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ABSTRACT 1 INTRODUCTION

Waterjets are common place in vessels needing toThe continuous development of new propulsion system
achieve speeds of 30+ kts where conventional pipel has resulted in both new challenges and new catieil
solutions are unable to overcome the associatedsssf ~ for navies and defence analysts. Use of high speed
cavitation, which in turn can lead to thrust bremkd vessels for hostile activities necessitates theldgment
and material failure. Any vessel designed for ligeed ~ Of new types of vessels to counter the offensive.
requires a low resistance and corresponding slemaer ~ Consequently, the need for fast response craft plaly

Of course this is not enough, the propulsor needsso an important role in future navy and coastguareétfie

be capable of accepting a high level of power aench 1€y must be capable of quick deployment, rapid
for a given diameter a high power density. acceleration and above all capable of achieving top

speeds of 40+ kts.

Wartsila identified the need for a more compact,

performant waterjet installation simply because the until recently the conventional means of achieviugh
design of the vessel dictates the maximum sizehef t 3 vessel speed is to use fixed pitch propellensedrby
waterjet transom flange diameter. Due to this cairst high speed engines but the suitability of suchnstéd
the operational envelope of a waterjet can be dichiat by the propeller efficiency at speeds above 30 kts
speeds well below the designed top speed. Fopé&isil coupled with inflexibility for manoeuvring at loiteg
boats and fast attack craft flexibility and good and patrolling speeds. Increasingly, the deploynant
acceleration at patrolling speeds is one of the keywaterjets in substitution of fixed pitch propelleis
performance indicators, however. happening more and more, because they offer higiper
efficiencies, improved control at manoeuvring spead
well as improved loading on the engine throughasit i
torque map.

The task for Wartsila was clear but by no meany aas
the mechanism by which the jet delivers enoughsthati
top speeds (small inlet diameter and high power) is

opposite to that for low patrolling speeds (langetand g typical operational zones of a waterjet inatih
low power). By changing the pump geometry, Wartsila 41 shown in the thrust diagram, as presentedyineil.
discovered a break through. The new pump isThe design speed in this case is 45 kts. The dlaila
characterized by its axial geometry, whilst keepthg  thrust at lower speeds is used to overcome thesttfat
typical top efficiency of the commonly applied mike  the hump-speed, which is common for planning vessel
flow pumps. However, the remainder of the available thrust ban
Thanks to Wartsilas’ long experience in computalon utilised to increase the acceleratiop and manoggvri
fluid dynamics (CFD) in waterjet applications, the Performance of the vessel. For optimum operabiity
performance could be determined through analysis of/©' €xample a patrol vessel, both the top speedydes
both the pump geometry and the inlet duct design. condition as well as the performance at manoeuvring
speed should be addressed.
This paper discusses the merits of the axial-flaunp
geometry over that of mixed-flow and how it enabled The performance breakdown due to cavitation (dehote
Wartsila to deliver outstanding performance both in in figure 1 as cavitation limit) is governed by the
terms of the size of the installation and increased allowable power-density (PAPof a waterjet installation.

cavitation margins at patrolling speeds. As a consequence, the minimum required pump diamete
is settled for given installed power, based on this
criterion.

" Wartsila Propulsion Netherlands is the manufactaféips Waterjets



propulsion applications. Conventional pumps are

200% — designed to produce static head (pressure), whexeas
Cavitation constant . . . .
180% —  limit —roner waterjet installation should produce momentum (high
160% N \ velocity at nozzle exit). This subtle differencetvoeen
140% _ . the two gives some additional design space to desig
& 120% ! pump with axial-flow geometry and mixed-flow
3 100% ZONE T S performance.
£ ACCELERATION & s
80% MANOEUVRING/; TONE 2 7 100% power |
oo ; NORMAL / Figure 2 shows an overview of the geometry of
1 &)PERATIO&/ 1 ZONE 3 . H B
40% 7 SN conventional pumps as function of the specific dpee
20% 2 2 OPERATIO This empirical relation between the geometry of the
o — . " " . pump and the specific speed is based on decagesrgf
Ship speed [knots] design experience (see for example: Stepanoff, ;1957
_ _ _ . Wislicenus, 1965; Gilich, 1999). The specific getryne
Figure 1. Thrust diagram with operational zones of of a pump can be expressed with the specific diemndt
waterjet installation a pump. Specific speed and diameter of a pump are
defined as:

Improvement of the acceleration and manoeuvring

performance of the vessel can thus be achieved with N.=n \/6 (1)
larger waterjet installations. However, the inceshs s~ G(gH)am
weight and required transom area are two significan
drawbacks of larger installations. oH )]/4

. . . 0=D Q(i (2)
Wartsila has found another solution to improve low \/6

speed performance with the development of a new

waterjet pump type with improved cavitation margins where n is the rotational speed, D the diametethef

The pump design has been used for the developnfient oPUMp. Q the flow-rate and H the head.

the waterjet series, denoted as WLD-type. With this
pump, improved acceleration and manoeuvring is
achieved whilst keeping the size and weight of the
waterjet installations comparable to current inatains.

Of course, the performance improvement can also be
utilised to reduce the size and weight of the itetian r&?z 7
significantly, whilst keeping the performance ofeth — )

installation at the same level. L ! ] ] | 1 ]
0.2 0.4 0.6 0.8 1.0 2.0 4.0

To visualise this improvement more clearly, some Specific speed

example cases will be presented in this paperhése

cases the performance of the new pump type will beFigure2: Pump geometry as function of specific speed
compared to the well-known Lips Jets 6-bladed Eetyp
waterjet. This type has been in service on mangeles

over the last 10 years. Figure 3 shows the empirical curve of the specific

diameter, based on figure 2 and some typical wetterj
pump types. It can be seen that the conventiontgrjea
types are in agreement with the empirical pump giresi
rule.

First the theoretical background of the developnmant
the new pump and the performed numerical analydes w
be discussed in more detail.

However, the newly developed axial-flow pump dezgat
significantly from this line. The specific speedtbé new
pump is of the same order as the current 6-bladig&
2 DEVELOPMENT OF NEW AXIAL-FLOW PUMP On the other hand, the specific diameter is closthe
older 3-bladed Lips-Jets D-type pump, which had the
From literature it is known that the highest attdiie characteristic axial outline as well.
pump efficiencies are obtained with mixed-flow pump
in general. Both axial and centrifugal pump typesndt Summarizing: the design criteria: axial flow dimems
reach this high level of more than 90% pump efficie (specific diameter) and mixed-flow performance
However, for the development of a new axial-flowru (specific speed) can be recognized clearly in this
this high efficiency level has been set as a caimdtr  diagram.
Though this seems to be in contradiction with commo
experience, it is shown to be possible for waterjet



consists of about 1.46 M cells. Figure 4 shows avigiv
of the mesh, as used in the numerical simulations.

\C‘l\ Effects of turbulent flow are captured with thenstard
m E-type

k-¢ turbulence model. This model is utilised at the
authors’ company for many years. Implementatiothef

e N\ body forces due to rotation of the impeller is lohse the
WLD guasi-steady Multiple-Frame-of-Reference method. In
a this way the impeller is frozen at a certain fixayular
D-type position. This method has been used before for the
calculation of the performance of the E-type water]
m pump, which is described in detail in the PhD-thesfi
Bulten (2006).

Specific diameter [-]

The commercial CFD code also provides a fully tiemts
moving mesh capability, which moves the impelleisime
|| every time step in accordance with the angular dmde
the pump. This method is required for detailed ysial
of the rotor-stator interaction forces, for examg@nce
this method requires significantly more computadion
effort and is not needed for the purpose of catda
pump performance indicators like head and efficgjenc
< > < > (Bulten & Van Esch, 2007), it is not used for the
numerical analyses described in this paper.

MIXED-FLOW PUMPS AXIAL-FLOW PUMPS

Specific speed [-]

Figure 3: Cordier diagram with conventional and new
waterjet pumps

3 NUMERICAL ANALYSIS OF PUMP PERFORMANCE
WITH RANS-CFD

Performance of the pump has been determined both
experimentally and numerically. Measurements are
carried out at different research institutes oberworld.

The experimental program contained performance
measurements and cavitation tests among others.

IMPELLER

31 Background of numerical method STATOR BOWL
The numerical analysis of the pump performance is
based on Computational Fluid Dynamics (CFD)

simulations. The method is based on the Reynolds-
Averaged Navier-Stokes (RANS) equations, which take Figure 4: 3D view of WLD-pump mesh
viscous flow effects into account.

NOZZLE

3.2Pu erformance
The geometry of the complete waterjet unit (vizmpu P

impeller, stator bowl and nozzle), has been induie
the numerical domain. The clearance between theppum
impeller and the stationary housing has been medels
well.

The performance of the pump is evaluated by meéns o
the pump head H and the pump efficiengywhich is
defined as:

The numerical domain is meshed with hexahedrascell n - AHQ A3)
based on a multi-block approach. This method essure pump TQ
good control over the quality of the cells near wedls,

in which the effects of the boundary layer develeptn  where T is the shaft torque afiithe angular shaft speed.
are modelled. The complete mesh of the pump unit



Figure 5 shows the pump performance curve for the4 COMPARISON OF MIXED-FLOW AND AXIAL-FLOW
axial-flow pump. Both the experimental and the PUMP DESIGNS
numerical data are presented in this graph. Theppum
head and efficiency at the design flow rate areduse  The performance of the new pump type will be coragar
show the values in normalised representationto the existing E-type for three different caseke TJ-
(H/H_design, Eta/Eta_design). 160E with an inlet diameter of 1600 mm is taken as
reference installation in all three cases.
From this diagram it is concluded that the agregmen
between measured and calculated values is godabfar First, the optimisation of minimum transom flange
the head and the pump efficiency. The agreement isdiameter is reviewed. In this case the requiremémts
found not only at the design point but also for the the cavitation margins are kept identical for bptimp
complete range of flow rates in which the pump is types.
operated.
In the second case, the waterjet input parametetisea
This proves that the numerical approach which is design point, viz. power and RPM, are kept constim¢
employed during the development phase givesrequirement of identical RPM for both installations
performance predictions, which are as accuratea®m determines the size of the new pump type. Change in
scale performance tests. This is in agreement withpump type may result in smaller installation or foyed
expectations, since similar levels of accuracy hasen cavitation margins, or both.
found for other waterjet pumps in the past, usihg t
same software and the same numerical approache(Bult The third comparison is based on the maximum
et al, 2006). allowable power, which is based on the mechanical
limits. This selection criterion can play an imgont role
The benefits of the use of the numerical method arefor high powered displacement vessels and otheseles
found in the increased flexibility during the deygnent which do not have the high hump resistance.
phase. Since there is no need to produce scalelsninde
each geometry variation, a significant reductiorbath
time and cost is achieved. 4.1 Comparison of transom flange diameter for identical
cavitation margins

pump - performance The first case, which is analysed, is based ontichin
130% 115% cavitation performance for both pump types. Thi§l wi
result in a smaller installation when the axial putype
is selected. This enables a reduction of hull wams
120% 110% width, which can be beneficial for the overall hull

.
i ‘\ design performance.
point 1 105%

Selection of both waterjet types for identical #ilstd
power and cavitation margins, results in a mixedvfE-
type with an inlet diameter of 1600 mm and an axial
flow WLD-type with an inlet diameter of 1570 mm.
Though the reduction in inlet diameter is rathemitiéd,

;\ the effect of the size reduction is much more pumed
when the transom flange diameters of both instatat
are compared. The outer diameter of the E-typer@d?2
mm, which reduces to 2010 mm for the axial pump, as

80% 90% shown in figure 6. This is a reduction of about 25%
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70% H — H/H_design - CFD 85% 4.2 Evaluation of cavitation margin increase for

¢ H/H_design - EXP identical performance at design condition
— Eta/Eta_design - CFD

¢ Eta/Eta_design - EXP
T T T T

60% ‘ i 80% The second case is based on two installations with
60% 70% 80% 90% 100% 110% 120% identical operational condition of the pumps (powaead
Q/Q_design [-] RPM). This comparison shows the possible improvemen
of cavitation margins for a given engine/gearbox
Figure 5: pump perforrnance diagram for VVLD_pump Configuration. Thrust diagrams for both Watel’jepay
based on model scale measurements and numerical (LJ160E and WLD-1710) are presented in figure 7.
analyses with RANS-CFD
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Figure 6: comparison of transom flange diameter for identical cavitation performance: mixed-flow LJ160E (left) and
axial-flow WLD-1570 (right)

The performance at the design point (ship speetbis
kt, thrust is 100%) is identical for both instaideis,
which proves that both installations operate atstime
efficiency.

It is shown that the cavitation margins improve
significantly when the axial pump is selected. The
improvement can be expressed in an additional margi
against cavitation of about 6 knots. This gain in
cavitation margin can enhance the performance of a
vessel significantly in off-design condition; for
example operation with a reduced number of engines.

The performance at manoeuvring speeds, indicated in
figure 1 as zone 1, increases significantly. Athigp s
speed of about 15 knots, the available thrust asze
with at least 30%, due to the improved cavitation
margins. This gain in available thrust can be s«ili to

enhance the acceleration performance of the vessel
significantly.

In  addition to the improved hydrodynamic
performance, the diameter of the transom flangé wil
reduce by 17%.

4.3 Maximum allowable power based on mechanical
strength criteria

For high speed installations the critical selection
criterion for the waterjet size can change from
cavitation margins to mechanical strength limithieT
maximum allowable power density P/Df a waterjet
installation governs the actual size of the inatah
for given installed power. In the expression fbe t
power density, the diameter is based on the iitet s
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Figure 7: comparison of thrust diagrams for mixed-flow LJ160E and axial-flow WLD-1710 for identical power and
pump RPM at design point of 45 kts



Figure 8 shows the maximum allowable power as
function of the transom flange diameter for bothmpu
types. The maximum allowable power for the LJ160E
has been taken as a reference value.

As shown in figure 6, the ratio between the inlianteter
and the transom flange diameter depends on theajetate
type. Reduction of the diameter ratio is benefiifdathe
allowable power for given transom diameter.

The figure shows that the new pump design can hbsor

about 16% more power for the same transom flange.

diameter. It is also shown that the minimum require
transom diameter reduces from 2.7 to 2.5 m forsdrae
power. This difference can be translated in a redoof
the required transom width of about 8%.
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Figure 8: maximum allowable power as function of the
transom flange diameter based on mechanical strength
criteria

5 CONCLUSIONS

The development of a new axial-flow pump type for
a waterjet propulsion system has resulted in twe ne
pump types, denoted as LIJX and WLD.

The performance of the new pump has been
determined both experimentally and numerically.
The results of both methods agree very well fohbot
pump head and efficiency.

Though the geometry of the pump is similar to an
axial-flow type, the top efficiency of a mixed-flow
pump is still maintained.

For a waterjet selection based on cavitation margin

a transom flange diameter reduction of 25% can be
obtained with the axial pump. If the selection is

based on maximum allowable power, which is

applicable for high speed applications (>60 kts), a
reduction of about 8% can be achieved.

The selection based on identical operating conditio
e.g. power and RPM, results in an installation waith
17% smaller transom flange diameter. Moreover, the
cavitation margins are improved significantly. A
typical increase of about 6 knots at full power ban
obtained. At lower speed, for example around the
hump speed, an increase of thrust of more than 30%
is found.

Evaluation of the maximum allowable power based
on mechanical strength criteria learns that the new
axial pump can absorb about 16% more power for
identical transom flange diameter.
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