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LIST OF ABBREVIATIONS

DWDI -~ double width, double inlet
fps - feet per second
gpm - gallons per minute

1b/hp - pounds per horsepower
psf - pounds per square foot

rpm - revolutions per minute
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NOMENCLATURE

A; - Inlet area ft2
Ap - Projected hull area ft2
Cc - Cavitation coefficient

Cp; - Inlet drag coefficient

Cy - Weight coefficient

D; - Inlet drag 1b

Dg - Shaft diameter ft
Dpy, -~ Pump inlet diameter ft
Dp, - Pump exit diameter ft

Fy - Froude number

g -~ Acceleration of gravity ft/sec?
hez - Inlet submergence head ft
h, - Vapor pressure ft

Hy - Inlet height ft
Hod - Off design pump head ft
Hyp - pump head ft
de ~ design pump head ft

Ke - Energy velocity ratio (Ug/V)

Ky - Inlet loss coefficient

Ky - Momentum velocity ratio (Ug/V)

Ky - Pump efficiency parameter sec?/ft>
K, - Pump efficiency parameter sec3/£t15/2
Ly - Inlet width ft

Ly - Wetted hull length upstream of inlet ft

n - Exponent

‘N ~ Puimnp speed rpm

PAS-75-45 iv
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Np - Number of pumps

Npi ~ Number of pump inlets

Ng - Specific speed

NPSH - Net positive suction head

Patm — Atmospheric pressure head

Py - Boundary layer net thrust pressure

P - Input pcwer

Q - Flow rate

Qg - Design flow rate

Qod - Off design pump flow rate

Qimp - Flow per impeller inlet

R - Jet velocity ratio (Vj/Vm)

R, - Craft resistance at design displacement
Rco - Craft resistance at reduced displacement
Re - Reynolds number

] - Integral number of pump stages

sfc - Specific fuel consumption

Te - Craft or gross thrust

Thet — Net thrust

8] - Local velocity at distance y from hull
Uy - Average velocity of ingested flow

Ug - Energy velocity of ingested flow

Un - Momentum velocity of ingested flow

Utl - Pump inlet tip speed

Ug, = Pump exit tip speed

Vax = Pump axial inlet velocity

Vi - Average inlet velocity

PAS~-75-45 v

rpm-gpml/z/ft3/4

ft

ft

pst
ft-1b/sec

cfs

cfs

cfs

gpm

1b

1b

1b/hp-hr

1b

1b

fps
fps
fps
fps
fps
fps
fps

fps



Jet velocity

Free stream or craft velocity

Axial pump weight

Craft design weight

Craft weight at reduced displacement
Centrifugal pump weight

Distance from hull

Craft length to beam ratio

Local velocity ratio

Height ratio

Inlet velocity ratio (Vi/Vg)
Boundary layer thickness

Craft displacement at rest

Overall efficiency or propulsive coefficient

Pump efficiency

- Off design pump efficiency

Transmission efficiency

Shaft blockage coefficient (Ds/Dtl)
Viscosity of seawater

Density of seawater

Thoma cavitation number

Energy ratio based on Vg,

Energy ratio based on Uty

Flow coefficient
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fps
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1b

ft
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ft2/sec

slugs/ft3



N o

frmd B D ]

8
5

-~

o W

-

INTRODUCTION

Water-jet propulsion systems have found increased application
on many types of naval ships, such as surface effect ships, hydro-
foils, and planing craft. The attractiveness of the water-jet
system lies mostly in its high reliability and basic simplicity
compared to alternative systems. The main disadvantage has been
that the performance coefficient or overall efficiency of water-
jet systems may be on the order of 10% lower than that of propeller-
type systems.

Improvements are desired which will permit the overall effi-
ciency of typical water-jet systems to approach more closely
those of propeller systems. In the area of planing hull craft it
appears possible to approach propeller system efficiencies by making
use of the low momentum fluid in the craft boundary layer near the
stern to reduce the inflow momentum drag of the water-jet system.
This requires that a wide or large width/height ratio inlet be
used, spanning as much of the beam as possible in order to minimize
the inlet height such that flow would be drawn primarily or
entirely from the boundary layer. Planing-type craft have suffi-
cient beam for the flow rates required to make wide boundary layer
inlets feasible.

This report considers the application of wide boundary layer
inlets to water-~jet-propelled craft where maximum craft velocities
are on the order of 5C knots. Special attention is given to
planing craft since they have sufficient beam and high speed;
however, results are applicable to displacement vessels.

WIDE BOUNDARY LAYER INLETS
The application of water-jet propulsion to displacement craft
offers important advantages in addition to reliability and simplic-
ity when compared to a propeller system:

e Shallow draft capability.

e Elimination of propulsion system damage from striking
underwater objects.

e Reduction of appendage drag.
With the use of a wide boundary layer inlet, where water-jet
flow is drawn primarily or entirely from the boundary layer,

several other advantages are possible:

e System efficiency can, in some cases, approach or
exceed that of a propeller system.

e Amount of inflow diffusion required for the flow (as
well as diffuser size) is reduced.

e Inlet drag can be reduced.

PAS-75-45 1
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Some potlential problem areas do exist with wide boundary
layer inlets. The distorted boundary layer flow profile coming
into the inlet makes efficient diffusion without separation
difficult. Because the inlet is very wide and the inlet height
is thus very small, the length of diffuser required for a given
diffusion ratio will be very short, thus minimizing additional
losses, since the pump may be placed physically very close to
the inlet. Machinery arrangement can be a problem. If the
wide inlet flow is diffused to one (or two) pumps, the diffusion
would be three-dimensional, and the transition of diffuser and
duct shape between inlet and pump would cause high internal
losses. However, it appears that a satisfactory pumping arrange—
ment is obtained with multlple small diameter impellers (i.e.
DWDI* centrifugal) mounted in parallel across the beam of the
craft on a common shaft as shown in figure 1. With this arrange-
ment the diffusion remains essentially two-dimensional.

e e .
Figure 1
Wide Boundary Layer
FORWARD Inlet Using Multiple,
Y Parallel, Double
| B Width, Double Inlet

Centrifugal Pumps

FORWARD

* s tg s . . .
Definitions of abbreviations are on pagde i.

PAS-75-45 2
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A major problem with this arrangement is the power transmission
to the athwartship mounted pump shaft. Another problem area of
the wide inlet appears to be the ingestion of debris into the
system. Many present inlet systems use inlet grates to block
objects from entering the system. How some arrangement such as
this would affect a wide boundary layer inlet is presently
unknown. Air ingestion, especially in turning maneuvers, is
also a potential problem that could significantly limit inlet
width. Model tests to determine the magnitude of these problem
areas and practical solutions will be needed to fully pursue

the application of this concept to high performance planing
craft.

The analysis approach used in this report was first to
determine empirical methods for calculating boundary layer
thickness and profile at the inlet. With this information the
velocities at the inlet can then be determined for any given set
of conditions and performance predicted.

BOUNDARY LAYER CHARACTERISTICS

BOUNDARY LAYER THICKNESS

The successful design of a wide boundary layer inlet depends
on having some knowledge of the boundar¥ layer on the craft prior
to the inlet. Based on test craft data'~>s it is evident that
the boundary layer thickness at any point along the craft base

can be approximated by Prandtl's equation for boundary layer
thickness:

vV L,\-1/5 -1/5
S = o0.376 * [=X = 0.376 Re (1)
Ly v !
where Re = Reynolds number = VwLX/v. {la)

The boundary layer thickness, §, varies inversely as the 1/5-power
of the free stream velocity. Thus, boundary layer thickness
decreases with increasing craft speed.

The above equation for boundary layer thickness is applicable
basically only to the zero pitch case. It has been shown that
craft pitch has considerable effect on the boundary layer.?3:?

!Superscripts refer to similarly numbered entries in the Technical
References at the end of the text.

PAS-75-45 3



*
o e e e e

a 3-degree bow-up pitch resulted in a 40% reduction in boundary .
layes thickness during model tests.?® 1In the zero pitch case,

drag is primmrily frictional, while in the bow-up pitch, drag i
has both frictional and pressure components. However, with
increasing trim or pitch angle, the bottom pressure is greater
than the free stream pressure because the average bottom -
velocity is less than the forward speed by Bernoulli's equation. :
Additional study or experimentation will be necessary to deter- -
mine the boundary layer characteristics of different types of
craft, especially planing craft, which are designed with some
amonnt of bow-up pitch. However, equation (1) will be assumed
to be applicable, except in extreme cases, since it has shown
agreement with experimental craft data.!”?

BOUNDARY LAYER PROFILES

Details of the boundary layer profile are required for
determining the average, momentum, and energy velocities of .
the flow into the inlet. The characteristic boundary layer
shapes are assumed to have an exponential boundary layer pro-
file described by:

U _ (yp/e Y <
v~ (8‘) For & = 1, ()
where
n = log;, Re (3)

Figure 2 shows the effect of the value of the exponent n on -
the shape of the boundary layer profile. Increasing n increases
the local velocity ratio, U/V_, for any given height ratio, y/§.

The distance, y, is the depth below the hull from which
flow is ingested, as shown in figure 3, and defines the dividing
streamline between flow into the inlet and around it. The
average velocity in the ingested flow is calculated from:

<|C:
o

(y/6)
foy 7= a(§)- (4)

8
o

PAS-75-45 4
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AROUND 1T

WHERE:
U, =AVERAGE VELOCITY OF INGESTED FLOW
Uy =MOMENTUM VELOCITY OF INGESTED FLOW
Ug =ENERGY VELOCITY OF INGESTED FLOW
U =LOCAL VELOCITY AT DIVIDING STREAMLINE
V,,=FREE STREAM VELOCITY

Figure 3 - Wide Inlet and Boundary Layer
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The momentum velocity of the ingested flow is obtained from:

U v (y/8) 2
m_ ‘56 U Y

© a

The energy, velocity of the ingested flow is calculated from:

U v (y/8) \3

e o (Ve éf <_U_ alf) - (6)
0

The local velocity ratio, U/Ve, at the dividing streamline is
obtained from equation (2) for y/§ = 1; however, for y/§ > 1,
equations {(4), (5), and (6) must be integrated over the additional

interval of 1 to y/§, where the local velocity ratio is equal to

one at all points.

The «rponentiul boundury layer profile of equation (2) an't
the besic definition of equations (4), (3), aad (6) way bc nsed

to derive the following equations;:

For y/8 * 1,

U

N

U n+ 1
Eg _n + 1
U n+ 2

For y/8 » 1,

PAS-75-45 6
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U L _—
m_ 6 (n + 2)
V; = T (8b)

" n ¥ 1)

. N V2
Y% & Yt mFar) . (8c)
Vw

(g) " (n + 1)

The value y/§ > 1 indicates that flow is also taken from beyond
the boundary layer. The exponential boundary layer of equation
(2) and the basic definitions of the velocities shown in figure
3 may be used to relate the local height ratio at the dividing
streamline to the inlet conditions by:

n/{a + 1)
y _ (U \*_ Y_:L_ H_l) (n + 1 For %S 1 (9a)
s V_) v ) n

and

1 Vi) (B
(xSY—= _(_n—T_l_)_ + (v—- (_6_- For Sz > 1. (9b)

.PERFORMANCE OF BOUNDARY LAYER INLETS

In calculating the performance of a water-jet system, it is
a normal first assumption to neglect the effects of the boundary
layer. However, the boundary layer reduces the momentum and
energy velocities at the inlet and is a most important factor
to consider for this concept. Burke, et al,! showed the momentum

velocity for the XR~1B inlet was about 0.935 times the free stream
velocity.

PAS-75-45 7



The craft or gross thrust, Ts, is calculated from:

Tc = p Q (V4 - Up)

0 Q V_(R - Kp). (10)

The drag of the inlet, D;, is obtained from:
D: =2 ¢y A; VZ=pvV Q2. (11)
1 2Dlloo Y

The net thrust Tpet required by the craft is obtained by sub-
tracting the inlet drag from the craft thrust requirement;
thus:

Thet = Tc ~ Pi
=meQ(R—Km—-C§ll—i)- (12)
The required input power Pi’ is given by:
Pi:pQ(z%z—_%j+K“ ng} nplnt
_ Vooz 2 2 1
=p Q5 (R + Ko (Kg - l)) o T (13)

The overall efficiency or propulsive coefficient, ng, of the
water-jet system is obtained by use of equations (12) and (13),
giving:

Ne = Thet Voo
-
Pj
Cp.
1
I ”
== 3 Np Mg- (

PAS-75-45 8
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The effects of boundary layer flow ingestion on the overall
efficiency are shown in figures 4 through 6. Reducing the momen-
tum velocity ratio for any jet velocity ratio increases the over-
all efficiency of the water-jet system. Increasing the drag
coefficient and/or system loss coeffic.ent reduces the overall
efficiency as would be expected. The effects of the value of
n from equation (3) on the overall efficiency were negligible
since the energy velocity ratios calculated for the different
2's were very close for a constant momentum velocity ratio.

With reducing momentum velocity ratio, the point of peak overall
efficiency is shifted to lower jet velocity ratios. Increasing
jet velocity ratio minimizes the gains due to boundary layer
ingestion since jet velocity now becomes the dominant term in
the performance prediction equation (i.e., equations (10), (12),
(13), and (14). Thus, a wide inlet system should have a low
design jet velocity ratio, approximately 1.6 to 2.0, and is most
applicable to a craft that spends a large percentage of its time
at or near its design jet velocity ratio, which implies high
craft speed. At low speed where the jet velocity ratio is high,
the wide inlet system has performance that is comparable to that
of the conventional flush inlet.

08 |-
07

06~

Mo
T

04 =

03 - ——=K{ 2030 _

01 -

0 __Ay | | [ | L
0 14 1.8 2.2 26 30
DESIGN JET VELOCITY RATIO

Figure 4 - Effects of Boundary Layer Flow
Ingestion on the Overall Efficiency
for CDi/Za = 0.05
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Figure 5 - Effects of Boundary Layer Flow
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o L | | 1,

14 18 2.2 2.6 30
DESIGN JET VELOCITY RATIO

Figure 6 - Effects of Boundary Layer Flow
Ingestion on the Overall Efficiency
for CDi/2 = 0.15
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By equating the net thrust equation at constant flow and
velocity for two different Kp values, the following is obtained:

Cp: - CD.'
R'=R-—(Km-Km‘)—( 5 ) ' (15)

with the primed quaniities denoting conditions at the second Ky
value. Thus, if the system is designed for a lower Ky value
(i.e., wider inlet), it is possible to reduce the jet velocity
ratio for the same flow rate and thus have approximately the same
size system. The inlet drag coefficient will decrease slightly
with decreasing Ky, but its effect in equation (15) will be at
least an order of magnitude less than the effects of the K, term
and may be ignored. Thus, the reduction in jet velocity ratio
with decreasing Ky can improve efficiency both by minimizing
energy lost in the jet and by reduced inlet momentum losses.

WIDE BOUNDARY LAYER INLET DESIGN

The size of the wide boundary layer inlet will depend on
several factors, the most important being the available hull
width near +*ne transom of the craft that is suitable for inl.:
use. Not all of this width can be used since such problems as
avoiding broaching in turns can reduce available width. The
flow into the inlet can be determined from the net thrust equa-
tion (12) by:

T
0 = net e . (16)
, 1
me (R"I\m-—z-a—)

The flow rate into the inlet can also be determined from any of
the following:

Q=1U, vy Ly (17a)
Q = Hy Vi Ly, (17b)
Q=Hy o V_ Ly . (17¢)

If flow is assumed to be taken from the boundary layer region or
from the boundary layer region and beyond, then by substitution
from equations (2), (4), (7a), (7b), and (8a) in (l7a) the
following expressions for flow are obtained, respectively:

PAS-75-45 11
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n o+ 2 n + 1
Q=571 % § Ly n + 1 Km (For g-s 1) (18a)

and

Q=V°°6Lw[§-—nil] (For £ > 1).  (18b)

y/§ in equation (18b) may be expressed in terms of K, and n using
equation (8b). Equating (16) with (18a) and (18b), the inlet
width can be calculated from:

T
L. = net (For Y < 1). (19a)

W n+ 1 C
o) sz § n n+ 2 Di]
n+1 Km R = Kp - 55~

and

L5 1). (19b)

Thus, for a given available inlet width, a range of jet velocity
and inlet momentum velocity ratios exist that will satisfy the
equations. If the jet velocity ratio is fixed, there will be a
minimum irlet momentum velocity ratio below which there is not
sufficient inlet width available. Equations (19a) and (19b) may
be rewritten to express what will be called a boundary layer net
thrust pressure, Ppg, where:

2 + 1
T pV  n n CD.]
_ “net _ ® n + 2 1l ¢ <
Phe = 5% = 5 ¥ 1 [ ) K%] I% - Kp - 20LJ(]?‘or %—l)(ZOa)

T C
_ _net _ 2 1 Dy
Ppe™ T, 08 ° Ve [%— +1] [R'Km""z_a'] (Por %> 1). (20b)

PAS~75-45 12



- 8 Ay

£ Ed

i

"u

“

The net boundary layer thrust pressure is plotted in figures 7

and 8 as a function of jet velocity ratio for different inlet
momentum velocity ratios at 50 and 25 knots, respectively. The

n value is representative of the range of Reynolds numbers to be
expected. With the basic craft design information, the Ppg value
can be calculated and will be constant for a given craft velocity.
If the value of Ppy at 50 knots (which is about the maximum
velocity for a naval planing hull craft) is checked in figure 7,
the range of Ky values possible is shown. Decreasing jet velocity
ratio increases the minimum attainable K value and the size

and weight of the system since flow rates increase significantly.
The overall system efficiency will vary over the allowable Ky
range for a given Ppy, and the point of optimum efficiency may be
determined from equation (14) or thru figures 4, 5, and 6.
Increases in the value of Cpj/2a in equations (20a) and (20b)

have only a slight effect in reducing Ppgy since its value is

small in comparison to the other terms.

s
10 | | 1 l
Cp,/2cc=0.05
Ve 50 KNOTS
~——nz8
——nz9
104
&
w
_13
Figure 7 - Boundary Layer S
Net Thrust Pressure s
as a Function of R and Km 2
103
102 | | | il

14 18 2.2 26 3.0 34
JET VELOCITY RATIO
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CRAFT DRAG AND PART POWER OPERATION

As speed increases on a planing hull craft, a point will be
reached where enough lifting force is generated by the hull form to
start lifting some of the hull clear of the water, thus reducing
wetted surface area and slowing the rate of drag increase. This
effect causes a hump in the drag curve at the intermediate speeds.
Figure 9 shows a plot of craft resistance or drag as a function of
Froude number based on the following equation:®

R T F
WE = 0.032 Fy + 0.028 sin2< V) . (21)
C

PAS-75-45 14
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where

Vo
FV = Froude number =(———————) (22)

This equation is representative of planing craft in the 20- to
100-ton displacement range with 50-~knot speed capability. For
these conditions a length/beam ratio of 5.5 appears optimum and
was assumed in estimating resistance above.® A load coefficient
(Ap/V2/3) of 7.0 was chosen as representative of 20- to 100-ton
craft in the development of equation (21).° The resistance
values calculated by equation (21) are for a bare hull and bave
been increased by 25% to account for increased resistance due to
such factors as appendages, roughness, and sea state.

! I | I [
0.20 | _
L/B=5.5
TS I WALLS _
-
I
©0.16 |- -
uJ
014 e
< SEA STATE
O
<0.12 -
z
BARE HULL
0.10 - RESISTANCE -
3
& 0.08 |- -
&
=
0.04 |- -
0.02 [~ -
0 ! | | | L
0 1 2 3 4 5

FROUDE NUMBER, V,, /Vgv1/3

Figure 9
Craft Resistance versus Froude Number
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Craft resistance at reduced displacement has been estimated

R R W
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PUMP DESIGN

Axial and double inlet centrifugal pumps are both candidate
systems for use with a wide boundary layer inlet. The double
width, double inlet centrifugal pumps offer a good combination
with the wide inlet since the pumps can be strung in parallel
across the transom and mounted on a common chaft as in figure 1.
Axial pumps with their high efficiency and light weight could
provide an optimum system, and weight tradeoffs between different
axial and centrifugal arrangements will be investigated later.

In the pump design, care must be taken to avoid cavitation
at cruise conditions or pump life will be severely shortened.
During periods of craft acceleration, some cavitation can be
tolerated as long as it does not degrade pump performance, since
the acceleration times are relatively short and no significant
damage should result. The cavitation performance of a pump can
be characterized by its flow coefficient, @, and the non-dimen-
sionalized energy ratio, T, where:

g Vax
= 2% (25
and
_ N12>SH (26)
Vax /29
or
Ty = —2R (26a)
Utl /29
where
2
Ue
NPSH = —— (L = Ko + Poyy + hgg = hv (27)

PAS-75-45 16
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and
T =8 1. (28)

There exist relationships between energy ratio and flow coefficient
that can be used for determining cavitation performance. For cavi-
tation free pump performance:

1+ C. (1+ 1/8%) (29)

~
[\

1.z 82+ c. (1 + 92), (30)

where

0.3 for noncavitating flow in general

@]
Q
I

0.25 for noncavitating flow with well-
designed pumps.

Since some cavitation can be tolerated under transient conditions,
such as during acceleration and hump conditions, a smaller and
lighter pump design is possible with limited cavitation. Based
on data for axial’ and centrifugal® pumps, expressions for energy
ratio as a function of flow coefficient at 115% of breakdown NPSH
yield over the given ranges of flow coefficient data:

For axkial pumps,
T, z1.41 $2 + 0.1129 # + 0.0130 [0.07 =@ = 0.23]. (31)
For centrifugal pumps,
T, = 0.0195 + 0.86 g - 0.083¢% [0.08 <@ < 0.40]. (32)

For cruise conditions the pump must be cavitation free as defined
by equations (29) and (30). However, for transient conditions,
the pump can be allowed to operate down to the limits of equation
(31) or (32).

Pump inlet tip speed, inlet diameters, and rpm are determined

by:

1/2
O, = 2g'FPSH (33)

u
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(34)

N=——E£_-. (35)

For axial pumps, an inducer stage plus additional stages
can be used. The number of pump stages reqaired is determined
by:

4g H
2 - 0.6 r (36)

where S = least integral number of stages satisfying equation
(36).

Axial pump weight, including water weight can be determined
from the empirical relation:®

Wap = 1880 + 100 (s - 5)] by */2. (37)
For centrifugal pumps the outlet diameter is determined
from:!?
g H 1/2

D¢, = 0.35 + {0.1225 + ——B Dty (38)

and DWDI centrifugal wet pump weight is determined from:®
2

ch = C,, Ng th [0.725 Np + 0.275]1 (1.55), (39)

where C , = 4.66.

w
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By combining equations (33), (34), and (35) and dividing
by pump head, the following expression for specific speed is
obtained:

Rt 29 o\t (0 2y NP
Ng = 374 = 635.6 (—T __ﬂ_____g (40)
H u
P
where O, = Thoma cavitation number = §§§§,
P
Assuming A = 0.3:
172 3/4
_ g /
NS = 7772 —'—:—37-4- Ot . (41)

Tu

Equation (41) is plotted in figures 10 through 12 for the non-
cavitating and limited cavitating design cases defined by using
the equalities in equations (30), (31), and (32), respectively.
Thus, these figures represent upper limits on specific speed for
a given Thoma number.

Pump designs are usually characterized by their specific
speed, where:?®

° 500 = Ng = 4,000 for centrifugal pumps.

e 4,000 =Ng 10,000 for mixed flow pumps.

IA

e 10,000 = Ny =15,000 for axial pumps.

Thus, for higher specific speed designs, figures 10 through 12
show that high Thoma cavitation numbers are required, meaning
large NPSH and/or low pump head rise. However, with the
increased application of inducers, the characteristic specific
speeds of pumps can be reduced. Axial pump inducer stages can
now be designed for specific speed as low as about 3500.

PAS-75-45 19
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The pump performance at speeds other than
design speed condition can be approximated by:

the maximum ship

2 3
w21 %a %2 %a (42)
Pod H 4 g 3/2
od
where
3n_ B a
K, = —BE-B= (43a)
Q4
and
on. H d3/2
K, = —BF=—, (43b)
Q4
where npgq is the pump efficiency at off design speed conditions.

The maximum pump efficiency, np, for axial and

centrifugal pumps

is in the 85% to 90% range for well-designed pumps.

SENSITIVITY STUDIES

The effects of various parameters on a wide boundary layer
inlet performance were considered for a representative 70-ton,

50-knot planing craft.

The craft net thrust requirements versus

speed were obtained from equation (21) with a 25% margin for
appendages, sea state, and roughness and are plotted in figure

13, where an additional thrust margin equal to
weight is included to allow for acceleration.
craft design conditions at 50 knots were taken

R

1.8

a = 0.7

Ly = 90 feet
Ly = 12 feet
= 85%
Kg = 0.3

Cp, /20 = 0.05

2% of the craft
The base line
as:

jet velocity ratio = Vj/voo

inlet velocity ratio = Vj/V_

At the 50-knot design condition, 8§ = 7 inches and (y/8) = .4 at

the inlet for the above conditions.
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Wide Boundary Layer Inlet Performance

The effects of craft velocity on the various parameters are as
follows:

e Jet velocity ratio - increases with decreasing speed,
thus making kinetic energy losses proportionally higher.

e Inlet velocity ratio - increases with decreasing
speed. The Cpj/2a term was considered to be constant with speed
in the calculations but might actually decrease with decreasing
speed due to the increasing o at lower speed and no great
expected changes in Cp;. This would improve low speed
efficiency slightly above values shown.
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e Momentum velocity ratio - increases slightly with
decreasing speed, thus reducing n, slightly.

e Overall propulsive coefficient - decreases with
decreasing speed due mainly to the increasing jet velocity
ratio.

@ Pump efficiency - is relatively unaffected by craft
speed, showing the pump operates close to its optimum over the
speed range.

e Horsepower requirements - are reduced with decreasing
speed due to the lower thrust requirements. Horsepower require-
ments vary somewhat linearly with speed. At about half speed,
power requirements are thus about half of design speed require-
ments. Thus, on a ship of two or more engines, one or more
could be shut off and the remaining unit or units could be
operated at higher power where sfc is generally improved.

Figure 16 shows the effects of wetted length, inlet width,
inlet loss coefficient, and drag coefficient on the overall pro-
pulsive coefficient. The effects on overall propulsive
coefficient are as follows:

e Wetted length - A reduction in wetted length upstream
of the inlet causes only slight reductions in ng, even for large
decreases in wetted length. This is important since planing
hulls can have reduced wetted surface with increased speed.

e Inlet width - Increasing inlet width will also
increase ng slightly since a smaller percentage of the boundary
layer thickness will be used, an effect that results in a lower
inlet momentum velocity.

e Inlet loss coefficient - Increasing inlet loss
coefficient will cause noticeable decreases in np. Keeping
inlet losses very small will be difficult due to the following:

There are losses on the ramp directly upstream
on the flush inlet which reduce the inlet dynamic head by roughly
10%3’"% compared to what would be predicted for the ingested
portion of the boundary layer.

The skewed inlet profile will cause problems in
avoiding separation in the inlet diffuser." Separation causes
diffuser efficiency to suffer, and undesirable flow patterns are
established.

e Inlet drag coefficient - Increasing drag coefficient
will significantly reduce no, especially since the area of interest
is a low jet velocity ratio region. However, very low inlet drag
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coefficients are possible with flush inlets.®’* The wide
boundary layer inlet will operate in the lower velocity environ-
ment of the boundary layer, resulting in potentially even lower
inlet drag coefficients.
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Figure 16

Effects of Various Parameters on Wide
Boundary Layer Inlet Performance
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Figure 17 shows the effects of jet velocity ratio on a wide
boundary layer inlet system design at the maximum cruise design
speed. The use of low jet velocity ratios (=2) at design speed
will most likely be necessary to ensure an ng high enough to com-
pete with other alternative systems.
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Figure 17 - Effects of Jet Velocity on a
Wide Boundary Layer Inlet Design at
Cruise Conditions
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The effects of jet velocity ratio were:

e Overall propulsive coefficient - increases with
decreasing jet velocity ratio for the variables investigated.
Figure 17 also shows a comparison with what would be expected
for a conventional low aspect ratio inlet where boundary layer
effects are small and Kp is assumed equal to 0.95. The wide
inlet shows a 5- to 6.5-point efficiency advantage over a con-
ventional system. Figures 4 through 6 also show jet velocity
ratio effects on n, for a wider range of variables.

e Diffusion ratios - are low and show a tendency to
decrease slightly with reduced jet velocity ratio. The low
diffusion ratios result from high flow coefficients appearing
desirable. Since diffusion ratios can be low, diffuser size
and losses may potentially be kept low.

e Pump weight - increases rapidly with decreasing jet
velocity ratio due to the increased pump mass flows. The pump
designs are based on noncavitating flow at the craft design
speed. Increasing the number of pumps will reduce pump weight.
Axial pumps tend to show a weight advantage over centrifugal
pumps; but when the complete system is considered, this
advantage may vanish.

e Maximum horsepower - increases with increasing Jjet
velocity ratio due to higher jet kinetic energy losses.

EVALUATION OF POTENTIAL WIDE INLET
PUMP SYSTEM ARRANGEMENTS

Three different pump arrangements were investigated for a
70-ton planing craft:

® Multiple parallel DWDI centrifugal pumps.

e Multiple parallel axial pumps with turning volutes.
e Conventionally mounted axial pumps.

The three arrangements are shown in figures 18 through 20,
respectively. 1In all three cases, the pumps are driven by two
gas turbines. However, the first two arrangements can declutch
a turbine to provide improved fuel consumption at lower speed
and power conditions. The weight of a combining gear on the
conventionally mounted axial pumps was too high in this case

to be considered for use.
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The multiple parallel DWDI centrifugal pump arrangement,
figure 18, is attractive since the pumps can be strung on a
single shaft. The multiple pump inlets are then in a line
which will closely match the inlet width. This will enable
the inlet diffusion to be essentially two-dimensional and
should keep losses to a minimum.
pumps should help keep pump weight and elevation losses to a

minimum.
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Figure 18

* Multiple Parallel Double Width,

Double Inlet Centrifugal
Pump Arrangement
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The multiple parallel axial pumps' arrangement of figure
19 enables all the pumps to be mounted on a common shaft. The
flow must be turned (turning losses were considered) to get
into the pump, and a turning volute is required downstream of
the pump to direct the flow toward the transom with ninimum
losses. This arrangement strings the pumps out to match the
inlet width more effectively. The small pump diameters should
keep pump weight low. Pump weight has been increased by one-
third to account for the turning volute.
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Figure 19
Multiple Parallel Axial Pumps With
a Turning Volute
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The conventionally mounted axial pumps' arrangement of
figure 20 enabled the realization of a simple compact system.
The flow from the wide inlet, however, must be ducted to the
narrower pump inlet which will require three-dimensional
diffusion and/or transition with their associated losses in
a minimum length inlet system to minimize weight.

- ~N 7 ~
//// \v/ \\\
\
[ i
| INLET, DIFFUSER AND TRANSITION!
PLANETARY
REDUCTION
GEARS

GTPF GTPF
990 990

- — ]

Figure 20
Conventionally Mounted Axial Pumps

The craft drag characteristic was assumed to be the same
as shown in figure 13. The basic craft design conditions were
as follows:

We = 70 tons

V_ = 50 knots {(maximnum)
R = 1.8 (at 50-knot cruise)
a = 0.7 (at 50-knot cruise)
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Ly = 90 feet
Ly = 12 feet
Np = 0.85
K-factor = 500
gears

Duct weight 15 psf of surface

On all the designs it was assumed that after the inlet there
would be a length of constant area duct with area equal to the
inlet cross section and running a minimum of five inlet heights.
This would allow the skewed boundary layer inlet profile to
become more uniform before any diffusion took place. Since

the amount of diffusion required in the designs considered
turned out to be small, this duct length did not involve any
weight penalty. Additional duct would have been required to
get to the pump inlet due to the short diffusers.

The two multiple parallel pump arrangements have similar
gear arrangements. Power from the gas turbine is fed to a
1:1 right angle bevel gearbox whose output then drives a
reduction gear train. This arrangement appears very desirable
since it allows flexibility in where to mount the gas turbines.
Also the reduction gear train enables offset so that the input
shaft clears the pump and ducting. Most important, the reduc-
tion gear train is half the width of any other alternative
systems, thus allowing maximum utilization of transom width
for stringing out the multiple pumps to match the inlet
width.

The following tabulation is a comparison of the three
arrangements. The weights of the transmission system,
including shafting, bearings, etc, were based on Muench.}!!
The tabulation shows that the centrifugal and conventionally
mounted axial pumps yield comparable system weights. The
multiple parallel axial arrangement was much heavier due to
the additional weight of the turning volutes and heavier
reduction gears. System losses were assumed to be slightly
higher for the axial pump arrangements so they had increased
horsepower requirements which appears likely due to their
required inlet and/or outlet ducting configurations. The
centrifugal pump arrangement appears to offer the most
advantages since, in addition to having a weight comparable
to the conventional axial arrangement, all the centrifugal
pumps can be run from a single gas turbine to improve low
power sfc. A combining reduction gear was estimated to add
about 3200 more pounds to the conventional axial pump setup.
Further study, particularly in the area of system losses,
would be needed to assure the selection of the appropriate
pump and arrangement.
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COMPARISON OF PUMP ARRANGEMENTS

No. of pumps

Impeller exit tip velocity, fps
Pump flow coefficient

Inlet axial velocity, fps

Inlet loss coefficient

Inlet height, in.

Inlet momentum velocity ratio
n, (cruise)

HPpay

HPcruise

Diffusion ratio

Pump diameter, ft

Shaft blockage coefficient

Pump maximum rpm

Pump unit length, ft

Reduction gear ratio

Wet pump weights

inlet weight, 1b

Diffuser and transition werghts, 1lb
Pump inlet elbow weights, 1lb

Bevel gear weights, 1b

Reduction gear weights, 1b

Weights of shafts, bearings, clutches,
etc,

Weight of gas turbanes, 1b
Propulsion svstem weight, 1lb
Propulsion system weight fraction

Propulsion system specific weight, 1b/hp

Multiple Parallel
DWDI
Centraifugal Pumgs

Multiple Parallel
Axial Pumps With
Turning Volutes

Conventionally
Mounted
Axial Pumps

2.59
0.797
0.581
10,972
9,508
1.41

0.862 o.d. x
0.597 1.4d.

0.43
3,490
12.07

4.87

1,240
1,690
589

6,402
15,363
0.110

1.400

6
112.7
0.35
39.5
0.35

0.797
0.574
11,205
9,731
1.56
0.97

0.31
2,212
13.39

6,402
17,817
0.127

1,590

2
112.7
0.35
39.5
0.35
2.59
0.797
0.574
11,205

9,731

1.64

0.22
1,310
3.28 ea.
12.98
4,704
574

2,636
311

6,402
15,396
0.110

1.374

*Included 1n pump weight.
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CONCLUSIONS

The use of wide boundary layer inlets should enable
realization of improved propulsive coefficients for water-jet
systems. This type of inlet is most applicable to displace-
ment-type craft, which have sufficiently wide beam tc accommo-
date it. Propulsion coefficients approaching 0.6 are predicted,
with improvements being about 10% to 12% above those of con-
ventional inlets. The biggest improvements in propulsive
coefficient for a wide inlet system occur for low design jet
velocity ratios on the order of 1.6 to 2.0. As jet velocity
ratio increases, the effect of reduced inlet momentum
coefficient is minimized and wide inlet performance approaches
that of a conventional flush inlet. Thus, wide inlet systems
are most applicable to a craft that spends a large percent of
its time at or near its design jet velocity ratio.

The performance of a wide boundary layer inlet system is
most affected by increasing inlet drag, inlet system losses,
and jet velocity ratio. Changes in wetted length and inlet
width have a lesser effect on overall system efficiency. The
multiple parallel centrifugal pumps and the conventionally
mounted axial pumps both appear to have potential application
on a wide boundary layer inlet system. In this study the
centrifugal setup hud low speed powering advantages which
could only be obtained in the axial arrangement through
increased gear weight.

RECOMMENDATIONS

e Model testing of a wide inlet system is needed to
determine inlet system losses, drag coefficients, and potential
air ingestion problems.

e Measurements of boundary layer thickness and profile
on planing and displacement craft, especially at high speeds,
are needed to assure that the reduced velocity which is charac-
teristic of the boundary layer is present in spite of the induced
ventilation and broaching that occur during nonideal sea states.
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