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ABSTRACT

A comparison of reliable experimental data with the prediction of a Computational
Fluid Dynamics (CFD) package for the flow over and through the upstream hull and
inlet duct of a water-jet geometry has been carried out. The flow solver algorithm used
is based on the incompressible, three-dimensional Reynolds averaged Navier-Stokes
equations for turbulent flow with a k-¢ turbulence model. A detailed series of wind
tunnel tests of a representative water-jet geometry have been carried out for a range of
duct exit velocity to ship speed ratios. Detailed surface pressure measurements and
velocity profiles within the duct were obtained. A multi-block grid generator was used
to produce a computational mesh of the water-jet inlet duct and wind tunnel working
section which represented the ship hull. Solutions were obtained for comparable
conditions to those tested. It was found that both the surface pressure variations and
velocity profiles along and around the duct were well predicted as was the influence of
operating condition. The differences found were principally attributed to the lack of grid
resolution for the boundary layers and in areas of rapidly changing curvature. The CFD
working section was then changed for a flat plate surrounding the duct inlet. This model
was used to study the influence of pitch and yaw on the pressure distributions along the
duct and velocities at the impeller face plane. The results were promising and the
predicted trends were as expected. In addition, modelling the influence of a simple hull
shape on the flow through the water-jet inlet has been investigated. The ability of the
flow solver to obtain reasonably accurate solutions was demonstrated, allowing
predictions to be made of the total force distribution on both the hull surface in the
vicinity of the duct and on the inlet duct itself. It is concluded that it is possible to model
the water-jet system at present and obtain practical design information. However,
significant improvements are still required to the methods by which compléx three-
dimensional shapes are defined in order to allow rapid parametric studies.
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1. INTRODUCTION

The water-jet provides an efficient means of propulsion in a speed range of direct
relevance to fast craft. Although the concept of jet propulsion has been around for many
centuries, it is only in recent decades that advances in propulsion technology have
enabled systems to be fitted on large scale vessels. However, the application of water-
jets to commercial fast craft is still relatively new. As a result there are a number of key
areas where the ability to understand more fully the complex nature of the fluid flow
through the water-jet, and the interaction of the whole unit with the surrounding
structure, would enable further improvements in performance to be made and lead to a
more effective design of hull-water-jet systems.

The quality of the onset flow into a water-jet inlet can strongly influence impeller pump
performance. Additionally, at the preliminary design stage the influence on hull thrust
deduction due to the water-jet inflow still has a high level of uncertainty associated with
it. Recent advances in Computational Fluid Dynamic (CFD) flow solvers offer the
ability to model the flow over the hull and through the water-jet inlet. Advantages of
CFD analysis include the ability to carry out a range of parametric tests without the need
to re-use expensive test facilities. However, the complex shape of the water-jet duct and
its surrounding hull present difficulties to current CFD codes. Further problems occur
when necessary extra details such as the drive shaft, inlet grills and lip shapes are
included in the model geometry. Before these details can be considered, it is required to
have confidence in the validity of the three-dimensional flow solution obtained through
the basic duct alone. For this to be done, it is necessary to obtain detailed and accurate
experimental data of the flow for comparison purposes.

Increasing popularity in the use of water-jets as a propulsive device has seen a rise in the
amount of research being conducted on them. The main body of the work has been to
determine the characteristic behaviour of such units in an attempt to increase their
efficiency and to understand interaction effects with the surrounding hull. Work has
involved both experimental and computational analysis.

Okamoto et all'l used a towing tank to investigate the pressure distribution on the inner
surface of a water-jet duct in self-propulsion conditions. Their results indicated
additional thrust generation on the intake duct. However, it was stressed that the
complete evaluation of the force acting on the intake duct required the introduction of a
viscous CFD code. Two-dimensional diffuser and lip section shape were investigated by
Pylkkanen[zl. Later using a CFD flow solver Pylkkanenm modelled a flush-type mtake
duct with a two-dimensional mesh which represented the centre-line plane of the duct.
However, Dai et al'¥ considered that the geometry used by Pylkkanen was too restrictive
for the investigation of these complex three-dimensional flows.

Experimental methods which have been used for the testing of water-jets have been
successful, however, they are expensive and time consuming. It is for this reason that
more research is being carried out with the use of CFD, and as the computer technology
advances, results are becoming more accurate. However, experimental results are still
required in order to validate the CFD predictions. The majority of papers reviewing
CFD research have compared their resulis with existing test data. On the whole, the
comparisons have been good, however, some discrepancies have also come to light.



One significant reason for these disagreements is that the CFD model geometries differ
from the physical model or the full scale unit upon which they are based. This is due to
the limitations of the computational codes. The most difficult objects to model through a
water-jet are its internal appendages; the intake grill, drive shaft and impeller. Due to the
complexity of these problems they have usually been excluded from the water-jet
geometry which has remained a relatively simple intake duct. In order to obtain a
suitable validation of a CFD code requires the experimental geometry to be of the same
shape and size. Many of the computational models have also been run flat with an inlet
flow parallel to the duct centre-line, this is unlikely to be the case in reality. Very little
published work has examined water-jet ducts operating in off-design flows.

The Department of Ship Science has carried out a programme of work on water-jet
hydrodynamics over the last three years. The major component has been the
development and testing of a wind tunnel scale model of a representative water-jet inlet
duct. Moss'™ constructed the model for the wind tunnel and recorded surface pressure
measurements and velocity profiles along the duct during several operating conditions.
His aim was to assess the feasibility of modelling water-jet intake units using air rather
than water and to investigate pressure distributions within the duct. The model was
produced reasonable results and the potential of wind tunnel testing of water-jets was
shown. The model’s impeller was further developed by Pease!® allowing more
flexibility with the flow conditions through the duct.

Theoretical studies have also been carried out. English!”? modelled the same duct using a
lifting surface panel method which was initially developed to model the interaction
between ship propeller and rudder. A source was used to represent the impeller pulling
the flow through the jet however, the method did not take into account that the flow at a
water-jet impeller varies spatially and temporally. The lifling surface formulation was
also irrotational and inviscid and there was therefore a lack of boundary layer and
subsequent areas of cavitation and separation had to be estimated.

Hughes! created a basic computational model of the duct geometry which he and
Moss"! had used for wind tunnel experiments. A commercially available CFD code was
used to create a three-dimensional multi-block mesh of the duct. In order to recreate the
experimental test set-up the wind tunnel working section was also modelled. The results
obtained were compared with those from the experiments. It was seen there was some
concurrence with the experimental results, however, the computer geomeiry of the duct
was simplified in order for it to work, thus altering the flow through the duct slightly.
For this reason a thorough comparison could not be made.

The aim of the work presented in this report has been to develop a three-dimensional
Reynolds averaged Navier Stokes (RANS) computational model of a water-jet inlet duct
and upstream hull which includes the effects of viscous, rotational flow and which is
validated through comparison with detailed surface pressure and velocity data. The
report begins by giving a brief description of the history and principles of water-jet
propulsion. A model of a representative water-jet duct was studied using a wind tunnel
and the report discusses in some detail the experimental set-up, procedure and results.
The wind tunnel test results are then used to validate predictions made by a commercial
CFD flow solver for this water-jet geometry. The complete generation of the CFD



model is described; the duct geometry definition, solution strategy, results obtained and
the validity of the results. The report then expands this initial CFD geometry into a
model which includes the aft half of a hull surrounding the duct. Stages along the way
include investigations into the effects of pitch and yaw on the flow through, and the
forces acting on the duct. Interaction effects are discussed briefly before a summary of
the work is given, conclusions drawn and recommendations made for further work.



2. WATER-JETS

2.1 HISTORY P

Water-jets are not a new idea. As early as the 1630’s, at a time when there was much
interest in using steam to raise water, David Romsey acquired a patent which included
an invention to propel vessels “...against Stronge Winde and Tyde.” However, early
proposed water-jet devices were not able to compete with paddle wheels and, later,
propellers because of the limited technology and lack of understanding of the theory of
propulsion.

By the 1950’s pumps had improved in efficiency and were used successfully in marine
vehicles for this purpose. Since the mid-1970’s water-jets have grown in popularity and
now provide a useful means of propulsion for many applications, from small one-man
jet skis to large passenger ferries.

Water-jet inlets can be divided into two main categories; pod inlets and flush inlets. Pod
inlets, sometimes called ram inlets, are generally used for more specialised applications
such as hydrofoils and vessels where air ingestion may occur regularly. Flush inlets are
far more common and tend to be used on all other craft including conventtonal
monohulls, planing craft, catamarans and surface effect ships.

2.2 OPERATING PRINCIPLE

The basic operating principle of water-jet propulsion is similar to that of a screw
propeller system. The propelling force is generated by adding momentum to the water
by accelerating a flow of water in an astern direction. Water from beneath the vessel’s
hull is fed through an inlet duct to a pump which adds head to the water. This head is
then applied to increase the velocity, hence momentum, when the water passes through
an outlet nozzle usually mounted on the transom. The normal head of water in the duct
varies at different speeds and careful design of the shape - ranging from an elliptical
form on the hull bottom to a circle on the transom (for a flush intake) - is necessary to
avoid ‘choking’ and to ensure a regular flow with minimal losses.

Typical components making up a marine water-jet are illustrated in Fig.1, they include
an intake duct, a pump element, a nozzle and a steering/reversing mechanism. Steering
and reversing forces are generated by deflecting the jet with a bucket gear which is
normally operated by hydraulics. Achieving the best efficiency requires the tuning of all
these components to the working conditions of the specific application.

2.3 THE REPRESENTATIVE WATER-JET DUCT

The water-jet duct being considered is a flush inlet and the general form (Fig.2) follows
that used by Okamoto et al''! for their model self propulsion tests. It was chosen to allow
comparison with their experimental data. However, a few minor alterations were made
to ease construction of a scale model which was built for wind tunnel testing. The
inclination of the duct centre-line is 25 degrees and the lower half of the duct is semi-
circular. The front-end of the upper half is rectangular in cross-section which changes
gradually into a half circle. The flat upper surface allowed a model to be constructed
partially of perspex to ease flow visualisation, it also facilitated the use of a simpler
clamping and traverse device for holding pitot probes. The numerical model was based
on the wind tunnel model dimensions and shape.



3. WIND TUNNEL TESTS

3.1 AIMS

A data base of reliable and accurate measurements of the flow through a representative
water-jet duct was required for validating calculations by a CFD flow solver. Wind
tunnel tests were decided upon as a means of modeliing the duct. A wind tunnel allowed
a more effective testing environment than either towing tank or cavitation tunnel
facilities. The duct and all the necessary apparatus remained fixed in one position whilst
the fluid was drawn past the duct. Each run could take as long as required. The duct
would be investigated using surface pressure tappings around the duct walls, leading to
pressure coefficient (Cp) distributions, and traverse probing of the flow using pitot
probes in order to obtain velocity profiles.

3.2 EXPERIMENTAL SET-UP

The shape of the scale model, Fig.2, was similar to that used by Okamoto et all'l. The
diameter of the water-jet outflow was 0.254m compared to the 65mm used by Okamoto.
The model was built from faired thin strips of 1.5mm plywood attached to a base plate
by a series of ribs which defined the outline shape. The front face of the umt was
transparent and this allowed detailed flow visualisation using wool tufts taped to the
inside of the duct. The base plate was designed to fit exactly into the side of the working
section of a 0.9m x 0.6m open circuit wind tunnel. Attaching the duct to the side of the
wind tunnel meant the duct is actually tested in a horizontal position rather than
vertically, as it would operate in reality. However, as the fluid used was air rather than
water, gravitational effects could be assumed as negligible. A total of eighty five static
pressure tappings were fitted to the wall of one half of the jet unit, along a number of
radial and longitudinal sections. In addition, eight ports were located along the top wall
of the model allowing pitot probes to be traversed through the duct.

Air was drawn through the wind tunnel by a fan situated at the end. The use of an open
(non-return) wind tunnel results in the pressure within the working section of the tunnel
being below atmospheric pressure. A variable speed 30KW impeller was installed aft of
the jet unit in order to overcome the negative pressure within the working section and to
allow the flow rate through the duct to be controlled. Due to restrictions in the space
available, the impeller had to be connected to the jet unit via a flexible tube of similar
diameter to the duct exit. Fig.3 illustrates the experimental rig set-up.

3.3 DATA ACQUISITION

The large number of individual data readings required the use of an automated system
for data acquisition. The pressure tappings around the duct wall were connected via a
rotary 1 p.s.i. scanivalve to an automated system which converted pressures nto
voltages. These voltages could then be read by a voltmeter connected to a PC which
collected and stored the data. The reference pressure used P, was taken at the top centre-
line port at outflow plane (A: x=-0.3) of the water-jet and non-dimensionalised using the
total head Pt measured at the centre of the outflow relative to the wall static Py The
non-dimensionalised pressure coefficients (Cp) were calculated using:

o PP

= 1
s [1]



A five-hole pitot tube and a boundary layer probe with a swan neck and flattened end
were used to obtain velocity profiles through several sections along the duct. The probes
used standard hypodermic stainless steel tubing with an external diameter of 1.65mm
and an internal diameter of 1.25mm. A Betz manometer was used to measure the
pressures from the probes at various distances into the duct. Velocities were defined
relative to the local top wall static pressure measurement and were obtained from the
Betz manometer readings using:

,o“,.g.h’=%,pa.U2

p..-gH2
Pa

U= [2]

3.4 TESTS

Experiments were carried out at a combination of wind tunnel speeds and impeller
speeds corresponding to three distinct operating regimes. These settings were based on
visualisation of flow through the water-jet. The wind speed was set using the wind
tunnel manometer whilst the water-jet impeller remained turned off. The impeller was
then started and run up to the required speed. Upon doing this the indicated wind tunnel
speed increased. Conditions of each test case are shown in Table 1. The Impeller
Velocity Ratio, TVR, is defined as the ratio of mean flow speed at the duct exit to the
indicated wind tunnel speed (ship speed).

Table 1 - Test Case Conditions

Test Case Number 1 2 3
Indicated Wind Speed (Impeller off) 15m/s 10m/s 10m/s
Impeller R.P.M. 950 875 1051
Indicated Wind Speed (Impeller on) 21.1m/s 14.8m/s 15.2m/s
Impeller Velocity Ratio, TVR 0.883 1.173 1.406

Under the conditions for Case 1 the wool tufts showed separation occurring on the upper
duct wall and attached flow on the lower wall. For Case 2 it was seen that separation
was beginning to form on the lower wall, and Case 3 indicated a definite separation on
the lower duct wall. The flow along the upper wall was fairly well attached for both
Cases 2 and 3.

The Reynolds number of the flow through the duct based on the exit diameter and exit
speed was in the range of 0.32x10% to 0.37x10° which is at least. -3 to 4 orders of

N e e TN A U N
magnitude lower than full scale but double that “achieved in the towmg tank by
Okamoto!") .

3.5 PRESENTATION OF DATA

Pressure coefficient distributions along the top and lower centre-lines are shown in Figs.
4 and 5. It should be noted that the Cp values indicate the pressure relative to that at the
impeller (exit) plane for each individual test case. In addition, velocity profiles were
obtained through several sections along the duct using the pitot tubes in the traverse
mechanism. In each case the velocity is defined relative to the local top wall static
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pressure measurement. The results are given in Figs. 6, 7 and 8 as graphs of velocity
ratio against distance into the duct from the upper surface. The relative measurement
positions are indicated in Fig.9.

3.6 DISCUSSION OF RESULTS

Pressure Distributions:

The top centre-line Cp variations, shown in Fig.4, give a definite increase in Cp towards
the inlet for increasing IVR. This indicates that, as expected, the greater the velocity
ratio the greater the acceleration of the flow through the duct. For Case 1 the flow is
decelerated from the free-stream value. Once the velocity ratio has been increased, in
Case 2, the Cp values are greater than zero apart from acceleration around the ramp at
the inlet. The highest velocity ratio, Case 3, shows another increase in the Cp values. In
this case all positions exhibit a slower flow than at the exit. Also shown are the results
from Okamoto!'! for an TVR of 1.056. These agree reasonably well with the wind tunnel
resuits.

One noticeable feature on the bottom centre-line Cp variations, Fig.5, is that the Cp
values are generally lower for test case 1, suggesting higher relative velocities. This
agrees strongly with the fact that the flow was attached along the bottom wall during
this case. The relative velocities fall slightly for Cases 2 and 3 for which some
separation was occurring on the bottom wall. Another point to highlight in Fig.5 is that
for each test case the relative velocities increase towards the lip of the duct. In this
region the Cp values are close to zero. It was not possible to obtain a measurement at the
lip due to the physical construction of the duct model.

Velocity Profiles:
The velocity profile results from test Case 1 are shown in Fig.6. Clearly indicated on the

graph is the separation region towards the top wall of the duct. This area can be seen to
increase from about 50mm to 130mm deep at sections A and EA. Section EA possesses
a slight separation towards the lower wall of the duct. This decrease in effective flow
area caused by the additional area of separation may explain the velocity increase from
section A.

Fig.7 illustrates the velocity profiles for Case 2. It is clear that a zone of separation
exists at the lower duct wall, and this separation appears to grow towards the impeller
plane EA. The relative velocities are higher than Case 1 and, with the exception of
section D, the profiles show the expected trend of increasing velocities along the duct
from C to EA. The velocity profiles for Case 3 are shown in Fig.8. As for test Case 2,
the separation region occurs towards the lower duct wall, although for this case it is
much more pronounced. The velocity ratio in Case 3 is 1.4 and the indicated velocities
are the highest of all three cases. Again, the trend is of increasing velocities along the
duct, although section D shows relatively higher velocities than expected. This is
thought to be due to a reduction in the effective cross-sectional area.

3.7 SUMMARY

The wind tunnel experiments proved to be an effective technique for the study of flow
through this water-jet duct. Pressure and velocity distributions along and through the
duct were obtained together with a visualisation of the flow’s characteristics. The
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resulting trends were expected and the measured velocity profiles generally agreed with
what had been shown by the wool tufis.

A detailed indication as to the behaviour of the flow was therefore provided. However,
much time and planning was required in order to achieve results such as these. Ideally,
there are many more measurements and combinations of tests which should have been
carried out, but this was not practical given the time available. Once initial geometry
definitions and command files have been created, computational fluid dynamics offer
the ability to obtain comprehensive solutions of the flow relatively quickly.
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4. COMPUTATIONAL ANALYSIS

4.1 AIMS

The aims were to produce, using a commercially available CFD flow solver, a three-
dimensional computational model of the representative water-jet duct to be vahdated
using the data gathered from the wind tunnel tests; to investigate the influence of pitch
and yaw on the inlet flow; and to expand the problem to include a surrounding hull
structure in order to study interaction effects between the hull and duct.

4.2 THE CFD PACKAGE

The commercial CFD package used to model this water-jet geometry was CFX4.1-
F3D!"% formerly CFDS-Flow3D. CFX is a suite of programs intended for the prediction
of laminar and turbulent flow and heat transfer processes. It is a Reynolds averaged
Navier Stokes flow solver which uses multi-block structured grids of hexahedral cells
for modelling three-dimensional geometries. CFX consists of a number of modules for
the definition of the problem, the solution, and the output of results. The modules used
were:

a) CFX-Meshbuild - an interactive pre-processor which creates structured multi-block
meshes of hexahedral cells for use by a flow solver. Blocks are defined by their
vertices and edges and, providing the adjacent blocks share the same face definition,
they are joined automatically,.

b) CFX-Setup - a command file generator. Command programs can either be written
from scratch or existing programs can be modified to suit the problem being
considered. The command language is a set of commands, sub-commands and
associated keywords defining the nature of the flow.

¢) Frontend Module of CFX4.1-F3D - this takes the input specification of the
problem, converts it from a form convenient for the user into a form designed for
efficient execution, and performs a detailed error checking before passing the data to
the solver.

d)} Solution Module of CFX4.1-F3D - a multi-block flow solver. Once the geometry
file and command program have been produced they are run through this flow
solver. Appendix A describes the governing equations. The generated flow
characteristics are written to an output file and a dump file which can be used for
post-processing.

¢) CFX-View - a post-processor. Using data from the dump file CFX-View produces
graphics outputs for screen display. In addition, files can be produced which can be
used with AVS.

4.3 DEFINITION OF THE DUCT GEOMETRY

The water-jet duct shape was defined using Wolfson Unit Shipshape. Shipshape is a
series of programs designed to assist the naval architect in defining, fairing and drawing
a set of ship lines!'”. Three-dimensional curves are drawn by constructing cubic splines
through specified sets of points and defined as either sections or longitudinals.
Shipshape was used as all information that maybe needed such as offsets, point co-
ordinates and slopes can be transferred into a data file and used elsewhere.

A data file from Shipshape was created which contained point co-ordinates defining
vertical sections along the duct. These points were input into the interactive multi-block
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grid generator, CFX-Meshbuild. The points were used to create duct sections which
were joined to make blocks. These blocks were subsequently sub-divided into
hexahedral cells to generate a mesh of the geometry under investigation. Initially, in
order to accurately recreate the experimental set-up a wind tunnel working section was
also modelled. This was to be used for validation purposes, comparing the results with
experimental data gathered. For this reason air was used as the standard fluid in the CFD
model.

4.4 WORKING SECTION - WATER-JET MODEL

Difficulties with the generation of the mesh occurred around the regions where the
water-jet duct joined the working section, especially at the sharp lip on the bottom
centre-line of the duct. In this area, and at the upstream end of the inlet where the top
centre-line rises away from the working section, the grid is an awkward shape. For this
reason several individual blocks had to be created and even then the subsequent cells
were non-orthogonal in places. The water-jet duct was constructed of 24 blocks whilst
the working section was made up of a further 60. Each block was sub-divided into
smaller cells and, where required, the cells were concentrated towards areas of greater
interest. The numerical model was run using the 84 block structure consisting of up to
79600 hexahedral cells. The block structure is illustrated in Fig.10 and the shape can be
compared to the experimental set-up shown in Fig.3.

4.5 CFX FLOW SOLVER

A command program was created for this geometry using CFX4-Setup. The command
file variables were chosen to recreate as closely as possible the experimental conditions.
Incompressible, steady, turbulent flow with the default k¥ —¢ turbulence model was
used. The speed of flow into the working section was set to that used in the wind tunnel
tests. The mass flow through the duct exit was based on the product of speed at the
midpoint and the cross-sectional area. The flow through the exit plane of the working
section was obtained by the use of mass continuity. A water-jet impeller operating at
constant revs does not necessarily experience a constant mass flow rate through the
duct, hence the thrust and inlet velocity ratio vary. However, for simplicity a constant
mass flow rate through the duct exit was defined for ali the CFD models. Table 2 lists
the conditions defined for each case.

Table 2 - Conditions Set For Each CFD Test Case

Test Case Number 1 2 3
Working Section Inflow Speed 21.06m/s 15m/s 15.2m/s
Duct Exit Speed 18.6m/s 17.4m/s 21.3m/s
Duct Exit Mass Flow 1.123kg/s 1.051kg/s 1.286kg/s
Impeller Velocity Ratio 0.88 1.17 1.42

Some modifications to the solution strategy had to be made before a reasonable level of
convergence was obtained for the solution. A more accurate, higher order than the
default, discretization method was used for the kand epsilon equations. These two
variables were also iterated three times within each global iteration and under-relaxation
was employed for the turbulent and velocity variables. One of the most common causes
of lack of convergence within CFX is due to the cross-derivative diffusion terms in the
k and £ equations on non-orthogonal grids. There was a facility for under-relaxing
these terms during the course of a calculation and, as the grid was non-orthogonal in
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some areas, this was done for the first 150 iterations. These strategies are described in
more detail in Appendix B.

The solution was seen to converge to an acceptable level (residuals of 1x10) after 700
iteration cycles. The code was run on a multi-user Sun Sparc 1000 with eight 60mhz
processors. Output data such as pressures, velocities and local forces throughout the
geometry were readily obtainable from the solution.

4.6 COMPARISON WITH EXPERIMENT

The results of the CFD model were validated by comparing them to the results obtained
from the wind tunnel tests on a mode! of the same water-jet duct geometry. This initial
CFD model having a total cell number of 79600, 10050 being within the duct, was run
for the same three conditions as tested in the laboratory. Pressures were obtained along
similar centre-lines and non-dimensionalised in the same manner as those in the tests
{see equation 1).

Fig.11 presents both the experimental and CFD pressure distributions along the top
centre-line of the water-jet duct for three inlet velocity ratios, IVR, where IVR is the
ratio of the duct exit velocity to the wind tunnel flow speed (ship speed). It can be seen
that the comparison with the experimental results is good. However, it is evident in all
three cases that the CFD result is offset slightly from the experimental points. This was
thought to be due mainly to the method used to calculate the experimental mass flow
rate. This was based on the velocity at the mid point calculated relative to the top centre-
line pressure P,. The experimental tests and CFD results indicated a static pressure
gradient across the exit plane at Section A. Based on a linear variation this would imply
the mass flow rate used for the CFD calculation resulted in an Inlet Velocity Ratio
(IVR) which was between 3% and 5% too high.

The comparison of pressure coefficients along the bottom centre-line is shown in Fig.12.
The general trends agree very well and the offset is less pronounced than along the top
centre-line. However, an unexpected result is the decrease in Cp towards the lip. In this
area a pressure increase is more likely to be experienced as a stagnation point tends to be
located in the vicinity of the lip.

4.7 EFFECT OF PITCH AND YAW

The CFD model was expanded to investigate various inlet conditions including pitch
and yaw. A further two meshes were created in which the working section was
lengthened, widened and three of its walls were defined as pressure boundaries, thus
providing a flat plate structure around the water-jet inlet. In addition, the water-jet block
structure was redefined in order to produce a more orthogonal cell structure. One model
was of half the water-jet and flat plate with a symmetry plane defined along the centre-
line. This model consisted of 23 blocks with up to 55720 cells, 13120 within the duct,
corresponding to a full water-jet duct model of 111440 cells, and was used to solve the
flow for various angles of pitch. Another geometry modelled the full water-jet duct and
consisted of 27 blocks with up to 56000 cells, 18080 being within the duct. This was
used to study the flow for various angles of yaw. In each model the water-jet duct
consisted of 15 blocks and the remainder made up the flow domain beneath the flat
plate. Each block was sub-divided into smaller cells and where required, the cells were
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concentrated towards areas of greater interest. These geometries were run at the mid
inlet velocity ratio of 1.17.

The influence of the number of cells on the results was investigated for the new mesh.
Half duct cetl numbers were varied from 6200 to 13120, corresponding to a total cell
number variation of 20200 to 55720. It was found that generally the resultant pressure
coefficients remained at very similar values, the maximum change being only #0.02.
The predicted forces acting on the duct, however, altered by up to 30% in some areas
due to differing cell numbers. It was thought that large distortion of cells in these
regions affecting the iteration of the pressure was responsible for these differences. A
significant difference between the predictions by this new mesh and the initial grid was
a rise in pressure towards the lip along the bottom centre-line, which was more realistic.
The reason why the initial geometry predicted a decrease in Cp was put down to poor
grid quality.

In addition, a significant result of increasing the number of cells was to increase the
computational time and hence the real time taken for the solver to finish. This was the
deciding factor as to how many iterations and cells to use for the subsequent
investigations into pitch and yaw. These were chosen as 9040 duct cells and a
subsequent total cell number of 27240 for the half duct model, and double these values
for the full jet model. The maximum number of iterations was set as 800.

The results obtained were plotted as pressure coefficients along the top and bottom
centre-lines of the duct (Figs.13, 14, 15, 16). It is important to note that pressure is
defined relative to the top centre-line point at the exit plane for each case. In addition,
Figs.17 to 22 present the effects of pitch and yaw on the axial, radial and angular
velocities of the flow across the impeller face plane at 0.7 radius. Three angles of pitch
were investigated, -7°, +7° and +15°, and 5° and 10° angles of yaw were studied.

Pitch:

Figs.13 and 14 illustrate the pressure coefficient distributions. Along the top centre-line
it is seen that an increase in pitch produces a decrease in the relative pressures towards
the inlet. This is expected with positive pitch because the inflow is at an angle closer to

that of the ramp of the duct.

The rise in Cp values towards the lip, along the bottom centre-line, for zero pitch can be
seen on Fig.14. It is also predicted that the relative pressures increase towards the inlet
lip due to increasing pitch. The pressures also appear to stabilise towards the duct exit
with the exception of negative pitch which produces a slightly lower relative pressure at
the exit.

Yaw: :

Figs.15 and 16 show results for the influence of yaw. It is seen that yaw affects the
pressure distribution along the whole length of the duct. The top centre-line distribution
undergoes a pressure drop along its length with the exception of a slight rise past the
exit. The bottom centre-line also sees a relative pressure drop along its length except for
a point at x = -0.1. The influence of yaw along the entire top and bottom centre-lines is
to be expected as the fluid enters the duct at an oblique angle and will be concentrated
towards one side of the duct. However, the graphs show that the predicted pressure
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coefficients along the top and bottom centre-lines are nearly identical for both 5° and 10°
yaw. These results were double checked using a mesh with 63520 cells rather than the
original 54480 cells, and the same results were predicted. Further investigations at more
angles of yaw and some experimental data are required to have confidence in these
results.

Impeller plane velocity distributions:

It is inevitable that the presence of pitch or yaw on the system will also effect the
pressure, and hence velocity, distribution across the exit plane of the duct. Figs.17, 18
and 19 present the variations of axial, radial and angular velocities due to the effects of
pitch at 0.7 radius. The angle from Top Dead Centre (TDC) is only taken up to 180° as
the CFD geometry only modelled half the duct unit. It can be assumed that the flow was
symmetrical about the centre-line. The effects of yaw are illustrated in Figs.20, 21 and
22.

Pitch:

An immediate observation is that for the three velocities negative pitch has the opposite
effect to positive pitch. In general, greater axial velocities exist towards the upper half of
the duct, as do positive radial velocities. The prediction that radial velocities are positive
towards the top half but negative towards the lower half, coupled with the angular
velocities, could indicate the presence of vortices within the duct which might have
arisen due to the curved sides around the inlet lip. Positive pitch increases axial velocity
towards the upper half, but negative pitch decreases it. However, the angular velocities
are increased around the entire radius due to negative pitch.

Yaw:

Yaw produces quite different results. A major effect is the lack of symmetry around the
radius. Both radial and angular velocities exhibit greater speeds offsct to one side of the
duct centre-line. This is expected with an oblique inflow. The axial velocity is decreased
towards the top half of the duct and increased in the lower half. This is also the case for
the radial velocities. Angular speeds, as with negative pitch, are increased around the

entire radius again.

Table 3 lists the total forces, acting on the duct, calculated by the flow solver for the X,
Y and Z co-ordinates. X being along the jet (aft to for’d.), Y is the vertical component
and Z the lateral co-ordinate. Note the fluid modelled was air.

Table 3. Total Duct Forces (N) Calculated By CFX4.1-F3D.
Pitch Yaw X Y Z
-7 0 -0.894 -0.989 0.000
0 0 -0.766 0.786 0.000
15 0 -0.995 4.699 0.000
0 5 -1.519 2.871 -1.246

It is indicated that when the water-jet duct is subject to pitch or yaw the resistance of the
unit increases, especially when yaw is imposed - in this case 5 degrees yaw almost
doubled the resistance of the zero degrees case and, as expected, some lateral forces are
produced. However, the duct tends to produce more lift (Y forces) with yaw, and
certainly with positive pitch.
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4.8 SUMMARY
The influence of pitch and yaw produces a change in the pressure distributions, hence

velocity and force distributions along the duct and across the outflow plane. In reality
this would impose a non-uniform flow at the face of the impeller reducing the
performance. In addition, there would also be a change in mass flow rate through the
duct affecting the overall thrust of the unit. However, some effects, such as the extra lift
produced, may be of benefit to the overall system. For this to be observed, the whole
sytsem, duct and surrounding hull, as a single unit needs to be considered.
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5. INTERACTION EFFECTS

5.1 HULL-WATER-JET MODEL

In order to produce a more realistic model of an operational water-jet duct it was
necessary to model a hull shape around the inlet rather than a flat plate. To reduce
computational time only the aft half of a hull was modelled. This assumed that the
upstream influence of the water-jet was negligible over the forward part of the hull. The
hull was based upon a Series 64 hulll'’l as similar jet-hull configurations are in
operation and data on this hull was readily available.

Point co-ordinates defining sections along the huil were input into CFX-Meshbuild.
Splines were created between the points to define sections, and blocks were created
externally of these sections to define the flow domain beneath the hull. The structure is
shown in Fig.23. At present, the hull shape has not been optimised to accept the water-
jet inlet, it is defined up to the water-line and no free surface effects have been taken
into account. It was assumed that the influence of the water-jet on the hull bottom would
not strongly influence wavemaking resistance.

Pressures along the duct and forces on the water-jet and hull were obtained for an inlet
velocity ratio of 1.17. In addition, the bare hull alone was run at the same flow
conditions in order to directly compare the frictional and pressure forces acting on the
hull with and without a water-jet.

Fig.24 shows the predicted top centre-line pressure coefficient distribution for the flow
through the duct in the presence of the hull. It is seen in Fig.24 that the top centre-line
relative pressures rise towards the inlet of the duct but soon settle to very near the
original values without the hull. This rise might be due to the possible growth of a
boundary layer along the hull or the slight change in angle between the hull and the
ramp. This angle was greater for the flat plate case. The hull influence on the bottom
centre-line pressure distribution is illustrated in Fig.25. The predicted results indicate a
decrease in relative pressures, from the flat plate case, at the lip, but a general increase
through the duct is evident. The resistance forces acting on the duct unit did not alter
significantly due to the presence of the hull, however, the solver predicted that the duct
would produce more lift.

These hull effects suggest that if a water-jet duct is to be designed for a specific
application, not only does the flow through the duct have to be studied, but the
additiona! influence of the surrounding hull must also be taken into consideration.

5.2 THRUST DEDUCTION

The flow over the hull in the vicinity of the water-jet intake is disturbed due to the
suction. The boundary layer ahead of the lip is likely to be absorbed by the jet and a new
boundary layer will develop on the hull behind the stagnation point on the intake lip.
Vortices are also likely to occur at the comers where the duct joins the hull.
Consequently there will be a difference between the bare hull resistance and the
resistance of the hull with the water-jet present. This difference is commonly expressed
as a Thrust Deduction Factor, t;

T(1-)=Rpy (3]
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where T=m(V,-V,) (4]

Table 4 lists the total forces in the X, Y and Z co-ordinates, including viscous and
pressure form resistance, calculated by the flow solver for two IVR’s. Note that the fluid
used in this case was air and only the aft half of the hull is considered.

Table 4. Forces Calculated By CFX4.1-F3D.

Total Forces (N) IVR=1.17 X Y Z
Hull Alone (no duct) -2.487 -2.919 0.0003
Hull Forces + Duct Inlet * -2.784 -2.967 0.0004
Hull Forces + Duct Forces -3.562 -1.262 -0.0069
Total Forces (N) IVR=1.25 X Y Z
Hull Alone (no duct) -2.487 -2.919 0.0003
Hull Forces + Duct Inlet * -2.791 -2.924 0.0006
Hull Forces + Duct Forces ° -3.522 -1.043 -0.0028

Superscript ‘a’ denotes the hutl with the water-jet inlet, but without the duct forces being taken
into account. Superscript ‘b’ denotes the hull with the duct, including the forces in the duct.

From these results it is possible to see how the presence of a water-jet duct affects the
overall forces in the system. The resistance of the system is increased and the force in
the Y direction also increased suggesting the duct provides some lift. The equivalent
total forces for a higher inlet velocity ratio are also presented. Again, the presence of the
duct affects the forces in the same manner. The values do not alter significantly for the
higher IVR, however, the resistance of the hull and duct is slightly lower at the higher
IVR, possibly suggesting better flow through the duct, and the duct also appears to
produce more lift.

Using Series 64 datal’¥ it was calculated that for the hull in air, its total bare hull
resistance, Rgy , was 5.7N. The CFD analysis calculated the resistance of the aft half of
the bare hull to be 2.49N. Subtracting this from the Series 64 bare hull resistance gave a
value for the forward bare hull and total wavemaking resistance, Rpw , of 3.22N.
Assuming the forward hull and wavemaking resistance remained constant for the hull
with and without the water-jet, a value for the total resistance of the hull with the water-
jet, Ry, could be calculated using:

Rt =Rrw + Rcrp [5]

where Rcpp was the resistance calculated by the flow solver for the aft hull with the
presence of the water-jet. Table 5 shows the results.

Table 5. Resistance Calculations.

IVR Rpw(N) Re (N) Rep (N) RFA(N)  Rp°(N) ¢
1.17 3.22 2.78 3.56 6.00 6.78 0.05 0.15
1.25 3.22 2.79 3.52 6.01 6.74 0.05 0.15

Superscript ‘a’ denotes the hull with the water-jet inlet, but without the duct forces being taken
into account. Superscript ‘b’ denotes the hull with the duct, including the forces in the duct.
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Assuming the additional thrust produced by the water-jet pump delivered the correct
amount for the self propulsion condition, i.e. the total resistance Ry equated to the thrust,
T, a thrust deduction factor, t, was calculated using equation 3.

The calculated thrust deduction factors are also shown in Table 5. There are two values
given for each IVR, the first neglecting the duct resistance, the second including the duct
resistance. Based on the assumptions given, the results indicate that an augment of up to
15% thrust is required to propell the vessel at the original bare hull speed due to
interaction effects at the given IVR’s.

5.3 SUMMARY

The study of interaction effects above is only a simple calculation, based on the given
assumptions, in order to obtain an idea of the effects on the required thrust. There is still
some argument as to how thrust deduction should be calculated for water-jet propelled
craft and little data has been published on it. Past measurements and predictions of
interaction effects have, in some cases, suggested they increase hull resistance whilst, in
other cases, decrease resistance. Van Terwisgal'! indicated a thrust deduction factor
ranging from +20% to +0.5% for one hull form, but for another hull, a range of +5% to -
4%, varying with ship speed. Coop and Bowen!'” illustrated similar findings. It appears
thrust deduction factors vary with hull form, water-jet geometry and ship speed. This
emphasises the importance of modelling the hull form around the duct. It is likely that
other physical factors, such as the alteration of the stern wave system by the jet of water
play an important part in the overall calculation of t.
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6. DISCUSSION OF PRACTICAL IMPLICATIONS

The aim of the work has been to develop a three-dimensional RANS computational
model of a representative water-jet inlet duct and upstream hull. The report has
described the various stages taken and the results obtained whilst achieving this goal.

Once a robust and reliable solution strategy had been created, much of the work
concentrated on the geometry definition of the CFD model, and attempts were made to
produce a more orthogonal mesh. It has been demonstrated that the mesh, although still
not optimised, can produce reasonable solutions. However, with the exception of the
initial duct and working section CFD model, the results obtained from the flow solver
have not been validated. This was due to lack of experimental data. They have been
judged instead, on what might be expected to happen when subject to pitch, yaw and the
influence of a hull. More experimental data is required.

Benefits of CFD include the ability to carry out numerous tests at the design stage
without the need to reuse expensive experimental facilities, and the influence of
differing flow conditions and hull/duct shapes can be studied relatively quickly. A
comprehensive solution of the problem can be obtained which provides the engineer
with properties of the flow such as velocity profiles, pressure distributions and
subsequent forces. However, at present there are limitations to using such CFD
packages. The ability to achieve a good geometry definition of a complex 3-dimensional
water-jet duct, or even alter it slightly can be difficult and time consuming. In addition,
the solutions require fast computers and much computer memory. Fig.26 illustrates the
computing time required for 800 iterations of a water-jet geometry with differing
number of cells, the solver was run on a multi-user Sun Sparc 1000 with eight 60mhz
processors. There is an obvious and expected rise in computational time with number of
cells, and because of this there is often a compromise between the cell numbers used for
an accurate solution and the time available. The real-time necessary on the multi-user
system for the flow solver was up to four times the CPU time.

Some precautions must also be taken firstly, to define the initial boundary conditions
accurately and , secondly, to have some means of validation. The CFD results cannot be
assumed to be correct unless some validation has been employed, usually by means of
experimentation. As it becomes possible, with improvements in computational capacity,
to run problems with larger numbers of cells the critical influence of the turbulence
model also needs to be investigated in detail.

It has been calculated by the flow solver how differing inflow conditions into the pump
affect the pressure and velocity distributions at the impeller face. How this would affect
the performance of the pump, and thus the overall propulsion system, is uncertain. The
characteristics of the pump therefore need to be investigated. However, for a CFD code
to solve the flow for the unit as a whole (hull + duct + pump) there would be too much
computational power and time required. For this reason it should be beneficial to model
the pump alone with the, already predicted, inflow conditions imposed on it.
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7. CONCLUSIONS

1. The use of a wind tunnel is an effective technique for investigating water-jet duct
inlet flows. The experimental facility developed provides a reliable method for
generating accurate data for numerical validation studies. However, much time is
required to obtain a good data base of results.

2. More experimental data is required to be used as a basis for further CFD validation
studies.

3. CFD codes allow a comprehensive solution of the flow to be obtained relatively
quickly. There is also a quick turn-around between tests and the influence of
different inlet flow conditions can be studied relatively easily.

4. The computational model of the representative water-jet duct produced good results
which gave a reasonable correlation with experimental data. There was a slight
offset between the results due to differences in mass flow rate.

5. Although the model calculated reasonable predictions for the influence of pitch and
yaw, further validation work for these cases is necessary.

6. The generation of the water-jet duct and hull topology is a time consuming process.
However, it has been shown that the hull’s influence must be considered when
investigating the performance of a water-jet duct.

7. A further study into the flow through the pump would lead to more understanding of
how the performance of the whole unit (hull+duct+pump) is affected by different
operating conditions.

8. There is often a compromise between accuracy, number of cells and time available
for a CFD run.

9. The potential benefits to the engineer of using such CFD flow solvers during the
initial design stages of a water-jet duct have been illustrated. In particular, the ability
to obtain detailed surface pressure and viscous force distributions allows a far
greater understanding of the resistance and propulsion aspects of using water-jets.
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- Axial Velocity Distribution (IVR=1.17)
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Fig.23. Structure of water-jet duct + aft half of hull.
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NOMENCLATURE

Body force.

Total enthalpy.
Static enthalpy.
Pressure.
Reynolds number.

=

Temperature.

Time.

Overall fluid velocity.

Fluid velocity in the x direction.
Fluid velocity in the y direction.
Fluid velocity in the z direction.

s<EC~"HwRT T IE

Diffusion coefficient.

Thermal conductivity.

Absolute viscosity.

Kinematic viscosity.

Density.

Stress.

A function of either mass, momentum or heat.

50T CcTE >

GOVERNING EQUATIONS {!*!1]

Source or sink term representing creation or destruction of ©.

There is a basic set of equations which the program solves for laminar flows. These are
the Navier Stokes equations which comprise of formulae for the conservation of mass,

momentum and energy:

Let the operator V= iiﬂhj—a—~l-ki = {

6x oy bz

9p_ P Py p¥
o.t dx Oy 0Oz

c.p
—+V.(pU)=0
é’.t+ (p V)
o.p.U

and +V(p.U®U)=B+Vo

o.p.H

and

+V.(p.UH)-V(1.V.T)=

In addition there is a relationship between the stress and rate of strain, and two algebraic
equations of state relating density to temperature and pressure, and one relating static

enthalpy to temperature and pressure:

c=-pS+ ,u.(V.U+ (V.U)T)
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]

— _ _ 2
P =Py h=h, H = h+5U

The seven equations above plus boundary and initial conditions define the seven
unknown functions, p,u, v, w,p,h, T.

If the flow is incompressible and u is a constant, the number of equations can be
reduced to four involving four unknown functions, u, v, w, p.

a—gg—+V(pU®U—uVU)=B—Vp

VU =0
The equations for laminar flow are valid for turbulent flow aswell. However, we are

limited in solving these equations accurately for high Reynolds numbers and we have to
resort to turbulence modelling.

p-Ux  Ux
U v

Reynolds number R, =

where v =£ = kinematic viscosity (mZ/ s).
p

Reynolds-averaged Navier Sokes equations (i

All the above transport equations can be expressed as a scalar advection-diffusion
equation:
J.p.0
o.t
where ' = Diffusion coefficient.
® = A function of either mass, momentum, or heat.
§ = Source or sink term representing the creation or destruction of @.
This equation is called the generic equation. For an example, take the case of the
momentum in the y direction. The generic form of the equation can be written as:

+V.(pUO-T.V.D)=§

o.pV +V.(p.U.V— p.V.V) =B, _c?._p

a.y

Turbulent flows are extremely complex time-dependent flows governed by the laminar
flow equations (Ref. 9). Applying Reynolds time averaging to the continuity equation
(Ref. 9), the momentum equation and the scalar equation for incompressible flow, we
obtain:

o.p
——+V.(p.U
o.t Ve )

o.pU

0

1

+V{p.U®U)=B+V(o-pu®u)
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o.p.®

+V(p.U.®) = v.(rvqn - p_Tq}) +S

The momentum and scalar transport equations contain additional terms. These are:

Reynolds Stress = p.u® u

Reynolds Flux = p.u¢
These terms arise from the non-linear corrective term in the unaveraged equations.

In addition to the above equations, complex eddy viscosity models are also used to
express the Reynolds stress and Reynolds fluxes in terms of the mean quantities.

The default turbulent model in Flow3d is the £ —¢ model and there are three versions

available:

e The standard k—& model.

s The low Reynolds number k—¢ model - a modification of the standard 4 —¢ model
to allow calculation of turbulent flows at low Reynolds numbers, typically mn the
range 5000 to 30,000.

e The RNG k-& model - an alternative to the standard k-& model for high
Reynolds number flows. It has a modification to the equation for £ and uses a
different set of model constraints 1
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B1. DIFFERENCING SCHEMES

The numerical accuracy of the modelled equations to be solved to a large extent depend
upon the method of discretization chosen for their advection terms. Various
discretization methods are available in the software ranging from robust but relatively
inaccurate hybrid and upwind schemes to more accurate but less robust higher order
schemes. Hybrid differencing is the default scheme used to model the convective terms
of all transport equations.

All equations except k and epsilon were left as hybrid schemes. The k and epsilon
equations were set to use the CCCT scheme, a third order accurate method. Some higher
order methods can suffer from non-physical overshoots, for example, turbulent kinetic
energy could become negative. The CCCT method is bounded in order to eliminate
these overshoots.

B2. VARIABLE ITERATIONS

To aid convergence it is sometimes necessary to alter the standard strategy by iterating
on a subset of variables within each global iteration. This was done for the turbulence
equations. Rather than the default one iteration, these were set to three iterations per
global iteration. This did mean the solver required more CPU time but the solution will
have been more accurate.

B3. UNDER-RELAXATION

Under-relaxation has several interlinked purposes in the solution process. Principally,
the amount by which a variable would change if its discrete transport equation were
solved as it stands is reduced. In this way difficulties caused by instability due, among
other factors, to non-linearity are overcome. Under-relaxation for all the transport
equations is implemented by scaling the coefficient of the variable in the current cell by
an under-relaxation factor (URF) in the range O<URF<I. The smaller the factor, the
more under-relaxation.

B4. DEFERRED CORRECTION

One of the most common causes of lack of convergence of turbulence flow calculations
within CFX is due to the cross-derivative diffusion terms in the k and epsilon equations
on non-orthogonal grids. There is a facility for under-relaxing these terms during the
course of the calculation. A start iteration before which the terms are omitted and an end
iteration afier which the terms are included can be set. This was done for the first half of
the total iterations carried out.
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Table C1: Velocity profiles through the duct at IVR=(.88.

Case 15-950
IVR = (.88
Distance From Velocity (m/s)
Top Wall (mm) | Section EA | Section A | Seciion C | Section D | Section E

28 12.397 8.482 8.482 9.822 13.949
30 12.528 8.672 8.766 10.466 14.746
35 13.040 9.483 9,987 | 11.789 16.843
40 13.441 10.349 11.365 13.652 18.574
45 13.890 11.000 12.463 15.291 19.434
50 14.410 11.858 13.772 16.672 19.768
60 15.397 13.411 15.816 18.486 19.850
80 17.203 15.971 17.947 18.923 19.891
100 18.330 17.392 18.241 19.009 19.891
125 18.596 17.901 18.285 19.052 19.891
140 18.640 17.901 18.285 19.052 19.830
150 18.640 17.947 18.285 19.073 19.830
160 18.640 17.947 18.285 19.073 19.809
175 18.596 17.924 18.308 19.073 19.747
200 18.530 17.924 18.308 19.052 19.643
220 18.173 17.901 18.308 19.052 19.476
225 17.345 17.901 18.308 19.030

230 15.660 17.901 18.308 19.009 19.308

‘Table C2: Velocity profiles through the duct at [IVR=1.17.

Case 10-875
IVR=1.17
Distance From Velocity (m/s)
Top Watl (mm) | Section EA | Section A | Section C | Section D
28 14,475 12.618 13.638 15.183
30 14.885 12,870 13.863 15317
35 15.775 13.540 14.207 15.397
40 16.350 14.064 14,347 15.450
45 16.738 14.597 14.403 15.450
5{) 17.071 14.924 14.403 15.450
60) 17.351 15.191 14.403 15477
80 17.397 15.218 14.403 15.450
100 17.397 15.244 14.403 15.450
125 17.397 15.271 14.431 15.450
140) 17.374 15.297 14.431 15.450
150 17.351 15.271 14.459 15.450
160 17.258 15.271 14.403 15.450
175 15.648 15.271 14.403 15.450
200 12.797 14.978 14.403 15.450
220 1{1.863 12.425 12.681 15.503
225 12.295 11.128 15,503
230 11.964 5.405 15,503

C2



Table C3: Velocity profiles through the duct at IVR=1.41,

Case 10-1051
IVR=141

Distance From Velocity (m/s)

Top Wall (mm) | Section EA | Section A | Section C | Section D
28 18.120 16.919 18.201 18.352
30 19.070 17.202 18.245 18.352
35 20.234 17,799 18.267 18.397
40 20).840) 18.289 18.289 18.397
45 21.146 18.551 18.289 18.397
50 21.297 18.595 18.289 18.441
60 21,372 18.616 18.289 18.441
80 21.316 18.638 18.289 183.419
100 21.297 18.702 18.289 18.419
125 21.222 18.702 18.289 18.397
140 20.685 18.659 18.289 18.419
150 19.404 18.551 18.289 18.419
160 17.671 17.663 18.289 18.419
175 15.750 13,300 17.572 18.397
185 12.031
200 15.126 10.572 -7.060 18.397
220 14.585 9.905 -7.390 16.425
225 10.066 -2.840 11.365
230 10.302 6.082 -8.290
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Table C4: Experimental and CFD pressure coefficient distributions for three [VR's.

Top Centre-line

Experiments CFD
Case 15-950] Case 10-875 | Case 10-1051 | Case 15-950 | Case 10-875 | Case 10-1051
IVR=088{ IVR=1.17 | IVR=141 | IVR=088 | IVR=1.17 | IVR=141
X Cp Cp Cp Cp Cp Cp
-0.400 -0.053 -0,062 -0.077
-0.300 0.000 0.000 0.000 0.000 0.000 0.000
-0.250
-0.200 0.128 ().146 0.180
-0.150 0.094 0.167 (.203
-0.100 0.229 0.271 0.338
-0.030 0.029 0.184 (.204
0.000 0.267 0.330 0.414
0.020 0.053 0.137 0.169
0.100 0.209 0.267 0.333
0.115 -(0.029 {1,208 0.203
0.165 0.003 (1.204 0.220
0.200 0.173 0,238 (.304
0.260 -0.064 0.127 0.223
0.300 -0.028 0.165 0.246 0.136 0.241 0.340
0.382 -0.179 0.184 0.268
0.400 0.066 00.248 0.408
0.437 -0.237 0.122 0.318
0.500 -0.037 (0.240 (0.463
0.525 -0.366 0.128 0.311
0.573 -0.392 0.098 0.337
0.600 -(,167 0.209 0.488
0.655 -(1.550 0.015 .288
0.692 -0.674 -0.041 0.269
0.700 -0.351 0.132 0.457
0.748 -1.021 -0.314 0.128
0.765 -1.048 -(.252 0.134
0.796 -1.044 -0.217 0.147 -1.441 -0.518 -0.050
Bottom Centre-line
Experiments CFD
Case 15-950 | Case 10-875 | Case 10-1051 ] Case 15-950| Case 10-875 [ Case 10-1051
IVR=088 | TVR=1.17 | IVR=141 J IVR=0.88 | IVR=1.17 | IVR=141
X Cp Cp Cp Cp Cp Cp

-0.400 -0.159 -.138 -0.133
-0.300 -0.156 -0.145 -(.148
-0.250 -0.339 -(.280 -0.328
-0.200 -0.304 -0.268 -0.266
-0.160 -).588 -(0.454 -0.436
-0.100 -0.498 -(.398 -(.355
-0.095 -0.500 -(0.380 -0.304
0.000 -0.065 -0,020 0.030
0.003 -0.101 -0.011 -0.052
0.093 0.027 0.003 -0.102
0.100 0.119 0.125 0.136
0.200 -0.412 -0.137 -0.430




Table C5: CFD duct + flat ptate Cp distributions for various inflow conditions.

Top Centre-line,

Half Jet + Plate Full Jet + Plate
0 7 15 -7 5 10
Degrees  |Degrees Pitch|Degrees Pitch|Degrees Pitch| Degrees Yaw| Degrees Yaw

X Cp Cp Cp Cp Cp Cp
-0.400 -0.057 -0.068 -0.070 -(.025 .126 0.136
-0.300 0.000 0.000 {.000 0.000 (.000 0.000
-0.250
-0.200 (.164 .169 0.174 0.185 0.107 0.108
-0.150 '
-0.100 {).244 0.251 0.262 0.275 .208 0.210
-0.030
0.000 (.322 0.328 0.341 0.371 .268 0.272
0.020
0.100 0.267 (0.274 0.286 {(.300 {.200 (.200
0.115
0.165
0.200 0.217 0.219 0.222 0.247 0.142 .138
0.260
0.300 0.214 0.192 0.173 0.279 0.136 0.132
0.382
0.400 (0.215 0.155 0.100 0.340 0.138 0.136
0.437
0.500 0.207 0.102 ().009 0.393 (0.133 0.135
0.525
0.573
0.660 0.177 0.028 -0.104 0.420 (0.103 0.109
0.655
0.692
0.700 0.125 (1071 -().243 0.421 0.044 0.052
0.748
0.765
0.796 -0.231 -(.586 -0.915 0.201 -0.348 -0.336

Bottom Centre-line.
Half Jet + Plate Full Jet + Plate
0 7 15 ~7 5 10
Degrees  |Degrees Pitch|Degrees Pitch|Degrees Pitch| Degrees Yaw | Degrees Yaw

X Cp Cp Cp Cp Cp Cp
-0.400 -0.160 -0.144 -(0.149 -(1.243 -0.667 -).686
-0.300 -(1.157 -0.152 -0,159 -0.210 -0.401 -0).420
-0.250
-0.200 -(.318 -0.334 -(.341 -(.335 -0.551 -(.553
-0.160
-0.100 -(.523 -0.561 -(0.562 -(0.482 -0.482 -().471
-0.095
0.000 -0.066 -().063 -0.053 -0.065 -(.154 -().157
0.005
0.095
0.100 (.111 0.139 0.163 0.082 (.021 (.015
0.200 0.307 0.400 0.434 0.201 0.177 0.152
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Table C6: CFD duct + hull Cp distributions for various inflow conditions.

Top Centre-line.

0 7 5 0 Degrees
Degrees |Degrees Pitch| Degrees Yaw| IVR=1.25
X Cp Cp Cp Cp
-0.400 -0.055 -0.117 -0.065 -0.047
-0.300 0.000 0.000 0.000 0.000
-0.250
-0.200 0.163 0.113 0.161 0.169
-0.150
-0.100 0.271 0.147 0.264 (.283
-0.030
0.000 0318 0.129 0.307 0.333
0.020
0.100 (.268 0.057 {.256 0.279
0.115
0.165
0.200 0.220 -0.048 0.203 0.231
0.260
0.300 0.235 -(.153 0.201 0.256
0.382
0.400 .260 -0.286 0.202 0.298
0.437
0.500 0.281 -0.518 {.201 (.335
0.525
0.573
0.600 0.290 -(.932 0.188 0.360
0.655
0.692
0.700 0.280 -1.314 0.163 0.361
0.748
0.765
0.796 0.190 -1.903 0.057 0.286
Botiom Centre-line.
0 7 5 0 Degrees
Degrees |Degrees Pitchj Degrees Yaw| IVR=1.25
X Cp Cp Cp Cp

-0.400 -0.144 (.042 -0.130 -0.161
-0.300 -(3.149 -(.082 -0.151 -0.159
-(.250
-0.200 -(.341 -0.413 -{.365 -(0.340
-0.160
-0.100 -0.469 -0.716 -0.517 -0.447
-0.095
0.000 -(1.045 -(0.187 -0.058 -0.039
0.005
0.095
0.100 0.093 0.079 0.102 0.087
0.200 0.179 0.419 (.290 0.112
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Table C7: CFD duct + flat plate axial velocity distributions at exit for various inflow conditions.

IVR=1.17
Axial Velocities at 0.7R at exit plane (m/s)
Half Jet + Plate Full Jet + Plate
Degrees 0 7 15 -7 5 10
From Degrees | Degrees Pitch] Degrees Pitch{ Degrees Pitch|Degrees YawjDegrees Yaw
TDC Va Va Va Va Va Va
0 18.692 18.663 18.335 18.721 15.858 15,838
15 18.698 18.681 18.574 18.716 15.864 15.830
30 18.792 18.904 18.986 18.729 16.104 15.943
45 18.580 18.766 18.981 18.469 15.803 15.599
60 18.763 18.909 19.032 18.717 16.484 16.297
75 18.783 18.764 18.746 18.935 17.012 16.851
90 18.674 18.433 18.374 19.164 17.994 17.864
105 18.276 17.922 18.012 19.150 19.300 19.230
120 17.832 17.602 17.850 18.877 ° 19.944 19.958
135 17.467 17.445 17.748 18.292 19.898 19,930
150 17.784 18.075 18.116 17.631 20.487 20.374
165 17.966 18.496 18.255 16.459 20.802 20441
180 17.717 18.369 18.162 16.189 20,702 20.275
195 17.966 21.171 20.523
210 17.784 21.450 20.888
225 17.467 20.753 21.306
240 17.832 20430 21.205
255 18.276 19.558 20.209
270 18.674 18.232 18.615
285 18.783 17.322 17.470
300 18.763 16.907 16.952
315 18.580 16.386 16.409
330 18.792 16.446 16426
345 18.698 15.983 16.007
360 18.692 15.858 15.838
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Table C8: CFD duct + flat plate radial velocity distributions at exit for various inflow conditions.

IVR=1.17
Radial Velacities at (.7R at exit planc (1r/s)
Half Jet + Plate Full Jet + Plate
Deprees 0 7 15 -7 5 10
From Degrees  |Degrees Pitch| Degrees Pitch| Degrees Pitch|Degrees Yaw]Degrees Yaw
TDC Vi Vr Vr Vr Vr Vr
0 (.313 0.254 0.112 0.229 -0.778 -0.897
15 0.353 0.295 0.161 0.283 -0.625 -0.657
30 0.485 0.472 0.376 0.372 -0.580 -0.673
45 0.352 0.391 0.388 (.204 -0.624 -0.713
60 0.523 0.540 0.493 (.408 -0.296 -0.350
75 0.589 0.531 0.397 0.557 0.226 0.226
90 0.380 0.190 0.021 0.551 0.744 0.809
105 -0.133 -().3%2 -0.467 0.249 1.212 1.416
120 -(.439 -0.631 -(.611 -0.007 1.053 1.401
135 -0.418 -0.519 -0.457 -0.096 1.027 1.443
150 -(.849 -(.721 -0.552 -0.910 0.617 1.128
165 -1.342 -0.977 -0.623 -1.594 0.113 0.661
180 -1.064 -0,793 -0.505 -1.198 0.298 1.000
195 -1.342 -0.375 0.359
210 -(.849 -0.427 -0.443
225 -0.418 0.129 -(.324
240 -0.439 0.095 -0.136
255 -0.133 0.289 -0.020
270 .380 0.175 -0.290
285 0.589 -0.005 -0.456
300 (.523 -0.282 -0.517
315 (.352 -0.473 -0.519
330 0.485 -(.459 -0.594
345 0.353 -0.655 -(.756
360 (.313 -0.778 -(.897
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Table C9: CFD duct + flat plate angular velocity distributions at exit for various inflow conditions.

IVR=1.17
Angular Velocities at 0.7R at exit plane (m/s)
Half Jet + Plate Full Jet + Plate
Degrees 0 7 15 =7 5 10
From Degrees | Degrees Pitch| Degrees Pitch| Degrees Pitch|Degrees Yaw]Degrees Yaw
TDC Vw Vw Vw Vw Vw Vw

0 0.000 0.000 0.000 0.000 0.587 1.002
15 .153 0.126 0.139 0.265 {.855 1.291
30 (0.479 0.349 0.274 0.777 1.721 2.146
45 (0.978 0.753 0.600 1.442 2.677 3.077
60 0.947 0.675 0.491 1.539 3.216 3.675
75 0.959 0.610 0.402 1.733 3.771 4.286
90 0.914 0.516 0.327 1,820 4.401 4.990
105 1.028 0.655 0.483 1.850 4.484 5.126
120 1.380 1.014 0.793 2.107 4.210 4.860
135 1.724 1.336 1.028 2.378 4.144 4.813
150 (.906 0.630 0.446 1.385 2.796 3.665
165 0317 0.174 0.110 0.618 1.670 2.681
180 0.000 0.000 (.000 0.000 1.679 2.694
195 -0.317 0.487 1.436
210 -0.906 -0.671 0.492
225 -1.724 -2.282 -(1.904
240 -1.380 -2.617 -1.499
255 -1.028 -3.066 -2.329
270 -0.914 -3.076 -2.420
285 -0.959 -2.606 -1.872
300 -0.947 -2.172 -1.423
315 -0.978 -1.781 -1.148
330 -0.479 -0.830 -0.337
345 -0.153 0.004 0.412
360 0.000 0.587 1.002
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Tahle C10: CFD duct + hull axial velocity distributions at exit for various inflow conditions.

IVR=1.17
Axial Velocities at 0.7R at exit plane (my/s)

Degrees 0 7 5 0 Degrees]
From Degrees [Degrees PitchiDegrees Yaw]IVR=1.25
™C | Va Va Va Va

0 18.405 19.645 18.391 19.669
15 18.428 19.833 18.409 19.690
30 18.620 20477 18.594 19.871
45 18.278 19.398 18.327 19.538
60 18.548 19.451 18.702 19.842
75 18.670 18.876 18.830 20.013
90 18.745 17.171 18.763 20.221
105 18.491 15.937 18.461 20,081
120 18.003 15.758 17.957 19.602
135 17.578 16.445 17.432 19.096
150 17.586 19.729 17.302 18.695
165 17.132 20.904 17.345 17.672
180 17.100 20.967 17.401 17.603
195 17.152 20.947 17.822 17.678
210 17.606 20.052 18.562 18.710
225 17.600 17.644 18.032 19.121
240 18.021 16.751 18.036 19.623
255 18.497 15.545 17.947 20.090
270 18.739 14.556 18.013 20216
285 18.646 14.448 18.089 19.989
300 18.517 14.830 18027 19.812
315 18.250 15.359 17.833 19.510
330 18.608 17.256 18.497 19.858
345 18.425 18.694 18.429 19.688
360 18.405 19.645 18.391 19.669
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Table C11: CFD duct + hull radial velocity distributions at exit for various inflow conditions.

IVR=1.17
Radial Velocities at 0.7R at exit plane (im/s)

Degrees 0 7 5 0 Degrees
From Degrees |Degrees Pitch|Degrees Yaw]IVR=1.25
TDC Vr Vvr Vr Vr

0 (.315 1.584 0.256 0.264
15 0.358 1.526 0.437 0.309
30 0.524 1.764 0.466 0.465
45 0.316 1.158 0.283 0.256
60 0.467 1.097 0.511 0.425
75 0.546 0.642 0.634 0.553
S0 0.409 -0.296 0.499 0.501
105 -0.047 -1.103 0.203 0.083
120 -0.454 -1.391 -0.120 -0.371
135 -(.468 -1.219 -0.084 -0.392
150 -1.007 -1.309 -0.639 -1.039
165 -1.553 -1.313 -0.995 -1.667
180 -1.481 -1.305 -0.716 -1.579
195 -1.536 -1.255 -1.171 -1.656
210 -(.988 -1.164 -1.431 -1.023
225 -0.452 -().844 -0.911 -0.377
240 -0.442 -0.793 -0.908 -0.358
235 -(.042 -0.714 -(.727 (+.087
270 0.403 -0.661 -(1.257 (.493
285 {0535 -0.311 0.208 (0.541
300 0.457 (.200 0.433 (414
315 .310 (.495 0.489 0.25
330 (.521 1.139 0.789 0.462
345 0.357 1.389 0.464 0.308
360 0.315 1.584 0.256 0.264
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Table C12: CFD duct + hull angular velocity distributions at exit for various inflow conditions.

IVR=1.17

Angular Velocities at 0.7R at exit plane (m/s)

'?egrees 0 7 5 0 Degrees
From Degrees  |Degrees Pilch|Degrees Yaw|IVR=1.25
TDC Vw Vw Vw Vw

0 0.000 -0.435 0.923 0.000
15 0.130 -0.718 0.909 (.156
30 0.534 -0.461 1.258 0.558
45 1.140 0.115 1.738 1.240
60 1.043 -0.573 1.644 1.188
75 0.991 -1.172 1.563 1.188
90 0.962 -1.549 1.549 1.204
105 1.043 -1.048 1.697 1.277
120 1.368 -0.301 2.095 1.623
135 1.682 0.262 2.462 1.925
150 0.8290 -(.044 1.913 0.968
165 0.299 -0.127 1.589 0.375
180 0.000 0.153 1.695 0.000
195 -(0.289 0.164 1.388 -0.378
210 -0.822 0.119 1.014 -(0.974
225 -1.685 -0.027 0.089 -1.931
240 -1.370 0.278 (.274 -1.626
255 -1.043 0.597 0.518 -1.275
270 -0.961 0.915 0.612 -1.203
285 -(.990 0.690 0.400 -1,187
300 -1.036 0.126 ().149 -1.181
315 -1.129 -0.776 -0.225 -1.228
330 -(0.513 -0.656 (.403 -0.577
345 -0.109 -().647 0.681 -0.134
360 0.060 -0.435 0.923 .000
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Table C13: CFD duct + working section Cp distribution for different cell numbers.

Top Centre-line.

36280 44280 55720
Cells Cells Cells
X Cp Cp Cp
-0.400 -0.055 -0.061 -0.058
-0.300 0.000 0.000 0.000
-0.250
-0.200 0.169 0.178 0.186
-0.150
-0.100 0.248 0.257 0.263
-0.030
0.000 0.326 0.333 0.344
0.020
0.100 0.267 0.268 0.274
0.115
0.165
0.200 0.218 0.219 0.221
0.260
0.300 0.225 0.227 0.227
0.382
0.400 0.242 0.243 0.243
0.437
0.500 0.248 0.247 0.246
0.525
0.573
0.600 0.226 0.225 0.221
0.655
0.692
0.700 0.178 0.176 0.178
0.748
0.765
0.796 -0.202 -0.203 -0.260
Bottom Centre-line.
36280 44280 55720
Cells Cells Cells
X Cp Cp Cp
-0.400 -0.168 -0.157 -0.170
-0.300 -0.161 -0.158 -0.167
-0.250
-0,200 -0.314 -0.327 -0.333
-0.160
-0.100 -0.500 -0.525 -0.526
-0.095
0.000 -0.062 -0.067 -0.069
0.005
0.095
0.100 0.100 0.096 0.097
0.200 0.232 0.240 0.239
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Appendix D

List of Duct Section Points.
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Points Defining Water-jet Duct Sections.

Section 1 - Section 3 {continued) - Section 5 (continued)

X | Y(m) Z (m) X{m} |  Ym) Z {m) Xon) | Yoy | Z(m)
-(hd 0.1500 0,0000 -0.2 0.2009 0.1012 0 0.1409 0.0929
-4 0.1507 0.M31 -0.2 02119 0.1083 0 0.1521 012
-04 0.1527 0.0260 -02 0.2236 0.1142 0 0.1542 0.1089
-0.4 0.1561 0.0386 .2 (.2358 0.1189 0 01771 0.1142
-0.4 0.1608 00508 .2 0.2484 01223 0 0.1905 01189
-0.4 0.1667 0.0625 -0.2 0.2614 0.1243 0 0.1976 0.1208
-0.4 0.1738 0.0735 0.2 0.2744 0.1250 0 0.2045 0.1223
-0.4 0.1821 (0836 -2 0.2937 0.1235 0 0.2186 (01243
-04 10.1914 (0929 -2 0.3125 01190 0 0.2329 0.1250
-04 0.2015 1012 -0.2 0.3305 0.1117 0] 0.2485 (11250
-04 02125 .1083 0.2 0.3472 0.1018 0 0.2640 0.1248
04 0.2242 0.1142 -0.2 0.3621 0.0895 0 0.2794 (11244
0.4 0.2364 0.1189 -0.2 0.3750 0.0748 0 0.2947 0.1236
04 0.2490 0.1223 -0.2 0.3854 $.0581 Q0 0.3099 11224
-04 0.2619 0,1243 -0.2 0.3830 0.0360 0 Q.3315 0.1156
0.4 0.2750 0.1250 -0.2 0.3976 G.0207 { 0.3378 0.1117
-0.4 (.2821 0.1229 -0.2 0.3993 0.0010 0 0.3461 0.1037
-0.4 (.2983 0.1195 0.2 0.3994 (.0004 Q (.3550 0.0876
-0.4 0.3198 01133 -0.2 0.3994 Q.00 0 0.3597 0.0677
-0.4 (13428 0.1034 0 03613 0.0444
0.4 0.3633 0.0883 Section 4 0 0.3619 0.0355
04 0.3784 0.0678 X{m} [ Ym) Z (m) 0 (L3625 0.0266
-0.4 (13883 0.0448 -0.1 0.1351 L0000 0 0.3632 0.0177
0.4 0.3945 0.0233 -01 0.1358 0.0131 0 0.3638 0.0088
0.4 .3979 0.0071 -0l 0.1380 0.0260 0 0.3644 0.0000
-4 0.4000 0.0000 -0.1 0.1414 0.0386

-1 0. 1462 0.0508 Section 6
Section 2 -0.1 0.1523 0.0625 Xim) | Y | Z (m)

X (m) { Y {m) Z (m) -0.1 0.1597 0.0735 0.1 0.0486 (0.0000
-0.3 0.1500 0.000{) -0.1 0.1681 0.0836 0.1 0.0494 0.3
13 0.1507 00131 -0.1 1776 0.0929 0.1 0.0516 1.0260
-03 0.1527 0.0260 -1 (.1881 0.1012 01 0.0553 00386
0.3 0.1561 1.0386 .1 (L1886 0.1015 .1 0.0563 0.0411
-0.3 0.1608 0.0508 -0.1 1993 0.1083 1 0.0605 0.0508
-03 0.1667 0.0625 01 0.2113 0.1142 0.1 0.0670 0.0625
-0.3 0.1738 0.0735 -0.1 (12237 0.118% 1 0.0687 00651
-0.3 0.1821 10.0836 A1 0.2366 0.1223 0.1 0.0749 0.0735
-0.3 0.1914 (.0929 -0.1 0.249% 0.1243 0.1 0.0840 0.0R36
-03 0.2015 0.1012 .1 1.2631 0.1250 0.1 0.0852 00848
-0.3 0.2125 01083 -1 0.2798 0.1242 0.1 00042 0.0929
-03 0.2242 0.1142 -0l (1.2965 0.1219 1 0.1055 0.1012
-0.3 0.2364 0.1189 11 03128 0.117¢ 01 0.1078 0.1027
-03 0.2490 0.1223 -0.1 0.3285 0.1124 0.1 01176 0.1083
-0.3 0.2619 0.1243 -0.1 0.3434 0.1052 .1 0.1304 0.1142
-03 0.2750 0.1250 -0.1 0.3602 0.0928 .1 0.1370 01167
-0.3 0.2908 0.1233 -0.1 0.3723 0.0773 0.1 0.1439 0.1189
-03 0.3089 0.1190 -0.1 (13805 0.0591 01 0.1579 0.1223
-0.3 0.3281 0.1180 0.1 0.3852 0.0358 0.1 0.1721 0.1243
-03 0.3467 01017 -0.1 (13869 0.0167 0.1 0.1743 {.1245
-0.3 0.3633 0.0883 -0 0.3874 0.0134 0.1 0.1865 .1250
-0.3 03767 0.0717 -0.1 0.3878 0.0100 0.1 0.2076 0.1250
-03 0.3868 0,0531 -0.1 0.3883 0.0067 0.1 0.2152 0.1250
-3 0.3940 0.0339 -0.1 0.3887 0.0033 0.} 0.2267 0.1250
-03 01.3983 0.0158 -0.1 0.3892 (L0000 0.1 (.24486 0.1250
-03 01.4000 0.0000 1 0.2616 0.1250

Section 5 1 0.2747 0.1250
Section 3 X(m) | Yim) Z (m) 0.1 0.2779 0.1250

Xm [ Y Z (@) ] 0.0952 0.0000 ®1 0.2976 0.1242
0.2 0.1493 0.0000 [} 0.0960 0.0131 0.1 0.3114 0.1183
-0.2 01500 0.0131 0 0.0982 0.0260 0.1 0.3198 01076
0.2 01521 0.0260 0 0.1020 0.0386 01 0.3240 0.0027
02 0.1535 0.0386 0 0.1038 0.0434 0.1 0.3251 0.0738
0.2 0.1601 (L0508 0 0.1071 0.0508 0.1 03251 .0591
0.2 0.1661 0.0625 0 0.1137 0.0625 01 0.3251 0.0444
-0.2 0.1732 0.0735 0 0.1215 0.0735 0.1 0.3251 0.0296
0.2 0.1814 0.0836 0 0.1306 0.0836 0.1 0.3251 0.0148
-0.2 0.1907 0.0929 0 0.1394 0.0917 0.1 0.3251 0.0000
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Points Defining Water-jet Duct Sections.

Section 7 Section § {continued) Section 11
Alm) | ¥Yim) £(m) Am) T Yumy | Z(m) Am) 1 ¥Y{m) | Lm)
0.2 0.0000 0.0000 03 02022 01250 0.6 0.0000 0.1250
0.2 0.0027 0.0131 0.3 0.2029 0.1250 0.6 0.0085 0.1250
0.2 0.0050 0.0260 0.3 0.2240 01250 0.6 0.0213 0.1250
0.2 0,0083 0.0375 0.3 0.2259 0.1242 0.6 0.0360 0.1250
0.2 0.0087 0.0386 03 0.2276 0.1231 0.6 0.0473 0.1250
02 0.0139 0.0508 0.3 0.2291 0.1218 0.6 0.0635 0,1250
0.2 0.0178 0.0582 0.3 0.2305 0.1203 0.6 0.0798 0.1250
0.2 0.0204 0.0625 03 0.2318 0.1186 0.6 0.0909 0.1250
0.2 0.0283 0.0735 0.3 0.2318 0.0549 0.6 01,0909 0.1000
0.2 0.0285 0.0737 03 0.2318 0.0712 0.6 0.0909 0.0750
0.2 0.0374 0.0836 0.3 0.2318 10.0475 0.6 0.0909 0.0500
0.3 0.0404 0.0866 0.3 0.2318 00237 0.6 0.0900 0.0250
0.2 0.0476 0.0929 0.3 0.2318 0.0000 06 0.0900 0.0000
0.2 0.0538 0.0977
0.2 0.0588 0.1012 Section ¢ Section 12
0.2 0.0691 0.1073 Xim} | Yim) | Zim) X(m) | Ym | Zim)
0.2 0.0709 0.1083 0.4 0.0000 0.1176 0.7 0.0000 0.1250
0.2 0.0838 0.1142 0.4 0.0040 0.1189 07 @070 0.1250
0.2 0.0870 0.1155 0.4 00136 0.1214 0.7 0.0259 0.1250
0.2 00973 0.1189 0.4 0180 0.1223 07 0.0445 0.1250
0.2 0.1084 0.1217 0.4 0.0286 0.1239 07 0.0445 0.1000
0.2 0.1112 0.1223 0.4 0.0322 0.1243 07 0.0445 0.0750
0.2 0.1255 0.1243 04 6.0452 0.1250 07 0.0445 0.0500
0.2 0.1348 0.1249 0.4 0.0466 0.1250 0.7 0.0445 0.0250
0.2 0.1399 0.1250 04 0.0686 0.1250 0.7 0.0445 0.0000
0.2 0.1630 0.1250 0.4 0.0741 0.1250
0.2 0.1670 0.1250 0.4 0.1001 0.1250 Section 13
0.2 0.1908 0.1250 04 0.1016 0.1250 X(m) | Y(m} |} Zm)
0.2 0.1953 0.1250 0.4 0.1282 0.1250 0,79 0.0000 0.1250
0.2 02123 0.1250 04 0.1290 0.1250 0.796 0.0000 0.1000
0.2 0.2322 0.1250 0.4 0.1564 0.1250 0.796 0.0000 0,0000
0.2 0.2359 0.1250 0.4 0.1839 0.1250
0.2 0.2510 0.1250 04 0.1839 0.1146
0.2 0.2620 0.1244 0.4 0.1839 0.1048
0.2 0.2762 0.1214 0.4 0.1839 0.0946
0.2 0.2759 0.1159 0.4 0.1839 0.0845
0.2 0.2793 0.1081 04 0.1839 0.0744
0.2 0.2810 0.0981 04 0.1839 0.0595
0.2 0.2810 0.0783 04 0,1839 0.0446
0.2 0.2810 0.0590 0.4 0,1839 0.0293
0.2 0.2810 0.0304 04 0.1839 0.0149
0.2 0.2810 0.0197 04 0.1839 0,0000
02 0.2810 0.0000

Section 10
Section § Xm [ Ym | Zim
X{m}y |  Yim) Z (m} 0.5 0.0000 0.1250
03 0.0000 0.0921 0.5 0.0166 0,1250
0.3 0.0010 0.0929 0.5 0.0276 0.1250
0.3 0.0112 0.1003 0.5 0.0369 0.1250
0.3 0.0122 0.1012 05 0.0550 0.1250
0.3 0.0237 0.1080 0.5 0.0624 0.1250
0.3 0.0243 0.1083 0.5 0.0825 0.1250
0.3 0.0372 0.1142 05 0.0951 0.1250
03 0.0375 0.1144 05 0.1099 0.1250
0.3 0.0507 0.1189 03 0.1373 0,1250
0.3 0.0529 0.1195 0.5 0.1373 0,10
0.3 0.0646 0.1223 0.5 0.1373 0.0750
0.3 04,0703 .1232 0.5 0.1373 0.0560
03 0.0789 0.1243 0.5 01373 0.0250
0.3 0.0904 0.1250 0.5 0.1373 0.0000
03 0.0933 0.1250
03 0.1177 0.1250
0.3 0.1207 0.1250
03 0.1458 0.1250
03 0.1482 0.1250
03 0.1740 0.1250
03 01756 0.1250
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