type on CAESES. It lets users design their own parametric
surface based on arbitrarily complex curve descriptions. The use of meta surfaces
allows a great degree of modification of the surface morphology, which is suitable
for optimization studies (CAESES, 2019).

4.2 Pump Geometry and Characteristics

The AxWJ-2 waterjet pump from John Hopkins University is used for studying the
intake shape behavior. The AxWJ-2 waterjet pump is an axial flow pump, which
has 6 rotor blades. The stator downstream of the rotor has 8 blades. During the
simulation, the AxWJ-2 is run at 2000 rpm, which is a design point for an impeller
model scale in accordance with Thad J et al. (2008). The main particulars of the
pump are depicted in table 4.3.

Casing diameter 305.2 mm

Pump inner diameter 304.8 mm

Outlet diameter 213.4 mm
Rotor

Number of blades 6

Rotor diameter 303.8 mm

Tip clearance 0.46 mm

Tip profile chord length 274.3 mm

Tip profile axial chord length 127.4 mm
Stator

Number of blades 8

Table 4.3: The main particulars of the AxWJ-2 waterjet pump

22



4. Methods

Figure 4.7: AxWJ-2 pump from John Hopkins University

4.3 Set up the CFD simulation

In the following section, computational domain generation, physics model, boundary
conditions, pump modeling, mesh generation, and post-processing are described.

4.3.1 Computational Domain Generation

Five regions are generated, including water tank, intake, rotor part, stator part, and
extended pipe to appropriately define the boundary condition, mesh, and physics
condition. The water tank is the region that mimics the water volume below the
hull. Tt has the reasonable dimension of 30D (length) * 10D (width) * 8D (height),
which is recommended by Liu et al. (2010). The intake is located on top of the
water tank with the specific location as shown in figure 4.9 recommended by Liu
et al. (2010). The pump model from John Hopkins University is modified and
divided into two parts. The first part is the rotor region, which has the impeller
inside. Generally, this part shall be moving in the sliding mesh approach, but since
the moving reference method is used, this part is treated specifically as will mention
in section 4.3.4. The second part is the stator region. This region is stationary, and
a nozzle outlet is included in the casing. The last part, the extended pipe, which
is extruded from the nozzle outlet with a length of 10D and has the same diameter
as the nozzle outlet. This extended pipe is generated for computational stability as
the outlet section boundary shall have a fully developed flow characteristic.
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(a) Rotor and Stator (b) Rotor (c) Stator

Figure 4.8: Rotor and Stator regions

Figure 4.9: Computational Domain

[

Figure 4.10: Computational Domain (side view)

&

Figure 4.11: Computational Domain (Zoom in)
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4.3.2 Physics model

Reynolds-Averaged Navier-Stokes method is used to close the Navier-Stokes equa-
tions. The SST k-w turbulence model is used to simulate the internal flows since it
is good enough to predict the flow near a wall and can capture the adverse pressure
gradient (Huang et al., 2019). Fluid is water at 15°C. The water density is 999.1
kg/m?®. The water dynamic viscosity is 0.001139 Pa-s. Even though the coupled
solver is more robust and faster than the segregated solver, it consumes a lot more
memory than the segregated solver. The segregated solver converges quite slow,
but requires low memory consumption, which is a good trade off (Siemens, 2018).
Thus, the segregated flow solver is selected. Finally, implicit unsteady is chosen,
and performed with a time step of 0.01 s.

4.3.3 Boundary conditions

The ship speed of 16.62 m/s will be input as the velocity inlet uniformity into the
water tank. To simplify the simulation, the boundary layer of the hull is neglected
before the water enters the tank. The outlet of the water tank is set as a pressure
outlet equal to the atmospheric pressure, while another outlet through the extended
straight pipe is applied as the mass flow rate. The lateral and the bottom wall of
the water tank are set as slip walls, so the mesh does not need to be fine there and
can reduce the computational time. The top wall of the water tank, which can be
considered as the hull bottom flat plate and the intake surface are set as non-slip
walls. There are two parts that are needed to input the wall’s relative motion.
They are the pump housing in the rotor region and the shaft inside the intake. The
shaft wall relative motion is equal to the rpm of the impeller, which is 2000 rpm.
The pump housing’s relative motion is equal to the impeller’s rpm as well but in
the opposite direction. This part has to cancel the rotation movement from the
moving reference frame because the coordinate system is moving around its region,
but the pump housing is not moving in practice. The stator region is stationary and
regarded as a non-slip wall. The extended pipe wall is considered a slip wall because
it is unnecessary to concern the boundary layer around this region. Its responsibility
is only to apply the proper outlet boundary condition.

4.3.4 Pump modeling

For the impeller shaft, assigning a wall relative motion can be done easily. How-
ever, the impeller region is more complicated. There are three main techniques to
simulate the rotation movement of the impeller. There are sliding mesh approach,
moving reference frame approach (MRF), and body force approach. All of them
have their own advantages and disadvantages that have to be chosen carefully.

Sliding Mesh approach

The sliding mesh technique can capture the pump flow physics and is the most
accurate approach to represent the pump operation in reality (Eslamdoost, 2014).
Because pump geometries exist in the sliding mesh technique and the impeller region
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has to rotate during the simulation, this method has an extremely high computa-
tional cost. Thus, it is not worthwhile to use it for other studies such as waterjet
hull interaction and optimization tasks. Siemens (2018) recommends a time step
for the simulation that gives a rotation of 1 degree between each time step. For a
rotational speed of 2000 rpm, this will give a time step of 7.88%1075s.

Moving Reference Frame approach

The coordinate system for the impeller region is rotated instead of the geometries
around the rotational axis with the specific rpm. The impeller is stationary in this
method. There is no physical rotation of the geometry within this approach. Thus,
this method is less accurate than the sliding mesh approach. It cannot capture the
relative position between impeller blades and stator. However, this technique is not
dependent on the time step. A larger time step can be used compared to the sliding
mesh approach. In this project, a time step of 0.01s is used and it is good enough
to have a converged solution. Therefore, the moving reference frame approach is
extremely cheaper than the sliding mesh approach.

Body Force approach

For this method, the stator is presented in the simulation and only the impeller
blades are neglected, so the computational time is decreased because there is no
mesh for the impeller (Eslamdoost, 2014). The virtual disk model then is applied
for the impeller region. The axial body force and the tangential body force per unit
volume have to be added in the model, so this virtual disk can perform its function
as a pump. However, it is tricky to define a proper body force distribution, which
will give good flow results that matches with the actual flow.

To sum up, this project is studied about the optimization and there will be various
simulations because of the geometry variations. Thus, it is not suitable to use the
sliding mesh approach, because this approach is too expensive. Although it is the
most accurate method, the time limitation is an important factor to be concerned.
In addition, it is difficult and complicated to set up the force distribution for the
body force approach to matching with the actual pump flow. Hence, the moving
reference frame approach is chosen for this project. It is good enough to predict the
flow without taking a too long time.

4.3.5 Mesh generation

There are two mesh types that are used in the computational domain. The first one
is polyhedral mesh. It is generated for complex geometries such as rotor and stator.
The second type is hexahedral mesh. It is used for simple geometries and is good
to satisfy the continuity equation. On top of the base meshing, extra refinements
in the computational domain have been created. One upstream refinement, pipe
extension refinement, intake refinement, and pump region refinement are presented
in fig 4.12.

26



4. Methods

Figure 4.12: Mesh refinement regions

The hexahedral meshing region includes parts of the domain such as intake and
shaft, tank, and pipe extension. Prism layer meshing, trimmer mesh, and surface
re-meshing are used as meshing criteria. Table 4.4 and Table 4.5 present the main
setup features of the mesh used in these parts.

Base Size 20 mm
Number of Prism Layers 16
Thickness of Near Wall Prism Layer 2.4 x 10~* mm

Table 4.4: Coarser Mesh setup parameters

Upstream Refinement 500 %
Pipe extension Refinement 50 %
Intake Refinement 50 %
General Refinement 100 %

Table 4.5: Coarser Volumetric Control Refinement

The polyhedral mesh has been used in more complex geometries such as the pump
unit, using the Advanced Layer Mesh method, which is more suitable for complex
regions. These pump regions include the impeller, the stator, hub, and casing of
such regions. Table 4.6 and Table 4.7 present the main setup features of the mesh
used in the pump region.

Base Size 20 mm
Number of Prism Layers 25
Thickness of Near Wall Prism Layer 2.4 x 1076 mm

Table 4.6: Finer Mesh setup parameters

Pump and Nozzle Exit refinement 50 %

Table 4.7: Finer Volumetric Control Refinement
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(a) Intake (b) Stator (c) Rotor

Figure 4.13: Volume meshes of Intake, Stator and Rotor.

Stator 2,404,182
Rotor 1,509,347
Intake + Tank 1,655,922
Pipe Extension 82,714

TOTAL 5,652,165

Table 4.8: Computational domain Number of cells

Figure 4.14 shows in further detail a section plane of three different meshing tech-
niques in the domain. From left to right: pipe extension, pump, and intake.

==

Figure 4.14: Mesh Section representation

4.3.6 Post processing

To visualize the results after the simulation is done, post-processing scenes and re-
ports have to be created.

There are several reports that are needed. The first report is the pressure and
velocity report at the inlet and outlet of the pump and at the capture area. Pressure
and velocity at the inlet, which can be called the pump upstream section, can be
measured in front of the intake end section about 0.1D, while pressure and velocity
at the outlet can be measured at the nozzle exit as shown in the figure 4.15. These

28



4. Methods

values are obtained by finding the average pressure and velocity on those surfaces.
The second report is the thrust report, which is generated by the impeller, stator,
casing, and intake. Finally, the moment report is created to monitor the impeller
torque. With all these data, delivered shaft power, head rise, and pump efficiency
can be calculated.

Nozzle exit Pump upstream

Capture area

Figure 4.15: Sections representation

The scalar scenes for visualizing pressure and velocity are created. The flow behavior
that can be observed in these scenes depends on which sections or parts are selected.
For velocity, there are two main components including tangential velocity and axial
velocity that can be extracted to understand the flow behavior better. In addition,
the wall 4T scenes are visualized for both pump and domain regions as these values
need to be controlled. For the pump region, the wall y* value should be less or
around 1 for a wall-resolved boundary layer. For the domain region, the wall y*
value should be above 30, but under 150, so the wall function is applied correctly
(Huang et al., 2019). Finally, the vector scene can be plotted as well to visualize
the flow direction.

4.4 Capture area extraction

The capture area is unknown until the simulation is done. It can be varied due to
intake shape, pump model, and operating conditions. Thus, the special procedure
needs to be carried out to extract the capture area for each simulation. The capture
area cross section is located one intake diameter ahead of the intake tangency point
to the hull as recommended by the ITTC Specialist Committee on Waterjets. To
define the capture area shape, an extra passive scalar equation is solved for obtaining
the actual geometry of the capture area.

4.5 CAESES coupled with STAR CCM+

The intake geometry is controlled by many parameters. Some parameters, which
significantly affect the hydrodynamics performance are picked to study on the intake
optimization. In order to run the optimization study, STAR CCM+ has to be
coupled with CAESES, so the several simulations due to the geometry variation can
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be automated. Fortunately, CAESES has the feature named software connection.
This connection allows users to connect the CAD modeling with other software
including STAR CCM+. Firstly, in the coupling process, the general simulation set
up in STAR CCM+ needs to be ready. After that, the users have to record the
java macro in STAR CCM+ for telling CAESES what to do and how to run the
simulation file in batch mode. During recording the java macro, the intake geometry
is replaced, so later on STAR CCM+ in batch mode will understand that they have
to run the simulation based on the latest geometry from CAESES. In addition,
the simulation results such as figures and physical values can be exported during
recording, so the users can visual and analyze the results in CAESES after running
various simulations.
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Verification and Validation

5.1 Set up of AxWJ-2 validation simulation

In order to make sure that the studies have been done correctly related to the quan-
tification of modeling errors, i.e. the difference between the outcome of a mathe-
matical /computational model and the physical reality, the validation is carried out.
The aim is to demonstrate that the right equations are chosen. As the AxWJ-2
pump is selected and there is the experimental data available from the John Hop-
kins University, the CFD simulation results are compared to the experimental data.

The AxWJ-2 pump is tested at the John Hopkins University with a liquid solution
of sodium iodide (Nal) in water (62-63 percent of weight). This liquid has a density
of 1800 kg/m* and it has a dynamic viscosity of 0.00198 Pas. Thus, the density and
dynamic viscosity of the water in STAR CCM-+ is set up to match the experimental
fluid properties. The experimental setup is shown below in figure 5.1.
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pressure | 8785 m (28.82D)

i J pressure
transducer . g 0.524 m (1.72D) . transducer
‘ P"Et Static pressure ports for _
i | probe f’ head rise measurement Transparent acrylic
P4 I — rotor blades
_____________________ _ P, 3
) il ]
A A
A0 / A Nozzle <«—FLOW
r * Shaft
ow L L 1 D 7 T Ay
414
D3 D,
Y
-“— FLOW
Y \J
/ ) - 7
—_— . Bronze Transparent
Plastic
half-stator i
St_eel half-stator acr)_(llc
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Figure 5.1: Experimental setup of the AxWJ-2 pump

To validate the simulation properly, the experimental setup at the John Hopkins
University is imitated in STAR CCM+ as shown in figure 5.2. In order to obtain
the head rise from eq. (6.1), The inlet velocity and inlet pressure can be defined
from the average values on the cross section before the pump inlet, while the outlet
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velocity and outlet pressure can be defined from the average values on the cross sec-
tion surface at the nozzle exit. The positions of the cross section are matched with
the experimental measuring positions. Rotational rate of the impeller (w) is fixed
at 900 rpm. The impeller thrust and torque (7) can be extracted from the simulation.

Figure 5.2: Setup of the AxWJ-2 pump in STAR CCM+

The range of the inlet velocity to the domain is calculated backward from the eq.
(5.1) as the flow rate coeflicient range is known from the experimental measurement.
Thus, the results from the simulation will be in the same range as the experimental
data. To compare the results with the experiment, the head coefficient is needed
and can be calculated following the eq. (5.2). Table 5.1 shows ten inlet velocity
values, which are set up in the simulations.

Vl(m/s)‘3.655 3.883 4.112 4.340 4.569 4.797 5.026 5.254 5.482 5.711

) ‘0.608 0.646 0.684 0.722 0.760 0.798 0.836 0.874 0.912 0.950

Table 5.1: Inlet velocities according to the flow rate coefficients

=% (5.1)

(G (5.2)

-~ pn2D?
To obtain a suitable mesh for the AxWJ-2 validation simulation, the investigation
of mesh influence is performed by monitoring the impeller torque. While changing
the mesh density, the y™ values are guaranteed to comply with the computational
requirements. For the AxWJ-2 validation simulation, the total number of cells is
varied from 3.7 x 10% up to 5.8 x 10% as shown in table 5.2.

‘ values (x 10°)

the total number of cells ‘ 3.77 3.94 422 467 556 5H.84

Table 5.2: Mesh sensitivity study range for the AxWJ-2 validation simulation
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5.2 Validation Results of AxWJ-2 pump

First of all, the mesh quality needs to be checked. Figure 5.3 demonstrates the y™
values in the rotor and stator regions as the y™ values must be controlled to have
the value less than or around 1 for a wall resolved boundary layer.

Wall Y+

z 0 1.5 3
= [ i

Figure 5.3: y* values for the AxWJ-2 pump at V; = 5.711 m/s

The values between the simulations in STAR CCM+ and the experimental data are
compared. The pump performance curve can be shown in fig. 5.4. It presents the
relation between head rise (H) and volumetric flow rate (Q). Figure 5.5 compares
the values of flow coefficient (¢) and head coefficient (¢). The flow coefficients (¢)
are scaled with the best flow coefficient (¢pgp) of 0.76, while the head coefficients
(1) are scaled with the best head coefficient (¢prp) of 2.46. The values of ¢prp and
Ypep are obtained from the John Hopkins University. According to the plots, it can
be seen that the validation is satisfied since the simulation results match remarkably
good with the experimental data.

Head rise vs volumetric flow rate

o #®  Measurements
o £ Simulations
551 O
' B
]
‘&
E sp =,
@ e
= #
£ st "
&
]
]
4T &’
%

o
15 L L L L L L L L |
0.24 0.26 028 03 0.32 0.34 0.36 0.38 0.4 0.42

Volumetric flow rate [msfs]

Figure 5.4: Head rise vs volumetric flow rate
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Figure 5.5: Comparison between measured and simulated head coefficient

The pump efficiency can be shown below in fig. 5.6. However, there is no data on
torque measurement available from the experiment, so the comparison for the pump
efficiency is not performed. Although no torque measurements are available, Thad J
et al. (2008) mentions that AxWJ-2 pump is designed to have a maximum efficiency
of about 90%. Figure 5.6 shows that the maximum efficiency reaches 89.5%, which
matches what the pump designer was aiming for.

Efficiency vs volumetric flow rate
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Figure 5.6: efficiency vs volumetric flow rate

According to the mesh sensitivity analysis, figure 5.7 shows the numerical uncer-
tainty study for the AxWJ-2 pump. It contains a refinement ratio ranging from
1 to 1.2. A decent study must cover a refinement ratio range of at least between
1 to 2, while 1 is the finest mesh. Thus, the future project should have increased
the refinement steps for a more accurate study. A formal verification based on the
Least Squares Root method by Eca L. and Hoekstra (2014) was carried out. The
mesh number of 4.6 £6 cells shows a good compromise between numerical accuracy
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and computational effort and was used for the validation study. The numerical
uncertainty for this grid was 3.25%.
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Figure 5.7: numerical uncertainty study for the AxWJ-2 pump

Number of cells (x 10°)

refinement ratio

Discretization uncertainty (%)

0.84
2.56
4.67
4.22
3.94
3.77

1.000
1.016
1.077
1.114
1.140
1.156

3.06
3.08
3.25
3.44
3.51
4.09

Table 5.3: Discretization uncertainty values for all number of cells (validation

study)

35



5. Verification and Validation

36



O

Optimization Study

6.1 Original intake geometry

After introducing the methodology used to generate the parametric intake model,
Table 6.1 represents the initial design parameters to start the investigation. Such
parameters are the ones used to generate the metasurface.

parameters values | units
L 1.441 | m
D 0.3048 | m
H 0.265 | m
« 26 deg
Ry 1.3 m
husy 0.0375 | m
Ry 0.0245 | m
beam factor (f) 1.5 |-
weight top (w;) 3 -
weight bottom (wy) 1.2 |-
weight top area adjust (fureq) 1 -
start tangential angle top (6;) 45 deg
end tangential angle top 45 deg

Table 6.1: Original intake design parameters
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-

Figure 6.1: Original intake design

6.2 Verification and Mesh sensitivity analysis

Theoretically, the higher number of mesh and grids density, the computation ac-
curacy will generally be improved. However, as the number of grids increases, the
computational cost is more expensive. Therefore, the final grid number of the en-
tire computational domain is needed to be determined. To obtain a suitable mesh,
the investigation of mesh influence is performed by monitoring the impeller torque.
While changing the mesh density, the y™ values are guaranteed to comply with the
computational requirements. For the whole computational domain simulation, the
total number of cells is varied from 4.4 x 10° up to 7.2 x 10 as shown in table 6.2.

‘ values (x 10)

the total number ofce115\4.47 168 502 563 6.02 7.18

Table 6.2: Mesh sensitivity study range for the whole computational domain sim-
ulation

Figure 6.2 shows the numerical uncertainty study for the computational domain.
It contains a refinement ratio ranging from 1 to 1.2. A decent study must cover a
refinement ratio range of at least between 1 to 2, while 1 is the finest mesh. Thus,
the future project should have increased the refinement steps for a more accurate
study. A formal verification based on the Least Squares Root method by Eca L.
and Hoekstra (2014) was carried out. The mesh number of 5.6 E6 cells shows a good
compromise between numerical accuracy and computational effort and was used for
further studies. The numerical uncertainty for this grid was 3.85%.
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Figure 6.2: numerical uncertainty study for the computational domain

Number of cells (x 10°) | refinement ratio | Discretization uncertainty (%)
7.18 1.000 3.56
6.02 1.061 3.78
5.63 1.084 3.85
5.02 1.127 4.01
4.68 1.153 4.29
4.47 1.171 5.01

Table 6.3: Discretization uncertainty values for all number of cells (computational
domain study)

6.3 System Performance Curve Set up

At the first stage of this study, the system performance curve shall be determined
before starting a geometry variation study. Thus, when the geometry variation
is performed, the best system operational point is selected. The mass flow rate
variation is set at the extended pipe outlet boundary from 561.1 kg/s to 961.9 kg/s.
To obtain the smooth system performance curve, eight mass flow rate values are
defined. It means that there are eight simulations, which are carried out to obtain
the system performance curve. The mass flow rate ranges can be seen in table 6.4
below.
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‘ value (kg/s)
massﬂowrate‘561.1 641.3 7214 7619 &801.6 842.1 881.7 961.9

Table 6.4: mass flow rate variation for finding the system performance curve

The system efficiency is obtained from the ratio between the hydraulic power gen-
erated by the pump and the shaft delivered power as shown in eq. (6.4). In order
to compute the hydraulic power, eq. (6.2) is applied. The inlet velocity and inlet
pressure can be defined from the average values on the capture area surface, while
the outlet velocity and outlet pressure can be defined from the average values on the
cross section surface at the nozzle exit. Rotational rate of the impeller (w) is fixed
to 2000 rpm and the impeller torque (7) can be extracted from the simulation, so
the shaft delivered power can be computed following eq. (6.3).

(pout - pcapture) + g(‘/fut - ‘/;%Lpture)

H = 6.1
P9 ( )
Pout = ngH (62>
P, =71w (6.3)
Pout
— 6.4
=5 (6.4)

6.4 System Performance Curve Results

Firstly, the mesh quality needs to be checked. Figure 6.3 shows the y* values in the
rotor and stator regions, the y™ values must be controlled to have a value less than
or around 1. In addition, the y* values in the intake and hull bottom regions must
be controlled above 30 but less than 150 following the wall function criterion, are
shown as well in fig. 6.4.
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)

Figure 6.3: y* values for the rotor and stator regions at mass flow rate of 961.9
kg/s

Wall Y+

o 0 75 150
= — o

Figure 6.4: y* values for the intake and hull bottom regions at mass flow rate of
961.9 kg/s

Figure 6.5 presents the system efficiency curve obtained from eq. (6.4) and head
rise curve obtained from eq. (6.1). The curve shows that the system will have the
highest efficiency when operating at the mass flow rate of 761.9 kg/s. The maximum
efficiency is found to be 72.44%.
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Figure 6.5: System performance curves

To verify the stator performance, the impeller and stator torques are plotted together
in fig. 6.6. It shows that the stator performs an excellent function in reducing the
flow’s swirl motion as the torque produced by the stator has a value close to the
impeller torque but in the opposite direction. The impeller and stator torque ratio
is close to 1 when the mass flow rate is 761.9 kg/s. This supports the result of the
highest efficiency as the loss from swirl motion is reduced significantly by the stator
at this mass flow rate.
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Figure 6.6: Comparison between impeller and stator torque

In this section, the capture areas from eight different mass flow rates are shown in
fig 6.7. The capture area is larger when the mass flow rate is higher because more
flow is pulled into the intake. Figure 6.8 depicts the streamtube for the mass flow
rate of 761.9 kg/s which is obtained from the capture area extraction procedure as
mentioned in section 4.4.
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Figure 6.7: Capture area from eight different mass flow rates

Figure 6.8: streamtube at mass flow rate of 761.9 kg/s

One phenomenon that can be observed when studying the system performance curve
is flow separation. From the mass conservation rule, the higher the mass flow rate,
the faster fluid flow will be. Separation occurs when the fluid velocity in the duct is
lower than a certain value and affects the whole system performance. This obviously
happens with low mass flow rates such as 561.1 ks/s and 641.3 kg/s. As shown in
fig. 6.9, the separation occurs at the top of the intake ramp region because the
velocity there is low enough and cannot overcome the adverse pressure gradient.
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(a) 561.1 kg/s 77 (b) 961.9 kg/s

Figure 6.9: Streamline for the mass flow rate of 561.1 kg/s and 961.9 kg/s

6.5 Extending Pump-Intake Connection Set up

Before starting optimization, it is good to understand the general physics of the
system. There are two parameters that might help to increase the system efficiency.
First is the surface uniformity of the axial velocity at the pump upstream cross
section, which can be called as a pump inflow uniformity. This pump upstream
cross section is located at 0.1D before the pump inlet surface (Siemens, 2018). The
pump should operate more effectively if the inlet axial velocity of the fluid is more
uniform. This helps to reduce the non-uniform blade loading problem and is good
for noise and vibration reduction. The pump inflow uniformity can be defined by the
following eq. (6.5). The second parameter is the flow perpendicularity at the pump
upstream cross section. It can be said that the pump can operate more efficiently
when the axial component of the flow velocity is as high as possible compared
to its magnitude. This can be explained as follows: if the flow is not perfectly
perpendicular to the cross section plane, this can affect the blade’s angle of attack.
The perpendicularity parameter can be defined by the following eq. (6.6).

Zf Wa,f —Va|Af
,o=1— — 6.5
AP o
_ 1 o _ Vi
b = 0 dAVa[QO arctan(%)}dA (6.6)

From eq. (6.5), it can be seen that the surface uniformity of the axial velocity is
good if this value is close to 1. If the quantity is distributed equally, the resulting
number is 1 (Siemens, 2018). From eq. (6.6), if the perpendicularity is equal to 90,
it means that the flow is perfectly perpendicular to the cross section plane. Thus,
it is good to have this resulting number as close to 90 as possible (Huang et al., 2019).

In order to verify this hypothesis, the extending pump-intake connection study has
been carried out. During this study, the mass flow rate is fixed at 761.9 kg/s,
which is the best system operating point obtained from the system performance
study. The pump-intake connection is basically the circular pipe that connects
the intake to the pump. In the original geometry, the pump is connected directly
to the intake. The pump-intake connection length variation is set from 0 to 4D.
Furthermore, one additional simulation is performed to have a better understanding
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of these parameters. For this extra one, the intake is removed and there is a long
straight pipe with a length of 10D before the pump inlet as shown in fig. 6.12. It
is assumed to be the best working operational condition for the pump because the
intake is actually the main reason for non-perpendicularity and non-uniform flow.
The intake connection length ranges can be seen in table 6.5 below.

value (m)
with intake without intake
intake connection length | 0 0.3 0.6 0.9 1.2 3

Table 6.5: pump-intake connection length variation

bs
(a) intake connection length = 0.3 m (b) intake connection length = 0.6 m

Figure 6.10: Pump-Intake connection length variation

(a) intake connection length = 0.9 m (b) intake connection length = 1.2 m

Figure 6.11: Pump-Intake connection length variation

| &2

.
b

Figure 6.12: Without intake setup

45



6. Optimization Study

6.6 Extending Pump-Intake Connection Results

Figure 6.13 shows the intake connection study results in terms of efficiency. The
efficiency increases gradually when the intake connection is extended. Moreover, it
can be seen that the thrust-over-torque parameter, which is mentioned in section
6.11.1 can be used to represent the trend of the system efficiency when the intake
geometry is changed. As expected, the longer the intake connection, the inflow to
the pump is better for both pump inflow uniformity and perpendicularity, as shown
in fig 6.14. This also results in lower torque and higher thrust summation when the
intake connection length is longer, as shown in fig. 6.15. However, there is a limit
to this efficiency increase when extending the intake connection because the inflow
is better, but the friction loss in the intake connection part is larger as well. Thus,
at a certain point, the friction loss overcomes the benefit of a more uniform inflow.

Efficiency vs Intake connection length
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Figure 6.13: Efficiency vs intake connection length
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Figure 6.15: Thrust and Torque vs intake connection length

Table 6.6 depicts the results from the simulation without intake setup. The efficiency
can reach 90.5%. This is extremely high. It also matches the pump designer’s aim
because this pump is designed to have a maximum efficiency of about 90% in the
horizontal domain. The physical quantities also support the study, including the
higher pump inflow uniformity, higher perpendicularity, and lower torque.
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parameters values | units
efficiency 90.5 %

surface uniformity | 0.968 -

perpendicularity 86.88 | deg
torque 971.3 | Nm

Table 6.6: Without intake setup results

The axial velocity profile at the pump upstream cross section can be extracted
as shown in fig. 6.16. The inflow to the pump is more uniform when the intake
connection is longer. Because of the intake shape, it results in a higher velocity
at the bottom and a lower velocity at the top. However, this is not the case for
the without intake setup as there is no upward movement of the flow, so the inflow
to the pump is remarkably uniform compared to with intake simulations. As the
shaft is rotating in the counter clockwise direction and the flow is moving upward
when passing through the intake, the axial velocity is lower near the shaft line on
the left side because the shaft rotation motion and the flow motion are in different
directions.

N

0 axial velocity

0 axial velocity

- z 0 axial velocity -
Y 0 7.25 145 e 0 7.25 145 xy 0 7.25 145
[ . . [ .

(a) length = 0 m (b) length = 0.3 m (c) length = 0.6 m

0 axial velocity

0 axial velocity

z 0 axial velocity z z
Xy 0 7.25 145 Y 0 7.25 145 .y 0 7.25 145

(d) length = 0.9 m (e) length = 1.2 m (f) length = 3 m (without in-
take)

Figure 6.16: axial velocity vs intake connection length

To observe the inflow quality to the pump, the ratio of the tangential velocity and
axial velocity (V;/V,) can be used. The lower this ratio, the better inflow quality
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to the pump is obtained as the tangential velocity will normally degrade the pump
performance. V;/V, profile at the pump upstream cross section can be extracted as
shown in fig. 6.17. The tangential velocity component is generated due to the shaft
rotation and the intake shape. Thus, it can be seen that V;/V, is remarkably low in
the without intake setup case.

o (

0 VtiVa . 0 VitiVa - 0VtiVa
019 0.3 L 0‘I9 038 Ly 019 038

(a) length = 0 m (b) length = 0.3 m (c) length = 0.6 m

0 VtiVa . 0 VitiVa . 0 VtiVa

019 038 ey 019 038 v 019 038
(d) length = 0.9 m (e) length = 1.2 m (f) length = 3 m (without in-
take)

Figure 6.17: V;/V, vs intake connection length

6.7 Shaft Removal Set up

Nowadays, electric propulsion has been developed worldwide. This allows the possi-
bility to do more research on how it can affect the hydrodynamic performance of the
waterjet propulsion system. With electric propulsion, one can think of employing
a rim-driven pump instead of driving it with a shaft line. This may also reduce
the nonuniform flow into the pump, which is good for the pump’s performance.
This section will study the effects of the shaft removal condition compared to the
shaft-existing condition. The eight simulations, which varied eight mass flow rates
as before, are repeated. The computational domain is modified by removing the
shaft and adding the impeller hub tip as shown in fig. 6.19. This section is just
for educational purposes, so it might not work in practice, as it is assumed that the
motor can be fitted inside the impeller hub. The pump housing in the rotor region
is not moving, similar to the previous simulation.
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=

Figure 6.18: absence of shaft simulation domain

Figure 6.19: absence of shaft simulation domain (perspective view)

6.8 Shaft Removal Results

The performance of all mass flow rate conditions for both shaft-existing and shaft
removal conditions are shown in this section. As shown in fig. 6.20, the system
efficiency for the shaft removal condition is a little bit higher than the shaft-existing
condition for most cases except the mass flow rate of 641.3 kg/s. Looking at ef-
ficiency, there is no large difference. However, the trust summation for the shaft
removal condition is significantly higher than the shaft-existing condition for most
cases. Although the thrust is higher, the torque is also higher, as shown in fig 6.21.
This is the reason why the efficiency does not change much in the end.
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Figure 6.20: Efficiency vs mass flow rate between shaft-existing and shaft removal
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Figure 6.21: Torque and Thrust vs mass flow rate between shaft-existing and shaft

removal

To support the results, the head plot between the shaft-existing and shaft removal
conditions for the mass flow rate of 801.6 kg/s along the longitudinal position is
shown in fig. 6.22. The intake end cross section, which is attached to the rotor
region, is located at x = 0 m. The intake has the length about 1.4 m, so the capture
area cross section is located at x = 1.7 m. According to the plot, the head generated
by the impeller for the shaft removal condition is higher than the shaft-existing
condition. It results in a higher thrust summation as mentioned before.
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Figure 6.22: Head plot vs longitudinal position between shaft existing and without
shaft conditions at 801.6 kg/s

The axial velocity at the pump upstream cross section comparison between the
shaft-existing and shaft removal conditions for the mass flow rate of 761.9 kg/s is
presented in fig. 6.23. The wake fields for both conditions are different because of
the shaft rotation effect. The different wake field can induce different angle of attack
on the blades and results in different thrust.

z 0 axial velocity z 0 axial velocity
xy 0] 7.25 145 .y 0] 7.25 145
| . | |
(a) Shaft existing (b) Without shaft

Figure 6.23: Axial velocity at the pump upstream cross section comparison be-
tween shaft-existing and shaft removal

V;/V, at the pump upstream cross section comparison between the shaft-existing
and shaft removal conditions for the mass flow rate of 761.9 kg/s is depicted in
fig. 6.24. the inflow to the pump between both conditions is different and results
in different pump performance. Even though the efficiencies are quite similar, the
thrust generated by the shaft removal condition is higher. At this stage, it can
be said that the angle of attack for the shaft removal condition is higher than the
shaft-existing condition.
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. 0 VilVa . 0 VilVa
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(a) Shaft existing (b) Without shaft

Figure 6.24: V;/V, at the pump upstream cross section comparison between shaft-
existing and shaft removal

The tip leakage phenomenon can be detected easily with a mass flow rate of 641.3
kg/s. Figure 6.25 shows the axial velocity contour. At the top of the section, the
backward flow can be seen with a blue color because of the tip leakage phenomenon.
This phenomenon can degrade the efficiency of the entire system and can be observed
obviously when the pressure difference between the pressure side and the suction side
of the pump is large. It can be seen that the position where the tip leakage occurs
appears at the same position where the pressure on the suction side is extremely
low, while the pressure on the pressure side is quite high, as shown in fig. 6.26.

z 0 axial velocity
ey -9.79 2.36 14.5
[ i

Figure 6.25: Axial velocity field at the pump upstream cross section for the mass
flow rate of 641.3 kg/s
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(a) Suction side (b) Pressure side

Figure 6.26: Pressure contour plot of the mass flow rate of 641.3 kg/s

Figure 6.27 presents the head plot along the longitudinal position of three different
mass flow rates. It can be seen that the pressure difference for the mass flow rate of
561.1 kg/s is much larger than others. Thus, the tip leakage phenomenon tends to
occur more easily when the waterjet operates in the low mass flow rate range.

40, Before stator Head plot along the longitudinal position (without shaft)

© 561.1kg/s

* 801.6 kg/s

961.9 kg/s

35 =
Nozzle exit

5 L ] 1 1 L |
-0.5 0 0.5 1 1.5 2

Position [m]

Figure 6.27: Head plot vs longitudinal position with different mass flow rate
conditions

6.9 Rim-driven Impeller Set up

As the effect of shaft removal is investigated in the section 6.7, the rim-driven
impeller is introduced in this section. The impeller hub is still in the same position.
However, the rotor is modified a little bit by closing the tip gap between the blade
tip and the pump housing as shown in fig. 6.28. Now, the pump housing has to be
rotated as the pump is rotated by a rim-driven mechanism. Therefore, the pump
housing’s relative motion is removed.
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Figure 6.28: Rim driven pump (no tip gap)

6.10 Rim-driven Impeller Results

Fig. 6.29 presents the efficiency for each mass flow rate comparison between having
a tip gap and no tip gap conditions. The system efficiency of the studies pump
without a tip gap is significantly lower than having a tip gap. Although the thrust
summation values are quite similar for both conditions, torque values are remarkably
different, as shown in fig. 6.30. It is observed that the pump housing in the rotor
region is the main reason. Because it is rotating in the rim-driven case, higher torque
is needed to rotate this housing apart from the impeller, which results in the larger
delivered shaft power demanded.
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Figure 6.29: Efficiency vs mass flow rate between having tip gap and no tip gap
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Thrust summation vs mass flow rate
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(a) Thrust summation vs mass flow rate (b) Torque vs mass flow rate

Figure 6.30: Torque and Thrust vs mass flow rate between having tip gap and no

tip gap

The difference between both conditions is the tip clearance, so everything apart
from that is still the same. Thus, the inflow to the pump remains similar as shown
in fig. 6.31 and 6.32. However, the behavior is different when the fluid enters the
pump region. Figure 6.33 shows the V;/V, field at the stator start cross section
comparison between having a tip gap and no tip gap. This cross section is found
where the flow enters the stator region after passing the impeller. It is evident that
the contour plots are different near the pump housing. Due to the housing rotation,
the tangential velocity component is high there, making the red color zone on the

wall easily visible.

z 0 axial velocity
XY 0 7.25
| .

(a) having tip gap

14.

5

0 axial velocity

0 7.25 145
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(b) no tip gap

Figure 6.31: Axial velocity field at the pump upstream cross section comparison
between having tip gap and no tip gap
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Figure 6.32: V,/V, at the pump upstream cross section comparison between having
tip gap and no tip gap
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(a) having tip gap (b) no tip gap

Figure 6.33: V;/V, at the stator start cross section comparison between having tip
gap and no tip gap

6.11 Intake Optimization Set up

An optimization procedure can be done in CAESES as it has a DAKOTA tool plug-
in, which can perform the optimization investigation based on the response surface
method. Due to the optimization computation requirements, simulations must be
run on a cluster. CAESES is already coupled with STAR CCM+ as mentioned in
section 4.5, so the only thing left here is to find a way to execute CAESES in batch
mode, so the geometry variation is taken into account and the optimization can be
performed on Linux. Fortunately, it is simple to execute CAESES on Linux because
the only things that need to be written in the script are the geometry variation setup
and the command to run the engine. The script can be found in the appendix.
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6.11.1 Objective definition

Before running the optimization, an objective has to be defined. Normally, the
objective should be the entire system efficiency, which is described in section 6.3.
However, the capture extraction is an obstacle here because there is no automated
way to perform it yet. It has to be done manually as mentioned in section 4.4.
Thus, the entire system efficiency cannot be used. The new objective is introduced,
which is the thrust-over-torque parameter. the idea is that thrust, which is created
by all components in the system including impeller, stator, casing, and intake can
represent the power output when times with the ship speed. The thrust summation
can be computed following eq. (6.7), while the thrust -over-torque parameter can
be determined following eq. (6.8). To prove this hypothesis, the trends between
the entire system efficiency and the thrust-over-torque parameter are plotted in the
intake connection study as mentioned in section 6.6, when the intake connection
length is varied and the mass flow is constant. The trends are pretty similar, so
this parameter can be used as an indicator. later on, after obtaining the best intake
shape, the entire system efficiency will be taken into account for a real comparison
with the original one.

Tsum — Limpeller + Tstator + T%ntake + Tcasmg (67)
Lsum Vs

T/7 = 6.8

Jr = Tom (65)

6.11.2 Intake height

After obtaining the basic idea and knowledge of the waterjets’ entire system from
many investigations, intake optimization can now be carried out. The most signif-
icant parameter, which affects the entire performance, is the intake height. The
lower intake height is expected to give better efficiency than the higher one because
of two main reasons. Firstly, the inflow to the pump should be better, including
more uniform and perpendicular, as there is less vertical momentum needed. Sec-
ondly, the duct loss should be lower because less energy is demanded to lift the flow
upward. Normally, the installation of waterjet propulsion units and their intake
design is constrained by the size of the engine and the gearbox. However, the intake
height can be varied and not be constrained as the possibility of an electric waterjet
is introduced in this project. During the investigation, the intake height varies from
0.21 m to 0.29 m. A smaller intake height than 0.21 m cannot be produced due to
CAD design restrictions.

(a) Height = 0.21 m (b) Height = 0.25 m (c) Height = 0.29 m

Figure 6.34: Intake height variation
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6.11.3 Cross section

Many parameters can be changed as inputs in this intake model such as the slope
angle (), ramp radius (Rz), beam factor (f;), weight bottom (w,) and weight top
(w). The intake cross section variation is performed for this project because many
studies had already optimized profile intake features such as Weixuan Jiao et al.
(2019) and Huang et al. (2019). However, how the cross section variation influences
the system efficiency has not been studied in detail yet. After obtaining the best
intake height, the cross section optimization can be investigated. Three parameters
are selected to run the cross section optimization study, including start tangential
angle (6;), weight top (w;), and area adjust factor (fureq). Section 4.1.2 defines the
meaning of all these parameters. As shown below, fig. 6.35, fig. 6.36, and fig. 6.37
depict how each parameter will affect the shape of the intake.

(a) 9t == OO (b) (9t == 450 (C) (9t == 900

Figure 6.35: Effect of start tangential angle (6;), while w; = 3 and fyeq = 1

(a) U)tzl (b) wt=3 (C) wt=5

Figure 6.36: Effect of weight top (w;), while 6, = 45° and fyreq = 1
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(a) farea =0.8 (b) farea =1 (C) farea =12
Figure 6.37: Effect of area adjust factor (fyeq), while 8, = 45° and w; = 3

6.12 Intake Optimization Results

In this section, the optimization results are shown starting from the intake height
optimization. After the best intake height is chosen, the cross section optimization
is performed. Finally, the effect of shaft removal on the pump efficiency is studied
in the best design.

6.12.1 Intake height

As expected, the lowest intake height gives the best efficiency in terms of thrust-
over-torque. The trend is obvious as shown in fig. 6.38. The efficiency for the height
of 0.21 m is higher than the height of 0.29 m by approximately 5%, which is quite
significant. Thus, the intake height of 0.21 m is selected for study in cross section
optimization.

Thrust-over-Torque vs intake height
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Figure 6.38: Thrust-over-Torque vs intake height

Surface uniformity and perpendicularity are proper indicators to assess the pump
efficiency as they give a trend that is similar to the efficiency trend as shown in fig.
6.39. the lowest intake height has the best surface uniformity and perpendicularity
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values. The lower the intake height, the vertical movement of the flow is reduced
and resulting in a better inflow to the pump. Moreover, the shaft wake disturbs
the flow to the pump less when the intake flow has a smaller non-axial component
(more aligned with the shaft).
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Figure 6.39: Surface Uniformity and Perpendicularity vs intake height

Figure 6.40 represents the thrust and torque comparison for each intake height. The
lowest intake height has the lowest torque value and also has the highest thrust
summation value. This is the reason why the efficiency of the lowest intake height
of 0.21 m differs a lot from the largest intake height of 0.29 m.
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Figure 6.40: Thrust and Torque vs intake height

The inflow to the pump is more uniform when the intake height is lower. This is
frankly shown in fig. 6.41. The axial velocity field at the bottom of the section is
very high for the height of 0.29 m compared to the height of 0.21 m. In addition,
the axial velocity field at the top of the section is drastically low for the height of
0.29 m compared to the height of 0.21 m. It can be said that the inflow to the pump
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at a height of 0.21 m is more uniform compared to the heights of 0.25 m and 0.29
m.

0 axial velocity z 0 axial velocity

0 axial velocity

v 0_7.35 :.7 e 0_7.35 :.7 Y 0_7.35 :.7
(a) height = 0.21 m (b) height = 0.25 m (c) height = 0.29 m

Figure 6.41: axial velocity vs intake height

Figure 6.42 presents the ratio of the tangential velocity to the axial velocity (V;/V,).
The higher intake height the tangential velocity component and V;/V, are higher
and will affect the inflow to the pump. The tangential velocity can happen due to
the shaft rotation and the vertical momentum that the flow needs to move upward
following the intake shape. In addition, when the axial velocity component is lower,
it is easier to get disturbed by the shaft rotation effect.

O Q

z
.19 0.38 ey 0 0.19 0.38 0 0.19 0.38
[ .

z
Y 0 0.1
[ .

(a) height = 0.21 m (b) height = 0.25 m (c) height = 0.29 m

Figure 6.42: V;/V, vs intake height

6.12.2 Cross section

After carrying out the cross section optimization with three input parameters, the
sensitivity analysis can be extracted for each parameter. The first parameter is the
start tangential angle for the weight top. Figure 6.43 shows that the lower this
angle the efficiency, which is thrust-over-torque parameter, tends to be better. It
supports the idea that the hydrodynamic performance should be better when the
fluid is moving on a more smooth surface (less sharp corner). The efficiency in fig.
6.43 shows a negative sign because of the optimization scheme from CAESES, so
the sign can be negligible. In addition, many designs are performed around the start
tangential angle of 22 deg because of the optimization algorithm nature that tries to
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refine the parameter quantity there to achieve the best design. The trend lines are
obtained from CAESES as they show the parameter regression lines in both linear

and high-order curves.
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Figure 6.43: Sensitivity analysis of start tangential angle top

Next, the sensitivity analysis for the weight top factor is plotted in fig. 6.44. The
higher the weight top factor, the less circular cross sections are generated. This
results in the worse hydrodynamic performance of the flow. This plot shows that
the lower the weight top factor, the better efficiency is gained.
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Figure 6.44: Sensitivity analysis of weight top factor

Finally, the sensitivity analysis for the weight top area adjust factor is plotted in
fig. 6.45. If this factor is lower, the transition of the circular cross section will slow

down and result in better flow behavior.
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Figure 6.45: Sensitivity analysis of area adjust factor

15 samples are generated randomly to initialize the optimization study. After that,
the optimization algorithm will run 10 iterations, moving toward the best design as
shown in fig. 6.46. Thus, 25 simulations are performed in total. The best design
is found in design number 18. Since this is not multi-objective optimization, no
Pareto frontier is needed. No trend is shown here because all designs are randomly
generated for each simulation.
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Figure 6.46: Intake cross section Optimization

After the optimization is done, the best intake design is compared to the original
intake as shown in table 6.7. The system efficiency has improved by 4%. The trust
summation is higher, while torque is lower. It can be seen that the best intake design
gives the best inflow to the pump, including surface uniformity and perpendicularity.
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Values

units

parameters

Original intake

Optimized intake

System efficiency
Thrust-over-Torque
Thrust summation
Torque

surface uniformity

perpendicularity

72.4
66.2
9578
1148.2
0.923
82.3

76.4
69.7
9659
1100.8
0.928
83.4

deg

Table 6.7: Results comparison between original and optimized intake design

Table 6.8 depicts the values of the studied parameters between the best intake design
and the original intake design. The intake shape can be observed more in detail in
fig. 6.47, 6.48, 6.49, and 6.50. To sum up, the best intake design has a lower height
than the original one and also has a cross section that is more circular. From the
optimization study, the intake height has the most dominant effect on the efficiency,
while the cross section has less effect on the system efficiency, which is varied only

in the range of 1%.

Values ]
parameters units
original intake | optimized intake
intake height 0.265 0.21 m
start tangential angle for the weight top 45 22.7 deg
weight top factor 3 1 -
weight top area adjust factor 1 0.875 -

Table 6.8: Optimized intake and original intake parameters comparison

t

(a) Original intake

f

(b) Optimized intake

Figure 6.47: Intake shape comparison (Perspective view)
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H H
.. ..

(a) Original intake (b) Optimized intake

Figure 6.48: Intake shape comparison (Side view)

S L
(a) Original intake (b) Optimized intake

Figure 6.49: Intake shape comparison (Top view)

v v |
(a) Original intake (b) Optimized intake

Figure 6.50: Intake shape comparison (Bottom view)

The wake field for the optimized intake is more uniform as shown in fig. 6.51. The
axial velocity field at the bottom of the section for the original intake is higher than
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the optimized intake. Furthermore, the axial velocity field at the top of the section
for the original intake is lower than the optimized intake, as the light blue color can
be observed from the contour plot. The shaft rotation effect is lower in the optimized
intake as V;/V, field has lower component values compared to the original one, as
shown in fig. 6.52. In addition, the tangential velocity component of the original
intake is higher than the optimized intake because the flow is moving upward due
to the larger height. This results in the higher velocity in the z axis.

z 0 axial velocity z 0 axial velocity
Y 0] 7.25 145 Xy 0 7.25 145
| . | |
(a) Original intake (b) Optimized intake

Figure 6.51: Axial velocity at the pump upstream cross section comparison

. 0 ViiVa . 0 VilVa
by 0 0.19 0.38 b 0 0.19 038
- . — .
(a) Original intake (b) Optimized intake

Figure 6.52: V;/V, at the pump upstream cross section comparison
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Figure 6.53: Streamline for the original intake to the rotor

Figure 6.54: Streamline for the optimized intake to the rotor

6.12.3 Shaft Removal study for the best design

The shaft line from the best intake design has been removed and studied. The per-
formance comparison between shaft-existing and shaft removal conditions is shown
in table 6.9. The system efficiency and thrust-over-torque remain almost constant.
However, the thrust summation for the shaft removal condition is higher by about
3.6%. Torque is also higher for the shaft removal condition, by roughly 3%. Be-
cause both the nominator and the denominator are changing in the same way, the
efficiency does not change much.

Values ‘
parameters units
shaft existing | without shaft
System efficiency 76.4 76.5 %
Thrust-over-Torque 69.7 70.1 %
Thrust summation 9659 10002 N
Torque 1100.8 1132.7 Nm

Table 6.9: Results for the optimized intake comparison between shaft-existing and
shaft removal conditions
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Figure 6.55 shows the axial velocity field at the pump upstream cross section com-
parison between shaft-existing and shaft removal conditions. It can be seen that
no shaft rotation effect is observed in the shaft removal condition. The wake fields
between both conditions are totally different. This results in a different angle of
attack for the blades. The axial velocity component for the shaft removal condition
is gradually lower than for the shaft-existing condition. Thus, the angle of attack is
higher in the shaft removal condition and results in higher thrust and torque. The
trend is still similar as studied before in section 6.8.

0 axial velocity 0 axial velocity
7.25 145 7.25 145
_ . _ .
(a) Optimized intake with shaft (b) Optimized intake without shaft

Figure 6.55: Axial velocity at the pump upstream cross section comparison be-
tween shaft-existing and shaft removal conditions

0 |tla

019 038 9 038

0 a

(a) Optimized intake with shaft (b) Optimized intake without shaft

Figure 6.56: V;/V, at the pump upstream cross section comparison between shaft-
existing and shaft removal conditions
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Figure 6.57: Streamline for the optimized intake without shaft to the rotor
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Discussion

This section provides a discussion regarding the results presented in the previous
chapter. System performance curve, extending pump-intake connection, shaft re-
moval, rim-driven impeller, and intake optimization are discussed in more detail.

7.0.1 System Performance Curve

It is found that the mass flow rate of 761.9 kg/s is the best operating point for the
system. The inlet velocity ratio (Viump/Vsnip) for this mass flow rate is equal to
0.7. Huang et al. (2019) recommends that the inlet velocity ratio of 0.6 to 0.8 is the
suitable operating condition, otherwise, the hydraulic efficiency will drop drastically.
In addition, the jet velocity ratio (V,/Vou) for this mass flow rate is equal to 0.7,
where V;, is measured at the capture area and V,,; is measured at the nozzle exit.
Bulten (2006a) recommends that the typical values of this ratio are in the range
of 0.5 to 0.7. Therefore, the results from the system performance curve are quite
reliable.

From the results, it is found that a low inlet velocity ratio will have poor uniformity
and the flow separation will occur at the top of the ramp region. A high inlet
velocity ratio will have better uniformity. However, it should be noted that this
study assumes the flow to be non-cavitating. Normally, if the inlet velocity ratio is
too high cavitation may occur.

7.0.2 Extending Pump-Intake Connection

First of all, it has to be noted that the AxWJ-2 pump is designed to work in a
horizontal straight pipe condition. The performance of this pump can reach approx-
imately 90%. This is proven by the simulation for a setup without intake. Therefore,
it is clearly seen that the intake is the main reason for degrading the entire system’s
performance. In order to improve efficiency, the pump-intake connection was intro-
duced. As shown by the higher pump inflow uniformity and perpendicularity values,
the inflow to the pump is improved by extending the pump-intake connection. The
flow non-uniformities are mixed out in the horizontal circular part of the duct. A
longer pump-intake connection results in a more uniform flow as well as a more
perpendicular flow into the pump.

Because of the S-formed intake shape, it results in a higher velocity field at the
bottom, while the lower velocity field can be observed at the top. The wake field
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is obviously different between intake and without intake simulations. It can be said
that the intake is a remarkably important factor in how the wake field for the system
will be, so the pump model and the intake shape have to be designed together.

7.0.3 Shaft Removal

Although the efficiency for both cases is quite similar, the results show that the
thrust summation for the shaft removal condition is quite higher than the shaft-
existing condition. The wake fields between the shaft-existing and shaft removal
conditions are totally different and lead to the different thrust and torque values.
It can be said that the waterjet propulsion for the shaft removal condition can pro-
duce more thrust than the shaft-existing condition, but more power is required to
reach the same ship speed. Based on this case study, the ship with a shaft removal
waterjet propulsion system could be useful for the heavier ship.

From this study, it is evident that a different wake field to the pump can cause
different pump performance. The wake field can be affected by the intake shape
and the shaft. Thus, the impeller and stator blades have to be designed to work in
a certain wake field. Two different pumps will not perform in a similar way in the
same intake, and two intake shapes will cause different performances for the same

pump.

7.0.4 Rim-driven Impeller

Normally, lower tip clearance results in better performance of the pump. The tip
leakage phenomenon is reduced significantly by minimizing the tip gap (Martinsson
and Varosy, 2017). However, the results show that the efficiency is worse when the
tip gap is closed. This happens because of the rim-driven function that the pump
housing is rotated. It causes the higher torque value needed to rotate this housing.
The wake fields between having a tip gap and having no tip gap are similar because
the intake shapes are the same and in both cases, the motor does not have a shaft.
Thus, it is clearly seen that the rotating pump housing affects the performance. To
overcome this issue, the blades have to be redesigned in order to operate suitably
with the rim-driven behavior, as it can be seen from the market that many blade
designs for the rim-driven pump are special and some of them do not have the hub.

7.0.5 Intake optimization

Regarding the intake height optimization, it is noticed that the tangential veloc-
ity component significantly degrades the system efficiency. This tangential velocity
component is generated by the shaft rotation and the intake shape. When the height
is reduced, the flow velocity in the z-axis decreases. This is the main reason for the
better performance with the lowest intake height. As mentioned before, this pump is
designed to work in a horizontal straight pipe condition. Thus, lowering the intake
height will make the flow behavior more similar to the fluid flowing through the
horizontal pipe. It can be seen that the wake field is different between each intake
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height and this results in different efficiency.

According to the cross-section optimization, the efficiency changes gradually during
the optimization. The cross section is insensitive to the system’s efficiency. However,
the result shows that the intake shape with less sharp corner cross sections gives
the best hydraulic performance. Finally, thrust-over-torque can be used to run the
optimization for studying the intake geometry as it can represent the way system
efficiency changes without performing capture area extraction.
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Conclusion

It is concluded that increasing the pump-intake connection length and lowering the
intake height improves the overall performance of the system. This behavior can be
related to the horizontal straight pipe setup. The flow becomes more similar to the
optimal pump design condition of a horizontal setup as the intake is lowered and
the intake connection is lengthened. Two factors can be used as indicators of this
optimal condition: flow perpendicularity and uniformity:.

The wake fields from the shaft-existing and shaft removal conditions are totally
different because of the shaft rotation effect. This results in different pump perfor-
mances and confirms the previous conclusion on the interaction between the wake
field and the pump design. Similar to that, the rim-driven option is one of the
future options for electric waterjets. This solution provides opportunities to reduce
the intake height. However, the blades need to be redesigned to adapt to the actual
flow into the pump to achieve the best performance.

There is a clear interaction effect between the intake and the pump design, so close
collaboration between these two design loops improves system performance. Un-
fortunately, AxWJ-2 pump is the only pump that this project uses to optimize the
intake geometry. Moreover, time is one of the big limitations, so no new impeller
design is performed to suit the wake field generated by the final obtained intake.
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Future Work

After finalizing the research, further investigation should be done to answer the last
remaining questions of the master’s thesis. As concluded previously, it is believed
that the performance of the waterjet system is not optimal due to the chosen im-
peller, which is designed for a horizontal straight pipe condition. To verify this
hypothesis, future work will comprise the design of a pump impeller for a given
wake, starting from a specific intake design.

This future work would prove or clarify whether the impeller design highly affects
the pump performance or not. For instance, a starting point could be by making an
impeller blade design for the final optimized intake presented in this report and mea-
suring how the system efficiency changes. It is believed that further investigation
could bring interesting discussions on how to approach waterjet design in the future.

In addition, for two waterjets, merging two intakes is an interesting thing to do in
the future. This can reduce the wetted surface. It means that the system will have
a less frictional loss. The water mass might be reduced inside the intake and result
in a lighter weight for a vessel. Another step that the next project could consider
is changing the intake shape to be like a diffuser. The diffuser intake will draw the
water to the pump at a lower velocity than usual. This may result in increased
boundary layer ingestion (flow with lower momentum flux) which in turn can result
in higher thrust with the same shaft-delivered power.
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Appendix 1

'upenProject("/proj/propdisk/users/x_nutvi/software/new/intake_optimizatiun.fdbc")
ff =seeecccccrccccccccncccecncccencncrescececcccccceseccsncceneane

// DESIGN VARIABLES

[ -

// range: [0,90]
|Parameters|startTan_top.setValue(45)

// range: [1,5]
|Parameters|weight_top_curve.setValue(3)

// range: [0.8,1.2]
|Parameters|weight_top_adjust_area.setValue(1)

J ] = il
// DESIGN VARIABLES END
J ] =

Dakota.run()

saveProject()
exit(true)

Figure A.1: Cross section optimization execution script
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