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ABSTRACTY

The purpose of this report on the special form of hydrodynamic propulsion known as waterjet propulsion
is to make the viewpoint of a pump designer known to the developers of waterjet devices. More specifically, it
is concerned with the contribution that the pump designer can make in order to give the designer of the entire
propulsion plant the greatest possible freedom to find and use the most favorable overall arrangement. There is
no attempt to cover the entire field of waterjet propulsion. Morcover, only aspects of preliminary design are
considered because it is in this stage of development that irreparable mistakes can be made,

“The report assumes that the reader is familiar with the general characteristics of hydrofoil and captured
air-cushion craft to which this type of propulsion mainly applies, Following an outline of the principal
problems involved in the propulsion of high-speed surface craft, the design principles of hydrodynamic
(centrifugal and axial flow) pumps are described and later applied to the design of waterjet propulsion
pumps. The intake and duct problem is then described and designs are illustrated for a few typical overall
arrangements, The report concludes with an example of propulsion pump and duct design for a
particular set of specifications, This example can serve as the foundation for additional preliminary design
studies. “UATIONAL TECHNICA]
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PREFACE

The principal objective of this report is to make the viewpoint of a pump designer known to developers
of waterjet propulsion devices. Therefore no attempt has been made to cover the entire field of waterjet
propulsion design. Furthermore, only aspects of preliminary design have been considered because it is in
this stage of developmnent that irreparable mistakes can be made.

What contribution can the pump design engineer make to significant improvements in waterjet

propulsion? To answer this question, it is necessary to lay the foundations for significant departures from

conventiona} pump design and arrangement. These foundations are obviously the principics of centrifugal
pump design at a sufficiently fundamental level to permit rational departures from conventional practices.

] For many years, competently designed and well-executed centrifugal pumps have approached and even
exceeded efficiencies of 90 percent in a favorable range of operating conditions (specific speeds). Major

{ advances over such values can hardly be expected. However, even the most elementary analysis of waterjet
propulsion, as presented here, for example, in Chapter 2, reveals quickly that the efficiency problem of
waterjet propulsion lies outside of the pump proper. 1t is primarily related to duct and intake losses which
unfavorably influence the overall hydrodynamic operating conditions of the propulsion plant.

Thus the task of the pump designer is twofold: (1) he must rationally relate the operating character.
istics of his pump to the operating characteristics of the propulsion plant and (2) he must find or choovse a
form or arrangement of the pump that minimizes the hydrodynamic losses and weight penalties connected
with other parts of the pump system. In other words, the pump designer must give the designer of the
entire propulsion plant the greatest possible freedom to find and use the most favorable overall arrangement.
This requires departures not only from common pump arrangements but also from the conventional
arrangements of the driving gas turbine.

It is perfectly reasonable to look to the commercial pump field for acceptable solutions of the pump
design problem because that field offers the most extensive reservoir of practical pump experience and, in
many cases, the highest efticiencies. However, the critical importance of the size and weight of the
propulsion pump and plant makes it mandatory to pay equal attention to the field of rocket pumps because
size and weight arc at least as important there as in the propulsion iield.

As mentioned before, this report is concerned primarily with the preliminagry design of the propulsion
pump and plant. As a consequence, relatively little attention is paid to final refinements or to great
accuracy of the numerical results obtained. The principal aim has been to arrive at one or several truly
promising arrangements as quickly as possible. To achieve this, one must, for example, first select the
velocity increase ratio of the propulsor on the basis of hydrodynamic considerations only, although the im-
#.- portance of weight considerations for this selection is well recognized. Weight can be considered only after

the general arrangement has been chosen. This is not too serious if such weight considcratiuns later lead to

a different (higher) velocity increase ratio so long as this change does not affect the general arrangement

fundamentally.
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In view of the limited objective of the repori the reader should become aware of other aspects of the
broader field of waterjet propulsion. The reader is referred to the extensive list of references contained in
the comprehensive discussion of this field by Brandau.! This makes it unnecessary to add such a list to the
present report except for the three sources used directly.! -3

In closing this preface, the writer expresses his appreciation for the assistance, comments, and con-
structive criticisms received from his friends at the Naval Ship Research and Development. Center (NSRDC).
The writer hopes that despite its shortcomings, this report will serve some useful purpose in connection

with the future development of waterjet propulsion plants.

Tucson, Arizona, June 1972.

Py

l9;::)1'andau. J., “Performance of Waterjet Propulsion Systems-A Survey of the State of the Art,” ). Hydronautics (Aps

2Wislicenus, G.F., “Fluid Mechanics of Turbomachinery,” Dover Publications, Inc., New York (1955).

(D:W:s;i:;?us, G.F., “Hydrodynamics and Propuision of Submerged Bodies,” J. American Rocl.et Society pp. 1140~ 1144
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NOTATION

Symbol Description Dimensions
L Quantity having dimension of length L
g g
M Quantity having dimension of mass M
T Quantity having dimension of time T
F Quantity having dimension of force F
A Area 1.2
4, Intake area (see Figure 1.2) L?
A/’ Jet cross-section area L?
A, Flow section area normal to the meridional flow (see pg. 24) L2
Ay “Throat™ area of volule or diffusor . L2
a Major axis of an ellipse (elliptic cross section) L
b Minor axis of an ellipse L
Width of a passage, impeller L
by Impeller width at outer periphery L
G Coefficient in Equation (3.1.23) (3.24)
G, Lift coefficient
) Lift coefficient referred to the inlet velocity of a vane system
i
C, Lift coefficient referred to the vectorial mean w_ or V_ of the
* (relative) inlet anc discharge velocities of a vane system
Cp Lecal (vane) surface pressure coefficient, usually the free-stream static
pressure (pO) minus the local surface pressure (p) divided by the pre-
vailing velocity pressure Cp = (1’0 — p)/(pV02/2)
C; Intske drag coefficient referred to intake area (4,): AT = CrA]pVoz/Z
Diameter or any representative linear diinension of a machine
D,, Distance of center of “thivat™ area from axis of rotation multiplied
by two
AD Difference or change in diameter L
g Gravitational acceleration LT ?
& Standard gravitational acceleration at sea level on earth LT™?
" Total (static plus velocity) head; net pump work per unit of weight FLF~! =L
of fluid
H/ Jet velocity head increase (VI.2 — VOZ)/ZSO (Equation (2.5)) L
H Runner head; total work per unit weight of fluid exchanged between L

the runner and the fluid
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Symbol

H

t14

HP
h

h
a

hL * hloss
h

sV

h

M

Description
Total (static plus velocity) inlet head of a pump over
the vapor pressure of the fluid
Horsepower

Static head; static pressure divided by the weight per
unit volume of the fluid

Elevation of pump inlet above free water surface
Elevation of the jet above free water surface

Atmospheric pressure divided by the weight per unit
volume of the fluid

Head loss, duct head loss

Static inlct head of a pump over the vapor pressure
of the fluid

Vapor pressure divided by the weight per unit volume
of the fluid
Duct head loss coefficient
Corrected intake drag coefficient

K, = Cpla,

AT =K, a,A,pV,%2

Length, chord length of a vane
Moment or torque
Number; number of vanes

number of stages
number of pumps in parallel

Number of revolutions per unit of time (usually second)

Linear coordinates normal to the meridional
stream lines

Basic specific speed

Stress specific speed (Fquation (3.28))
Power

Ideal power

Power expressed in horsepower
Pressure

Vapor pressure
Rate of volume flow

Range or distance of travel (usually in nautical
miles)

Dimensions

L

LFT™! = ML2T 3
L

FL=ML? T ?
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ABSTRACT

The purpose of this report on the special form of hydrodynamic propulsion known as
waterjet propulsion is to make the viewpoint of a pump designer known to the developers
of waterjet devices, More specitically, it is concerned with the contribution that the pump
designer can make in order to give the designer of the entire propulsion plant the greatest
possible freedom to find and use the most favorahle overall arrangement. There is no
attempt to cover the entire field of waterjet propulsion, Moreover, only aspects of pre-
liminary design are considered because it is in this stage of development that irreparable
mistakes can be made,

The report assumes that the reader is familiar with the general characteristics of
hydrofoil and captured air-cushion craft to which this type of propulsion mainly applies.
Following an outline of the principal problems involved in the propulsion of high-speed
surface craft, the design principles of hydrodynamic (centrifugal and axial-flow) putnps
are described and later applied to the design of waterjet propulsion pumps. The intake
and duct problem is then described and designs are illustrated for a few typical overall
arrangements. The report concludes with an example of propulsion pump and duct
design for a particular set of specifications, This example can serve as the foundation for
additional preliminary design studies.
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CHAPTER 1. INTRODUCTION

This report deals with a special form of hydrodynamic propulsion called waterjet propulsion.

All forms of hydrodynamic propulsion generate the propelling force, or thrust T, by discharging a
stream of water from the “propulsor” 'at a higher velocity VI thari the velocity of the stream entering the
propulsor. In the simplest case, this velocity of the entering stream, V,,, is oppositely equal to the forward
velocity of the propelled craft. The propelling force so generated is obviously:

T=pQ (V- V) (1.1)

where Q is the rate of volume flow passing through the propulsor and g is the mass per unit of volume of
the fluid. Y

The most widely used form of hydrodynamic propulsor is, of course, the standard marine propellor, I
well dusigned and operated under favorable conditions, it represents the most efficiont form of hydrodynamic
propulsor, Therefore the use of other types of propulsors must be justified.

The original reason for considering departures from the standard propeller was the limitation imposed
on propeller speed by cavitation. Since the propeller blades advance through the water along helical paths,
the resultant blade velocity reltative to the water is necessarily higher than the forward velocity of the
propeller and of the propelled vehicle. If the same hydrodynamic qualities are assumed for the propelled
vehicle and for the propeller blades, the propeller blades will cavitate at a lower forwand velocity than the
propelled vehicle,

This cavitation problem of open propellers was solved by ducting the flow toward the propelling rotor,
leading to what is now known as the “pumpiet.” The pumpjet hus fulfilled expectations and has essentlally -
solved the propulsor cavitation problem in this fleld. It is shown in Figure | as appliod to a submerged body
of revolution (a torpedo). The flow approaching the rotor is retarded in a diffusor; this not only reduces
the velocity of the approaching flow but also increases its static pressure according to the Bernoulli equation,
This principle was successfully applied and may be considered as firmly established. 1t permits propulsion by
means of rotating propulsors which will not cavitate before the propelled body itself is subject to cavitation,

A second reason for departing from the propeller in the open stream is illustrated by some recently
developed water surface craft such as hydrofoil or captured air-cushion craft. In both cases the capabllity of
very high speeds is achieved by minimizing the surface area of the craft below the free water surface. For
hydrodynamic propulsion, the minimum of such an area is that connected with the water intake to the
propulsion unit. The propulsor and its driver may be located above the free water level, thus ¢liminating
hydrodynamic drag on the exterior surface of the propulsion plant. This type of hydiodynamic jet
propulsion Is called waterjet propulsion and is shown diagranunatically in Figure 2 in connection with a
hydrofoil craft. To minimize the surface-pieicing parts which generate considerable wave drag, the interiors
of the hydrofoil support struts are used for the passuge of water fromn the submerged intuke to the propulsion
pump. With captured air-cushion craft, the side skirts of the cushion would be used for this purpose.
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Even if the drag penalty of an enlurged, submerged nacelle careying o (supercavitating or ventiluted)
propeller or a pumpjet is agcepted, there sre stil) problems related o the size und--even more particulurly--
to the reliabiliry of a submerged, mechanical anglo drive.  This problem of reliability may well have been
the decisive factor in the selection of above-surfuce propulsors for hydrofoll and captured air-cushion craft,

Waterjet propulsion units (Figure 2) share with the pumpjet (Figure 1) the possibility of retarding the
incoming prapulsion stream belore it reaches the propulsion pump. In fact, with the propulsion pump above
the free water surface, such retardation is a practical necessity in order to povide the pump with the
required inlet pressure. Thus in contrast to a conventional propeller in an open stroam, both pumpjet and
waterjet propuleion dovices make the rotating propulsor somewhat fndependont of the design apeed of travel.
Obviously there s the additional necessity of ducting the propulsion stream if the propulsor is located above
the free water surlace,

Generally an attempt is made to minimize the elevation ofq waterjet propulsion unit above the free
water surface, Since it does not contiibute to propulsion, the elgvation Ah/ of the propelling jet above the
water surfuce constitutes an energy loss, The pump inlet elevatiin Ah; reduces the pump inlet pressure and
Is theretore hurmiful with respect 1o pump cavitation, Neverthelvss, practical considerations of sea state
usually lead to greater elevations &h; und Alol in comparison with the size of the propulsor than shown in
Figure 2.

The present report is primarily intended (0 describe the design of waterjet propulsion puemps. 1t
assumes that the reader is famitiar with the general characteristics of hydrofuoil and captured air-cushion
cruft to which this type of propulsion principally applies,

Chapter 2 outlines the principal problems connected with the propulsion of “high-speed” water sur-
face craft, i.c., surfuce cralt that operate at substantially higher Frowde numbers than do conventional sur-
face ships.

Chapter 3 briefly describes the design principles of hydrodynamic (centrifugal and axiwl-flow) pumps i
general and then applies these principles to the design ol waterjet propulsion pumps,

Chapter 4 outlines the intake and duct preblem of propulsion pumps and describes the inlet and dis-
charge duct design for o few typical overall arrangements.

Chapter § presents an example of propulsion pump and duct design.
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CHAPTER 2. GENERAL PROBLEMS OF WATERJET PROPULSION

2.1 PROPULSOR OPERATING CONDITIONS AS
FUNCTIONS OF THE SPEED OF TRAVEL

The principal operating conditions of the rotating propulsor are the speed of rotation n, the thrust force
developed by the propulsor T, the rate of volume flow through the propulsor Q. and the total inlet head to
the propulsion pump above the vapor pressure of the water M,

The simpleat relation between these operating conditions and the speed of travel would exist if (1) all
velocities in the propulsor could be chunged proportionally to the speed of travel and (2) all head values and
all torces would change proportionally to the square of the speed of travel. These conditions are called the
conditions of similarity of flow, l

In the absence of cavitation and at the high Reynolds numbers of fullscale operation, the drag and
therefore the required propuisor thrust of a completely submerged body changes closely with the square of
the speed of travel, und thus one part of the conditions of similarity of flow is satisfied. Under similar
flow conditions, the speed of rotation # and the rate of volume flow @ of the propuision pump would
change proportionally to the speed of travel,

However, the inlet head (above vapor pressure) of the propulsion pump is:

v 2
i 0
H,o=h, b, tht(] - K) —

.n
28()

where A is the atmospheric pressure in feet of sea water,
h is the vapor pressure in the same units,

h is the depth of immersion in feet,

is the velocity of travel,

K Is a head-loss coefficient, and

g = 32.2 ft/sec?,

It is scen that only thc last term changes with the speed of travel squared, whereas all other terms are inde-
pendent of V. Thus H_ does not satisfy the conditions of similarity. This departure from the similarity
relation applies, of course, not only to swbmerged bodies but to all waterborne vehicles because Equation (2.1)
Is quite gencral, except that the depth of immersion i may be negative if the inlet to the propulsion pump
is above the water surface as shown in Figure 2, where h = — Ah,.

It is well known that the drag of surface vessels generally does ot increase with the square of the
speed of travel but follows a different and usually quite complicated law. Thus surface vessels do not follow
the simple condition of similarity which apply to the propulsor, i.e., the hydrodynamic propulsor of a sur-

face vessel does not operate under similar flow conditions at different gpeeds of travel. This departure of the
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drag from the conditions of similarity of flow is particularly pronounced for surface vehicles to which
waterjet propulsion primarily applies (hydrofoil and captured air-cushion craft). Figure 3 shows a typical

curve for drag versus speed of travel for this type of vehicle. The “hump” in this drag curve is related to

_ the change in the mode of travel from that of a displacement craft to the intended form of operation on

the foils or on the air cushion in a “planing” fashion. The “hunip drag” may well be highc: Lhan the full-
speed drag, thus constituting a very dramatic departure from the similarity relation. At hump speed, the
required speed of rotation of the propulsor may have to be as high or higher than at full speed of travel.
This may constitute a severe cavitation problem since according to Equation (2.1), the pump inlet head H_,
is substantially lower at the (lower) hump speed than at full speed.

Another result of the departure from similarity represented by the “hump” is concerned with the sub-
merged intake opening to the propulsor inlet duct (see Figure 2). To obtain a good so-called “ram
efficiency,” i.e., a good recovery of the kinetic energy of the incoming stream (V02/2g0), it is essential that
the intake area (4 ;) be carefully related to the intake approach velocity Vo and the rate of volume flow Q

according to the condition of continuity:
Q=a, 4, V, (2.2)

where the correction factor @, cannot vary between very wide limits, However at the “hump” ¥,

is usually less than one-half of its value at full speed wheteas Q must have about the same value at both
speed conditions in order to overcome the high hump drag. This means that the intake area 4, has to be
adjustable since it must be greater at hump conditions than at full speed of travel. A variable intake
naturally poses a considerable problem of mechanical reliability since the hydrodynamic quality of the intake
is of vital importance and must not be compromised.

[igure 3 also shows two parabolas, i.c., curves of constant drag coefficients; one runs through the
high-speed part of the drag curve and the other touches the low-speed part of the curve. Any parabola of
this type is associated with a set of similar flow conditions in the propulsion pump. (There is no general
reason why the lower parabola should either contact or intersect the drag curve at the high-speed point.)

For the same speed of travel, the drag indicated by these two parabolas differs by a multiple of about
six. This is mainly a qualitative statement, but it does indicate the general magnitude of this departure from
the similarity relations. '

It will be shown in Chapter 3 that the hump condition, or any other low-speed-of-travel condition
that falls substantially above the parabola ‘“trough the full-speed-condition, will determine the cavitation
characteristics of the propulsion pump. The maximum speed of rotation and maximum power are often
specified for a speed of travel substantially below that at the hump so that a high vehicle acceleration is
available at conditions near zero speed of travel (an obvious military requirement). Chapter 3 will show that

this specification cannot be met without sacrifices in the quality of hydrodynamic design and performance.
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2.2 THE EFFICIENCY OF HYDRODYNAMIC
PROPULSION

If the inlet velocity ¥, to a hydrodynamic propulsor is oppositely equal to the speed of travel, then
according to Equation (1.1), the discharge or jet velocity V’ must necessarily be higher than the speed of
tra\(el, i.e., a stream of the velocity AV = V/’ — V, is left in the (ideally) stationary body of fluid behind
the moving craft. Thus an energy loss per unit of time (i.e., a loss in power) pQ AV3)2is necessarily

associated with hydrodynamic propulsion.

The useful work per unit of time (power) is obviously:

T Vy=pQAV:V, (1.1a)

and the so-called “ideal jet efficiency” which expresses the loss in kinetic energy left behind the craft is:

pQ AV -V, |

n; = e e (2.3)

A
POAV - Vy +pQ AVE2 14

2V,

It is of interest to observe that the same expression is obtained by dividing the useful work by the in-
crease in kinetic energy from inlet to discharge:

pQ AV + V¥, AV -V,
'f)j= =

PO (Vg + AN — V22 AV Vy+ AV)2

(2.3a)

when divided by AV « V,,, this reduces to exactly the same expression as Equation (2.3).

Division by just the increase in kinetic energy of the propulsion stream obviously implies that the sum
of the remaining terms in the Bernoulli equation (p/pg, + z, where z = — h as defined before) has the same
value at inlet as at discharge. This is true for any submergence h# below the free water surface, so
Equation (2.3) is valid even if inlet and discharge have different depths of submergence. It is not true if the

jet has an elevation Ah,. above the free water surface (sec Figure 2). In this case:

n, = - 2.4)
Ave Av 8y Ak,

+
2V, Av - v,

“ i Lasnt st DY SR
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which is obviously lower than the efficiency expressed by Equation (2.3) since it takes into account the work
lost by lifting the propulsion stream to the elevation Ah/ above the free water surface, Other considerations
of the efficiency of propulsion will first be made without taking this increase in elevation into account, i.e.,
by ignoring Equation (2.4). Equation (2.4) will be considered later in combination with other relations to be
derived,

Equation (2.3) indicates that the ideal jet efficiency m will increase with diminishing ratio of velocity
increase AV/V,, and will approach unity as A ¥/ V, approaches zero. According to the principle of hydro-
dynamic propulsion expressed by Equation (1.1), diminishing AV/V,, = ( v, - V)V, means an increasing
rate of flow Q and a decreasing jet head of the propulsion pump H; which, in agreement with the second

derivation of Equation (2.3), is:

V. AV 2
0 AV

H = (Vy+ AN - V2] /%, = +
/) ' 0 0 0 £ 280

) (2.5)
Vo AV AV 2
H, = 2 + ( )
/ 28, Vo Vo

Obviously, the greater the mass flow, the less this mass must be accelerated to produce a certain
propulsive force 7, or the lower the energy that will be required per unit mass or per unit weight (the latter
ratio is the “head™ H; of the propulsor in foot pounds per pound = feet). This reasoning can and has been
pursued in the field of open propellers where values of AV/V), as low as 1/10 (or less) are possible.
Equation (2.5) shows that in this case the propeller head is as low or lower than 0.21 Vozlzgo.

However, the designer of ducted propulsors such as those shown in Figurcs | and 2 cannot ignore the
existence of certain head losses in the ducts. It will be assumed here that these duct losses are proportional
to the velocity head of the oncoming stream (V02/2g0), If the loss of head in the duct were as low as 0.1
V02_/2go, the aforementioned velocity increase ratio AV/ V, = 0.10 would be associated with a useful pump
head of the same magnitude as the duct-luss head. This obviously reduces the efficiency due to duct losses
alone to something in the vicinity of 65 percent. In this case, the high ideal jet efficiency related to AV/ Vo
= (.10 (about 95 percent) would be of no practical value.

It should be mentioned here that the idea of considering the duct losses as proportional to the velocity
head of the oncoming stream (V02/2g0) has been questioned, Brandau' gives (among many valuable con-
siderations) a brief survey of various suggestions made by several investigators, and recommends a somewhat
different approach than used here.

One alternate approach is that of Joseph Levy who uses the jet velocity head Vl.2/2g0 to describe the
duct losses. It has already been mentioned that the inlet duct, which propably accounts for most of the
duct losses, is subjected to velocities that are proportional to ¥, and not to VI However it should be con-

sidered that VI =Vt AV = Vo (1+AV/ VO). Thus V,, and Vl are proportional to each other for similar

ket 2




T AL

propulsion system characteristics; i.e., for AV/ V,, = constant. Thus there does not appear to be a funda-
mental difference between the use of V/ or ¥, as refercnce velocity for the duct losses. However, ii will be
seen later that the optimum value of AV/ V, for fixed loss coefficients is somewhat different when V/
rather than Vy is used as the reference velocity.

If the duct loss is accepted cs

e = K Vol i2g, (2.6)

loss

the “jet efficiency” corrected for this duct head loss (but otherwiss derived like the ideal jet efficiency) is:

Vy* AV 1

U ) L2 - 2 2.7
AV 0 1+ + ——
VOAV+ ——'2 + K ’5"— 2V0 24V

The results of this equation are plotted in Figure 4.
A second influence of real-flow effects is concerned with the.drag of submerged bodies; e.g., the in-

take structure to the propulsor duct. It is important to consider here only those parts of the submerged or

: semisubmerged structure that would nor exist in the absence of this particular propulsor.

3 The net propulsive force in this case is obviously T — AT, where T is the propulsor force as previously
used and AT is the external drag of the propulsor, For a propulsor above the free water surface (where the
drag is in air and may therefore be disregarded compared with the drag in water), the only additional drag
due to the propulsor is the drag of the intake nacelle (see Figure 2) or “scoop” and the added drag resulting
from the fact that the surface-piercing elements (hydrofoil-supporting struts or side skirts of a captured air-
cushion vehicle) may be somewhat larger than required without the presence of hydrodynamic propulsor

flow through these elements. The nearly unavoidable lack of axial symmetry of the intake also involves an

r induced drag; the surface wave drag must also be included in AT.
Taking this external drag increase into account leads to the expression for the “real” jet efficiency
n iy’

1 T- AT 1 AT

= = 1 - —
/2 4 T v, ( T )

0 0 )
1+ — +K ~—— 14 —— $K — (2.8)
2, 24V 2V, 24V
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Assume that

pl’“2
ATeCp == A ad pQ AV % payd, ¥yal

(A Is the submerged intake areu of the duct and @, is defined by Figure 2). Hence:

2 2 Al ’
AT PV A G o ‘)
T T lpa, A VAT @, 2Ar =

Theretore, according to Equations (2.8) and (2.7):

_ AT | Cy Yo ) .10
Wi\ T T Uy a, AV -

Consider that Q, < 1 as the incoming flow is slightly retarded before reaching the intake areu A, C'pre
diffusion;” see Figure 2). Now estimate the drag coefficient (‘T/a,. (This is the drag coefficient referred 1o
the cross section @4, of the incoming stream which has the undisturbed velocity ¥, i.e., the cross section
of the stream before it comes under the influence of the intake structure.) By introducing the coefficient
K

. .7./al , one may write propulsor drag as

=k 2
AT=Kpa,4,pV ) /? (2.1
and the jet efficiency including duct head loss (K V02/2g0) and propulsor or propulsor intake drag
(AT: KT alA‘ P V02/2) as

n; = (2.12)
2 1+ AV2V K V24V

It is important to remember that the propulsor or propulsor-intake drag A7 does not include the
momentum of the incoming propulsion stream pQ V|, which was taken into account in deriving the “ideal”
jet efficiency (Equation (2.3)) and the “real” jet efficiency (Equation (2.7)).

Furthermore it is important to remember that neither Equation (2.12) nor any of the preceding
equations takes account of the energy losses in the propulsion pump. This means that all jet efficiencies
quoted here become propulsive efficiencies in an overall sense only when multiplied by the hydrodynamic
efficiency of the propulsion pump; this efficiency may be expected to be close to 90 percent, assuming

competent desigi.

12

[y




Figure 4 shows the jet efMciencies n p cortected wnly Tor the duet Toases (Equation (2.7)). 1 outs
standing charactoristic iv that thix efileiency approaches soro rather than unity for & P/F, « 0, even for amall
duct tosses, Thin ix in agreement with the toregoing physical considerations, e optimum value of the
velocity-inerease ratio through the propulior syatem (A 1/1°,) riwes rather rapidly with increasing duct-lons
coefficient K. 1t may be in the vivinity of onehall rather than zero as derived from the idel jo
efflciency (n f in Bquation (2.3)),

The importance of duet losses is inmediately evident from this evaluation of Equation (2.7) since any
duct-loss coeflicient (A) sets an upper ftmiv for the efective jet efficiency actually obtainable, Consider
that a W0leg elbow of the beat design (with turning vanes) involves a loas of about 18 percent, The arrange-
mont shown in Figure 2 indicates two changes in direction of the duct flow by nuot less than about 45 deg.
and the necessarily retarded flow in the inlet dugt (see Chapter 3) invalves greater duct hoad lostes than a
Jow of constant (or accelerated) velogity. 1t is evident from Figure 4 then that an urrangement such as
shown in Figure 2 nocessarily involves serlous losses in efMiciency, In particular, propulsor arrangements
which do not transport the mechanical work to or below the free water surface must he expected to he
substantially less cfiicient than more or less conventional subsurfuce propulsion systema, for example, that
shown in Figure 1,

The situation hecomes even worse when the hydrodynamic drag of the submerged part of the
propulsion system is considered; see Equations (2.8) through (2.12). Figure § shows the evaluation of these
equations.  Solid, broken, and dush-and-dot curves distinguish hetween external drag coefficients Ky = 0,
0.1, and 0.2, Curves for duct-loss coefficients A’ = 0.2 and 0.5 have boen omitted to avoid confusing inter.
ference between curves (note the overlupping of the curves for K = 0.4, K. = 0.2 und for A = 0.6,

Ky = 0.1), It is evident from this figure thet the combination of internal duct losses A and external drag K,
rapidly brings the jet efticiency (corrected for such losses) down to the undesirable range between 60 and
50 percent (recall that these values must be multiplied by the efficiency of the propulsion pump).

The curves for very low duct loss factors (A = 0 and 0.05) apply, of course, primarily to completely
submerged propulsors of the type shown diagrammatically in Figure 6 and involve the problem of mechanical
transfer of power to a nacelle below the frec water surface. [t is seen from Figure 6 that the gearing leads
to a larger nacelle diameter than would otherwise be required. In this case, the external drag Ky becomes
more important than the internal duct losses (which may be quite small as expressed by small values of X).

Along with other propulsion systems for high-speed surface vehicles, this submerged propulsor shares
the need for efficient diffusiorn of the incoming stream and for an additional inlet area for low-speed, high-
thrust operation,

According to Figure 5, the “jet vfficiency” which can be expected from a submerged propulsor is in
the neighborhood of 0.7 {or a value of K no greater than 0,05 and Ky = 0.1. If a value of 0.2 is assumed
for K, because of the large nacelle diameter, then with K = 0.05, the jet efficiency is 0.62. Compare this

with the jei officiencies of propulsors above the water surface (Figure 2) where the duct-loss coefficient X
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W ltkely 1o he not lesa than O anless a e more etieient duet arcangement can be found than shown iy
Fgare 20 With A = Qud and o intake drag (A = 0), Figuie 4 inibicaten » jor efficioncy ", * Ol With
the same K value amd Ay = 0.1, Figure X shows u jet effiviency ", " 0.87. Therelore, in vider i above.
srface propulsomn e compete with submeged propulason, 1 wonkd be necessary (o feduce thelr ductdoss
coellictent & toosmething arond 0.2, This can be achieved only by major advances in the geueral attange:
mead and dotail of the ducting.

Figures & and £ show a curve through the maximum values of the etficiency curves presented. 1t has
hoen mentioned that the location of this aptimum along the & 171, scale depends on the chnice of the
varinble (o velocity head) by which the head and thrust loases are made dimensionless; i.e., reduced 1o
coelticienta like A and Ay 1t has alieady boon stated that the prexent chuive of Vol 12y o p b1 ot
the only choiee possible,  Figure | in Bandan! shows an alternate jet effiviency plot, 1 locus of optinwm
effiviency is a straight line through A 171, = 0, ;= 1and AViV, =1 ;™0 This line is also shaown in
Figure $ to indicate that the optimum value of & 17F, is lower under different assumptions than under the
present assamption that hydrodynamic losses vutside of the propulsion pump are propuriional to l'u’/u“
and p 12

The previously mentioned justification for the present choice is that most duct losses oceur in the in.
let duct and that this part of the duct losses may well he assumed to he proportional to the velocity heud or
pressure of the velocity of travel ¥, The inlot duct cannot be shortened below the limits dictated by the
location of the pump relative to the intake and by the roquired retardation of the flow from the intake to
the pump. On the other hand, the dischurge duct length can and must be minimized as shown in Fgure 2
in order to keep the duct-luss coetficient A us low as possible,

One additional eflect on jot officlency was introduced at the beginning of this section, namely, the
additional loss from the elevation Ah’, of the jet above the free water surface (see Figure 2). s discussion
was postponed because its importance diminishes with increasing speed ol travel, yet it requires attention in,
say, the SO-knot range of speed.

Equation (2.4) may be written in the form:

n, = (2.13)
AV N 289 A",‘ Vo

l+ .’ l‘) r
), V02 241

0

which has exactly the same form as Equation (2.7) except that 2g, AII,./VO2 replaces the duct-loss
coefficient K. Proceeding exactly as in the derivation of Equations (2.4) and (2.7), i.c., dividing the useful
work per unit of mass flow by the same work plus the losses per unit of mass flow, one arrives at the

following:
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which ugain has the same Torm as Equatton (2.7) excopt that the sum of the duct-doss and the jet-elevation
coellivients (A + g, Nl,/"",,“) takes the place of the duct-loss cocfficient A alone, This means that one can
use Figures 4 and § to evaluate the effect of jet elevation on jet efficlency by using the sum X' + g, Ahj/ "'ul
in place of the duct-doss ¢oefficient A, In so doing, Figure 4 reprosents ni:\ (above), and (unalogously with

tquation (2,120 and Figure § represents:

I Ay Vl2av

" (215)
2V K 2 24V
“T0 V0 -

Neither, of course, includes the losses expressed by the pump cfficiency.

Figure 7 gives the jet elevation coefticient 2g, Ah,./ VO2 as a function of the speed of travel in knots
und the jet elevation Ah,. in feet. It is evident that only values of 2g, AI:,./V()2 above 0.05 are of major
significance; uccording to Figures 4 and 5 a step in K of one-half a tenth makes quite a difference in jet
efficiency, and particularly in the optimum value of AV/V,,. Jet elevations Ah/. of less than 10 feet are
important at speeds below 60 knots. The jet elevation would have to be over 20 ft before it would be sig-
nificant at speeds of 100 knots or more.

In summary, the potential capability of waterjet propulsion with the propulsor and its jet above the
free water surface hinges primarily on the head losses in the ducts. Presently used arrangements and details
are not very promising. Not a great deal of improvement can be expected from the propulsicn pump alone
inasmuch as the efficiency of a competent and well-executed design is already in the neighborhood of
90 percent. What is needed is to approach the duct-loss problem by an imaginative general arrangement and
to design details which offer some hope for significant advances. Some approaches to the solution of this
problem will be outlined in Chapter 4. Nevertheless, any sclutions of this problem must be compared with
propulsors at/or below the free water surface. In other words, the problem of carrying the propulsion
stream to a pump above the water surface must be critically compared with the problem of carrying the

propulsion power to a propulsor at or below the free water surface.
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2.3 SOME WEIGHT CONSIDERATIONS ON
THE PROPULSION PLANT

It has become standard to consider the propulsion plant of medern, high-speed, *“‘dynamic” surface
craft from the point of view of aircraft practice, This means that the weight of the propulsion plant is con-
sidered a matter of major significance. This general contention deserves some quantitative examination. No
accurate calculations are intended for this section. Approximate answers are sufficient for this line of in-
quiry and are the best that can be achieved by simple, and thereby reliable, considerations.

A lift-to-drag ratio of 14 is probably the best that can be expected at present from hydrofoil craft.
For simplicity of reasoning, this value is assumed throughout this section. Thus the idcal power required to

propel the craft without any losses in the propulsion system is:

P= — -V, (2.16)

where W is the gross weight of the craft (in pounds) including its propulsion plant, fuel, and payload and P,
is the ideal power in foot pounds per second.

The assumption of a constant lift-to-drag ratio of 14 (Equation (2.16)) is of course meaningful only if
applied to the design cruise-speed condition of various vehicles, Even this assumption can be justified only
for the purpose of obtaining the most simple basis for the approximate considerations presented in this
section. The assumption of a constant lift-to-drag ratio is definitely nor applicable to various speeds of one
vehicle; this should be clear from the drag versus speed curve in Figure 3. The possibility of an approximately
constant lift-to-drag ratio at design conditions is the primary reason for departing from the conventional
forms of displacement vessel design.

If a propulsion pump efficiency of 90 percent is assumed, the curves in Figures 4 and 5 suggest a value
of 0.55 for the hydrodynamic efficiency of propulsion. (This means that the value for this factor Is
assumed to lie somewhere between 0.45 and 0.65.)

Therefore the actual power P required for propulsion is approximately:

W WV,
(2.17)

VO
0.55 x 14 7.70

This may be converted into more conventional units, e.g., Py, for the power in horsepower, W, for
the weight in long tons, and Vy for the speed in knots. Now P = §50 Pm-' W= 2240 w'. and Vo =V,
x 1.69, Then

2240 W' ’ V, 169
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or
Prp = 0894 W, x V, 2.18)

Assume (optimistically) a specific fuel consumption (SFC) of 0.5 b per horsepower hour. Thus the fuel

consumption per hour will be:
W,l =05 Pp=0894 WV x05 (2.19)
Assume a total range (total distance of travel) of R nautical miles. Then the total fuel consumption in pounds

will be:

R
f . —;/— = 0.447 W, xR (2.20)
k

and, by conversion to the same units for W, and W,

0.447 WR

¢ X
2,240 5000

where W is the vehicle weight in pounds. Hence:

i = R 2.21)
W 5000 '
or the traveling range in nautical miles will be:
We
R = 5000 _l-t’— (2.22)

It thus appears that the fuel to gross-weight ratio would be W,/W = 2/5 for a traveling distance of
2000 nm, This clearly implies an aircraft type of structure for a hydrofoil or air-cushion vehicle. (It would
not imply this for a displacement tanker, but its drag versus speed characteristics would prohibit high
speeds.)

Accordingly, for an aircraft type of propulsion plant, one might assume (optimistically) a propulsion
plant weight of 2 Ib/hp since the weight of water in the ducts above the free water surface must be counted
as propulsor weight. According to Equation (2.18) then, this means that the weight of the propulsion plant
Wp p (in pounds) would be

Wop = 2Pyp = 1188 WV,

Converted to the same units of weight (pounds or tons):
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or
wpp Vk
—— T e 2.23
W 1253 ( )

Hence the ratio of propulsion plant to vehicle weight for 60 knots is:

pr 1
—_— — 2.24
w 20.9 ( )
and the same ratio for 100 knots is:
wpp 1
—_— E e— 2.25
W 12.53 ( )

According to Equation (2.21), W,/W (the ratio of fuel weight to gross weight) is 2/5 for a range of
2000 nm. [t follows that the ratio of propulsion plant weight pr to fuel weight W, for the same distance

of travel is

Wop pr W 1 5 1
—— O — — = e— X —_— R ——— (2'26)
W, J Wf 20.9 2 8.36
for 60 knots and
W
pp 1 5 1
— T e—) = T 2.27)
W, 12.53 2 5.01

for 100 knots.

Since W, is inversely proportional to the efficiency, a 1-percent change in efficiency would have about
the same effect on weight as an 8-percent change in propulsion plant weight at 60 knots and 5 percent at
100 knots (assuming that with regard to weight, the propulsion plant is designed according to aircraft
practice).

The foregoing assumption of a propulsion plant weight of 2 Ib/hp is, of course, of major significance
regarding the last results obtained and it therefore demands further scrutiny., A general study of this value
is outside the scope of this section. However an estimate of the weight of water that should be included in
the weight of the propulsion plant is of interest and can be obtained in a fairly simple manner.

Let the volume of the ductbe 4 « L ” (Here the cross-sectional ares, 4 = Q/ Vd; Vyis the average
meridional velocity of flow in duct and pump, and L is the duct length above the free water surface, in-
cluding the pump.) For a vehicle weight-to-drag ratio of 14, the net thrust is:
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w
— = AV 2.28
Ta pQ (2.28)
or
0= W
14 pAV
The volume of the duct and pump is
) w Ly
Vol.= — L = X — (2.29)
Vy 14 pAV v,
and the weight of water in the duct and pump is
8oLy
W _=Vole p=W ——————0——
pw Tof 14V, AV
or
Wow oLy 2oLy Yo Yo 1
= = X X — (2.30)
w 14V, Ay V02 v, AV 14

This means that the ratio of duct water weight to vehicle weight is inversely proportional to the square
of a Froude number ¥,/ \/FO_L; referred to the duct length L, above the free water surface. It is also
inversely proportional to the velccity ratios V,/V,, and AV/V,) and to the lift-to-drag ratio (which was
assumed to be 14). The Froude number referred to the duct length is not proportional to the Froude number
of the entire vehicle since the pump elevations A4, and Ah/ and thereby 1 , are not expected to increase
proportionally with the linear dimensions of the vehicle.

To check whether the foregoing assumption of a total power-plant weight of 2 Ib/hp is ressonable
relative to the weight of the water in the pump and ducts, consider a definite example:

Let L, = 30 ft, ¥, = 80 knots = 135 ft/sec, AV/V, = 0.65, and VO/Vd = 2, Then (according to
Equation (2.30)):

W
pw 322x30x2 1.164

- (2.31)
w 18,230 x 0.65 x 14 100

i.e., slightly over 1 percent of the total weight of the vehicle,
For @ propulsion plant weight of 2 Ib/hp and propulsion efficiency of 0.55, the ratio of propulsion
plant weight to vehicle weight is (according to Equation (2.23))
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k 80 1
1253 1253 15.66

and therefore

w w
pw pw W 1.164 x 15.66

- — - = 0.1824 (2.32)
W, Wop 100

Assuming that the pump weight plus duct weight Wpd =04 pr, the ratio of water weight to pump and

duct weight is:

YVow — Mow Yoo 1834
= = = 0.456 (233)

Wp d Wp o Wp d 04

Short of an actual design study, there is no way to check this figure, However, the previous assumption
of 2 Ib/hp for the total propulsion plant has not lead to any contradictory results, and it may therefore be
accepted as a sufficient approximation for the purposes of this section.

Most considerations presented in this section obviously serve only for general orientation. Nevertheless,
at least one definite conclusion can be drawn from the results obtained:

For a cruising range from onc to several thousund nautical miles, the fuel weight is a fairly large
multiple of the propulsion plant weigh: (5 to 8 fur the examples given), Thercfore a sacrifice in overall
efficiency is generally not justified in order to reduce the weight of the propulsion plant unless the percent-
age change in weight is greater by at least one order of magnitude than the percentage change in efficiency
and fuel consumption, For example, the use of aircraft practice rather than stationary machinery practice
reduces the weight considerably without necessarily involving any significant sacrifice in efficiency. Thue the
adoption of aircraft practice is definitely justified and, in fact, necessarv for the propulsion plants of the

high-speed surface craft considered here,
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CHAPTER 3. DESIGN OF THE PROPULSION PUMP
3.1 GENERAL FEATURES

] 3.1.1 Foundations of Hydrodynamic Pump Design

The most important principles for the design of any hydrodynamic pump, i.e., centrifugal or axial flow
(or “propelles””) pumps should be presented prior to a discussion of the design of pumps for a particular
application, e.g., the propulsion of marine vehicles. Accordingly, the foundations of the design of such pumps
will be reviewed very briefly even though they are probably known to most readers. A discussion of the most
important hydrodynamic limitation in the design of such pumps (cavitation), will then be presented, and
followed by an outline of the general design process with due consideration for that limitation.

The theoretical foundation for the design of turbomachinery is given by the condition of continuity, by

the Euler equation for the change of angular momentum in the vane systems of the machine, and by the

basic similarity considerations of the flow in turbomachinery. These three items will be discussed in this
order.

For practically incompressible fluids like water, the condition of continuity states that at any particular

time, the volume rate of flow Q has only one value throughout the machine, i.e.,

X Q=4, YV, =constant (3.1

av

for all cross sections A, of the same machine at the same time. In this equation, V, » is the average value
over the cross section A of the “meridional™ Nluid velocity, i.c., the velocity component lying in radial
planes parallel to and containing the axis of rotation and A_ is any flow cross section which is everywhere
normal to the locul meridional velocity component V. For a uniform direction of ¥V along any circle

couxial to the machine, A, isa surface of revolution that is also coaxial to the machine (A4 and B8 in
Figure 8). Evidently

A= [ dardn (3.0)
é

! In Figure B, where the limits g and b refer 1o the two surfacsc of jevolution AR which form the inner and

outer boundaries of the space of revolution containing the Now,

k Equution (3. 1) ¢at obviously be written in the form:

]

» A, V. mA_ V¥ (13
{ m, m”' my ‘m,,.

If the local velocity ¥V, 1§ used instead of ¥, . the condition of continuity appears in the form:
av

dQ = 2/rdn V_ + constant (14)
e, constant along any “meridional streambine™ €7 in Figure K,
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Figure B ~ Runner Profile and Notations for the erivation of the
Fuler Turbomachinery Equution
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When the elementary steps dQ and dn are replaced by finite steps AQ and An, Equation (3.4) can be
used for the construction of the meridionul streumlines or stroam surfaces. This makes the finite parts AQ
of the total capacity constant through the portion of the machine considered, 1.0.. AQ = Q/m, where m {3 &
constant integer.

In Equation (3.4), ¥, is assumed to be constant along circles coaxial to the machine, not only in
direction but also in magnitude; this is called the assumption of “axial symmetry,"

With the meridional velocity cormponent Ve determined or approximated by the condition of
continuity, the remaining circumferential fluid velocity component ¥, Is determined by the circumferential
forces, or the torque, applied by the vanes (or other means) to the fluid in the machine, This relation is the

Euler turbomachinery momentum equation,
Refer to Figure 8 and consider an elementary part dQ of the flow moving along the stream surface €D,

Evidently the condition of continuity demands that

dQ =2mr, dn, le =2nr, dn, sz (3.5)

If a certain torque (moment) dM is applied by the vanes to the fluid between C and D, this torque will change
the moment of momentum (or *angular momentum™) of the flow according to the relation:

dM=p-dQ(V, *ry=V, 1) (3.6)

Uy

where p is the fluid mass per unit volume. This is the Euler turbomachinery momentum equation for the

elemental stream dJdQ.
Assume that the torque M is applied to the stream by a vane system which turns about the axis of the
system at an angular velocity w. The mechanical work per unit of time or the “power” interchanged between

the turning vane system, the “‘runnes” (or “impeller”), and the fluid is:
wWdM = p dQ (Vu’ v, - V“l v) 3N

where (U, =r, x w)and (U, = r, x w) are the peripheral velocities of the runner vanes at distances r, and
r from the axis of rotation.

Division of both sides of Equation (3.7) by the elementary weight flow & P dQ along the stream sur-
face CD leads to
v, U, - V“l Ui

wx dM Y2
- =H = (3.8)

goPdQ r &

where #, is the work per nound of fluid exchanged between the runner and the fluid; this is called the
“runner head” of the machine. In the case of a pump, the torque exerted on the fluid by the runner has the

same direction as the angular velocity w, so that this work is transmitted from the runner to the fluid, The
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dimension of H_ i Toot pounds per second divided by ponnd e second, which i foot pounds per pound or
“feet™ (although thy cancellation of poumds i somewhat problematic), 1 this wark eould be converted into
static pressure without any loss, 2/, would reprosent thix pressure invrease i terms of the height ol a column
of the liguid pumped or the height (o which the Quid could be litted by this pumping action,

It the conversion into pressure were to tuke plave ar un efticiency 1, . then the actual height ve “net
head™ # to which the pump can lift the fTuid (without further loases sugh an pipe ltiction loses) is

vty

)
Hen, i =9, " {9

Here n, is called the “*hydraulic efficiency.™ it ix somewhat higher than the overall efficiency 1 of the pump
because it expressec aly hydrodynamic losses und not parasitic torque changes which are included in the
definition of the overall efficioncy 0,

The Luler turbomuchinery head equation (Eynation {3.8) or {1.9)) has been derived for one elementary
purt of the flow through the machine. In most cases, one would want this head or energy input to the
Muid to be upiform across the entire stream that passes through the machine, This means that the runner
head 4, miust be the same along all counial stream surfaces that pass through the rmnner, and (uccording to
Equuation (3.8)) the same must be true {or !’“2 U - V“l U,. This constitutes a design requirenient for the
runner vane system,

For a development of a cylindrical section at the runner inlet (Point C) and a conicul section at the
discharge (Point 1), Figure 8 shows the velocity vector disgrams which should be drawn in space tangentially
to the stream surface ol revolution that describes the metidional flow, The first wpproximation of the
required vane shape would be to make the ends of this particular vane section parallel to the relutive
velocities wy and w,. This is a poor approximation for pumps at the discharge vane edge but It is fairly
good at the inlet, provided an allowance is made for vane thickness so that the flow cross section between
the vanes satisfles the condition of continuity with respect to the relative velocity w.

An additional correction is needed at the discharge of pump vane systems as illustrated in Figure 9. If
it is assumed that w; satisfies the condition of continuity at the discharge cross section between the vanes,
then the real peripheral component Vu’ of the absolute flow at discharge is less than ¥V, 2'. corresponding in
the diagram to wz‘ (both velocities marked by * are fictitious). Surprisingly, a fair approximation of the
real flow ¥, can be obtained by assuming that l'u2/ Vu; = 0.8, s long as the vane length ¢ is sub-
stantially larger than the circumferential vane spacing ¢, ut the discharge diameter. This approximation
applies also to the development of a conical section that approximates the meridional stream surface in the
discharge region of the vanes.

Other approximations are available for wider vane spacing ( £ /t, < 1); however, these do not fall

within the scope of this presentation.
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Figure 9 Velocity Diagrams of a Radial-Flow Pump Runner
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A Dnal ltem concorne basic similarity relations for turbomachinery. In general, Muid mochanics,
sinlarity relacions are teuly significant only i the ow depares rom a frictionless, incompressible low or if
it Invalves the influence of gravity (or another acceleration of the system as a wholo). Without such
departures from ideal Now, the similarity statement la nearly trivial since the flow will be similar for goo-
metrically sillar flow buundaries and similar approaching Now relative to these boundarios, for example, the
same angle of attack on geometrically simitar airfoils. In the tleld of turbomachinery, however, very signifi.
cant ghmdlarity relations are in order under the moat simple ideal Now conditions because there are two inde:
pendent velocitios, the velocities of Nlow ¥ and the circumferential velocities of solid parts of the machine U.
Since flow velocities us well as circumferential velocitios form essential parts of the velocity vector diagrams
(us shuwn, for example, in Figure 8), it la appurent that similarity of low in turbomachinery is possible only
it Muid velocities ¥ and circumferential velocitivs U have the same ratio to cach other at geometrical points
similarly located in similar machines, (Similarity of velocity vector dingrams at similarly located points may
be regarded as a deflnition of “similarity of flow.")

Evidently

¥ = constant x -?-- vand U = constant n x D (3.10)
D 2
whore £ is any representative linear dimension of the muchine (say, an impeller diameter) and » is the number
of revolutions per second of the rotating solid parts, the impellers.
Hence the aforementioned “kinematic condition of similarity of flow in turbomachines™ may be ex-

pressed by the “flow coefficient.”

14
U = constant or ——— = constant 3.10

nD3
With respect to F/U/, “constant” means the same at similar locations in similar machines; with respect to
Q/nD3 it means the same for similar machines. V/U = constant applied only to similarly located points in
these machines. For an incompressible fluid like water, Q and Q/nD3 are constant throughout any one
machine at any one time,
‘The flow conditions considered are “ideal™ to the extent that inertia forces dominate, i.e., all pressure

differences Ap are proportionel to p ¥2 or to pU2. This means that

gOH gOH
—— = constant and —— = constant 3.12)
u? v?

at similarly located points in similar machines under similar flow conditions. The ratio g,)H/U2 or 230H102
is called the “‘head coefficient.” Expressed in terms of the operating conditions Q, n, and H and the character-

istic dimension D, the above relations assume the form:
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ey ————————

gl gy HD $
———= = constant and
nip? ) 2

= constant (3.13)

which applies to the entire machines compared.

Figure 10 compares the head, efficiencv, and power as a function of the rate of volume flow (or
“capacity™) for two different speeds of rotation. According to Equations (3.11) and (3.13), the head H in-
creases proportionally to the square of the speed of rotation n whereas the capacity Q increases linearly with
n for similar flow conditions, Thus similar flow conditions are connected in an H versus @ diagram by the

parabolas shown in Figure 10. Applying the preceding equations, (3.11) and (3.13), to the conditions in this
figure, one finds that with D, =D,:

0, ny H, "12
— = — ang —- = —— (3.14)
o, ny H, n,?

The validity of the similarity relations leading to Equations (3.11), (3.13), and (3.14) can be proven by
plotting the head versus capacity characteristics in dimensionless form. This was done in Figure 11 for an
axial-flow pump. The inlet pressure was kept sufficiently high to avoid any appreciable cavitation, and the
impeller diameter was 15 in. Thus, with water as the test fluid, there were no appreciable effects of vis-
cosity. [t is evident from Figure 11 tha* under these conditions, the similarity relations expressed by
Equations (3.11), (3.12), and (3.13) hold within the rather high accuracy of the tests performed.

It should be evident from Equations (3.11) and (3.13) that under similar flow conditions, similar pumps
of different sizes D and operating at different speeds of rotation # cover a very wide—indeed infinite—range
of actual operating conditions. It is thus reasonable to ask which range of operating conditions n, @, and H
can be covered by geometrically similar pumps of different sizes operating at different speeds or rotation.
This question can be answered by eliminating from Equations (3.11) and (3.13) the linear dimension D, This

gives a similarity relation of the operating conditions n, Q, and H which is independent of the absolute
dimensions D of the machine. Evidently

0 W\ w2
: = ——— = constant
(,,03 n2p? ) (80”)3/2

It is customary (for no particular reason) to use the one-half power of this expression although any other
power would serve as well. The one-half power is called the ‘‘(basic) specific speed” of the machine:

1/2
e 22 (3.15)

N
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RATE OF VOLUME FLOW
Figure 10 — Characteristic Curves of a Centrifugal Pump at Two Different
Speeds of Rotation n; and n,
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Figure 11 - Dimensionless Head-Capacity Curve of an Axial-Flow Pump
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It can be defined by the statement that any constant value of the specific speed describes that combination
of operating conditions n, Q, and H which can be satisfied by similar flow conditions in geometrically similar
machines as far as their waterways are concerned.

It may, or may not, be evident, from the above definition of the specific speed but it is nevertheless
true that the specific speed must be related to certain design and form characteristic of the machine con-

cerned, By using the dimensions defined by Figure 12 and the obvious relations

D,.2 m D,?
1= — ) and Uy =Dy

LW
]
SV

it is easy to find

L2134y U2 3/2 , 112
nQ 1/2 1 ljO m; D/ 1 Dh
'l = - — ——— — —
? (30”)3/4 21/4 p1/2 2g,H Y, b, D,.2
(3.16)
For axial-flow machines, obviously D, = D and U,=U,. Thus:
3/4 1/2 1/2
2 vV 2
n Q‘/2 ] Yy m; | b, 3.17)
H = e——= — ——
A .
28,H U
3/4 14 /2 0 0 2
(gh?4 214 gil D,

There are other relations that can be established between the form of the machine and the specific speed.
Any relation between the specific speed and the design of centrifugal and axial-flow pumps as ex-
pressed by Equations (3.16) and (3.17) is obviously meaningful only if the specific speed is calculated for a .
point at or near the point of best efficiency (sec Figure 10) which should be the design point of the machine.

Figure 13 shows a series of single-stage centrifugal and axial-flow pump impellers of different specific
speeds derived from Equation (3.16) under the assumption that ¥, /U, = constant and UO2 2gyH =
constant. Evidently U02/2g0H = (Uo2min/2goll) X (DO/DOmln)2' ‘Figure 14 shows impellelrn;;‘roﬁles derived
under the same assumptions for axial-flow runners by using Equation (3.17). (The values for "y and n_,
were calculated with the root head coefficient 2@0H/Uh2 = | and 4, respectively; the second value applies
mainly to turbines.) Evidently a design choice has to be made between radial and axial-flow machines inas-
much as the design forms shown in Figures 13 and 14 cover somewhat the same range of specific speeds.

It is thus evident that the entire field of centrifugal and axial-flow pumps can be represented as
(probably) a multivalued function of the specific speed. The specific speed can be calculated before anything

is known about the design of the machine concerned, thus locating the design problem within a vast field of
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Figure 13 — Pump Impeller Profiles as a Function of the
Basic Specific Speed
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design possibilities. For example, if the specific speed should be very much lower than the lowest value
indicated in Figure 13, then the use of several stages in series migyht be indicated so that the head per stage is
reduced by dividing by the number of stages. Thus the specific speed of each stage is increased by the 3/4
power of the number of stages, thereby avoiding the loss in efficiency connected with very low specific speeds
per stage.

The upper limits of the speciftic speed are more stringent. It is evident from Figures 13 and 14 that the
size of a pump (and thereby the weight and cost of a pump and of its driver) decreases rapidly with in-
creasing specific speed. It can be shown by some simple similarity considerations that the weight of a torque-
producing, torque-demanding, or torque-transmitting machine is roughly proportional to the torque, The
torque is, of course, inversely proportional to the speed of rotation. Thus doubling the specific speed for
the same Q@ and H may be expected to cut in half the weight of the rotating machinery operating at that
speed. Therefore there is a very strong incentive to always select the highest specific speed possible under
given circumstances. The upper limits of the specific speed are therefore of great practical importance. Be-
fore turning to this question, it is necessary to consider briefly the units of the variables used in the specific
speed.

It should be evident that the expreasions for specific speed, (nQ’/ 2/(gOH)3/ 4), flow coefficient (Q/nD3),
and head coefficient (gOH/n2 D? or gOHD4/Q2) are dimensionless, The dimensionless form of these ex-
pressions are used in this report to make it more universal and to avoid possible confusion with those that use
other systems of units. If the same units of force, length, and time are used in all of the factors of these
dimensionless ratios, they will have the same value regardless of which system of units is chosen (i.e., metric
or English system).

Unfortunately, in the United States, it is not customary to use the dimensionless expression for
specific speed. Rather it has been customary to express the rotational speed » in revolutions per minute
(rpm), flow rate Q in gallons per minute (gpm), and head # in feet and to completely omit the acceleration
of gravity (g,). The relationship between the dimensionless form of specific speed and the form customarily
used in the United States is given below:

. . 1/2
Specific Speed (U.S. Practice) - 17170 (gallons) (3.18)

Specific Speed (Dimensionless) (minutes)3/2 (feet)3/4

In this report, the dimensionless form of specific speed will be used. In some cases the corresponding
dimensional value (U.S. practice) is given in parentheses.

It may be of interest that the maximum specific speed of propeller pumps is about unity in the
dimensionless form used here (Equation (3.15)). Other values of the dimensionless specific speed are given in
Figures 13 and 14; the dimensional values of n, are indicated in parentheses. Pump efficiencies begin to fall
off below n, = 0.1 and loss about 8 percent in cfficiency (compared with specific speeds above 0.1) at
n, = 0.05.
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3.1.2 Upper Limits of the Specific Speed Set by
Cavitation

There are various reasons for an upper limit in the specific speed, e.g., stresses in the solid parts of the
machine or speed limits of the driver. By far the most important reason for such limits, however, is cavi-
tation.

Cavitation is the vaporization of the flowing liquid under the influence of local pressure reductions
caused by the dynamic action of the liguid. It must be clearly distinguished from the damaging effects of
cavitation on the solid walls, which should be called “cavitation damage.”

Whenever cavitation takes place inside the machine, vapor pressure is present at that particular location
in the machine. The difference between the total head on the suction side of the machine and the vapor
pressure expressed as a head value (hv) is therefore a head difference existing in the machine. It follows the
same laws as any other head difference in the machine, in particular the same laws as the head H of the
machine. This total suction head above the vapor pressure, also called “net positive suction head” (NPSH),
will be designated by the symbol H,.

The oldest and most simple way to make H_, dimensionless is to divide it by the total head 4 of the

machine. The resulting ratio is called the “Thoma parameter:”
= —— (3.19)

Obviously it should be constant for similar flow and cavitation conditions in similar machines. Like H,, (or
NPSH), it has a definite physical meaning only if vapor pressure (i.e., cavitation) is present somewhere in the
machine,

The existence of cavitation can be established in various ways. The best, but perhaps most difficult,
way is by visual observation. Visual observation is difficult because it requires a special test machine or test
setup. It is best because it locates the point of cavitation and is accurate relative to the first onset or “in-
ception” of cavitation. If by such observation a certain “critical” value of H‘v—and thereby of 0, —has been
established (for example, the value at cavitation inception), then the value may be expected to follow the
same laws as the pump head H. Such a critical value of 0, should therefore be constant under similar flow
conditions in similar machines (i.e., for Q/nD3 = constant) irrespective of the absclute speed n or absolute
size D of the machine.

The existence of cavitation can also be established by observiny the effect of cavitation on the operation
of the machine. Acoustic observations are accurate relative to the inception of cavitation, but they require
special apparatus and experience. The most commonly used method is to measure the hydrodynamic per-
formance of the machine as a function of H, or of 0,,. If the head or power or efficiency changes at
constant speed, constant capacity, and diminishing H", the reason can only be cavitation since the absolute

pressure level can affect the performance only by cavitation so long as the fluid is practically incompressible.
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It is customary to specify the percentage by which the head or efficiency is allowed to change before
the corresponding H,, o: 0, value is considered “critical”” with respect to cavitation. The percentage change
specified for head or efficiency ranges from about 0.3 percent for rather exacting conditions to 1 percent or
even more (the Hydraulic Institute standards suggest 3 percent). However, even the lowest percentage change
that can be reliably measured does not mean that there is really no cavitation at slightly higher values of H,
than the critical value so determined. Thus if an absolute absence of cavitation is required, it is necessary to
refer to a more exacting method for determining the presence or absence of cavitation, e.g., the visual method
of observation already mentioned. The avoidance of cavitation damage at very high velocities of flow involves
this problem,

It is apparent that any “‘critical” value of H,, or 0, must be related to the requirements of no cavi-
tation that apply to the conditions of operation concerned. Commercially valid conditions may not apply to
the special conditions of hydrodynamic performance of naval propulsors,

The existence of a “critical” value of H,, or of 0, gives numerical values to H,, or g g It has been
stated that H_ and o0, follow the same laws that apply to the pump head H. Thus the similarity relations
that apply to H also apply to H,,. In particular, there is a “suction specific speed”

1/2 2 v/ 2 /v \ 12 1/2
CRRNL Sl — ( % ) (fi _'1_) Dy’? (3.20)
(gO”sv):;/4 2”47"1/2 2‘gOHsv DO UI ey

This expression may not be as useful for predicting cavitation as the corresponding expression for the basic

specific speed n_. It is known that the suction specific speed is particularly concerned with the low-pressure

side of the runner. It is therefore more useful to write the suction specific speed in the form

/4 3/2
] - — (3.21)
v, v, D2

i /

3

2
g " o'z Y,
(x()lily):;/4 21/4 "1/2 2gOH"'

Evidently, this can be simplified to the form

s _na’ 1 m, o\, & (3.22)
@H,) QM2 | 28,4, Ven, ( D2 :

Another very useful form of the suction specific speed is:
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3/4 1/2 1/2
| w? ( le_/U,.) D,? /
§= . - —
1/4 4 1/2 2g,H, 2 21— 314 ;
27%n, 8oy Vu. Vui Vmi Di
1 -2 ; + + —
. 2 2
i U U
. (3.23)
Equations (3.20), (3.22), and (3.23) are evaluated in Figure 15 for V, =0 (zero “prerotation™).
Equation (3.23) is derived from Equation (3.22) by means of th:: relation
Vi2 w,.2
H =C, — +0_ — (3.29)
» v l 280 p 280

where C, is a constant (slightly greater than 1.0) used to account for nonuniformities in the *‘absolute™ inlet
velocity and w, is the relative velocity at the inlet.

Here a, is introduced as the cavitation parameter of any object exposed to the velocity w;:

[7,- - PV
0 = —t (3.25)
P 2
PW;
2

It describes the pressure drop below the inlet static pressure p; due to the flow at the velocity w,. Figure 16
illustrates this situation, 1 is pracucally impossible to operate free from cavitation for values of a, below
about 0,20 because the range of the angles of attack that permit cavitation-free operation is one-half a degree
(or less), i.e., so small that it is practically useless. Furthermore the precision of vane shape required is so
great as to be practically unachievable, Finally, available design theories are not sufficient to predict the
flow within such a degree of accuracy. Considering commercial design and manufacturing practices, it is
doubtful whether truly cavitation-frec operation can be achieved at 0, values less than about 0.4, According
to Figure 15, this leads to a maximum suction specific speed of about 0.40, or 7000 gal”z/mm:‘/2 fi3/4 in
dimensional form, assuming the most favorable case of zero hub diameter (Dh/D, = (0), Even a, = 0.4 is
very optimistic and demands the very best manufacturing and design techniques available. Truly cavitation-
free operation Is not required commercially, but it may be required at high fluid velocities for prolonged
times because of cavitation damage,

The effect of surface roughness on local cavitation may be as important as that of accuracy of shape
and angle of attack. Figure 17 gives results by Holl regarding the cavitation number 0, of a sharp-edged
roughness as a function of the height of the roughness & divided by the local boundary layer thickness 8. In

the Holl investigation, the roughness was placed on a flat plate with a cavitation number of zero. 1t is scen
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that a roughaess anly onetwentieth ae high as the thickness of the local boundary layer can have a cavitation
number 0, = 040, 1 aich o roughness 5 placed on a cuived contour at a plice where its pressure reduction

B P ® (‘” P 1312 without any rovighness, then the resulting cavitation number of the curved contour
with roughness (reforred 10 freewtivatn conditions) i

g * Gt G0, (3.26)

For example, it the smooth contow pressure coelficient were €, v 0.3 and the cavitation number of the
oughness alone wete o, < 04, then the curved contour with roughness would have a cavitation number
Og =014 LN O = DR, e, 17 times that of the contour without roughness, Since the boundary
layer thickness & near the leading edge of a vane may be quite small, even a very small roughness can have
ach an effet,

The most important conclusion is that tealy cavitation-free operation requires the use ol very con.
wivathe suction spacific apoeds, say, lower than 0.4 (or 7000 uul” "/mm'” 2 M4y dimensional form), le.,
wongidorably lower than the conunercial standards of the Hydiaulic Institute.  Of course truly cavitation-fiee
operation ix not always required.  The most important case where it is required is operation at very high ab-
solute Muid velogities (substantiably higher than in commercial practice) since cavitation damage 1s known to
incrense very rapidly with the veluchty of low, 1t has been ostimated 1o increase us fast o¢ faster than the
sixth power of the velovlty of flow,  An increase in this velocity by u factor of only 1.§ (for example) will
meroase the rate of cavitation damage by a factor of more than ten, Thus even a small amount of cavitation
{ucceptable at wwer velocities) may lead to intelerable cavitation damage at increased velocities,

The situation Is quite difterent at vither very low fluid velocities, for example, as used with commer-ial
condensate pumps, or for very short operation with cavitation, as in the case of pumps for liquid 1ockets, In
sueh cases suction specific speeds as high as 2 (34,000 gat'/ 2 jmin M2 e in dimensional form) can be used
ieliably, provided very special designs are used at the inlet to the first stage (“indugers™), Figure 15 shows
that very Jow Now coefficients V' /U, are essential at very high suction speciflc speeds. With these go very
low cavitation parameters 0y indicating clearly that cavitution-lree operation is not expected, To achiew
such low a, vatues without a conplete breakdown of operation, it 18 necessary to use very thin and sharp
leading vane odges, very slight curvature of the leading portions of the vanes, and yet somowhat larger cross
sectiona) arcas between the vanes tat the inlet) than prescribed by the condition of continuity with respect to
the relative velocity of the Now approaching the vane system, This inducer design practice diflers sub-

stantially from that for pumps with more conservative suction specific speeds and involves certain sacriflces
in officiency. /¢t may prevent truly cavitation-free operation even at very low suction specific speeds, This
problem will be discussed further in Section 3.3 because it is of particular importance for propulsion pumps.
A few words are necessary with respect to the operation of several pumps in parallel, it particular the

effect uf the widely used *‘double-suction™ arrangement un the cavitation performance of the unit (see
Figure 18).
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Figure 18 — Comparison of a Single-Suction, Horizontally Split
Pump and a Single-Suction, Vertically Split Pump
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So far as its cavitation performance is concerned, a double-suction pump should be regarded as two
single-suction centrifugal pumps arranged back-to-back on the same shaft. Equations (3.20) through (3.23) as
well as Figure 15 (derived therefrom) apply to single-suction pumps and therefore to each half of a double-

suction pump. However, there is no reason why the suction specific spred as given by the left sides of these
equations

1/2
s= 49 (3.27)

3/4
(goHsv)

cannot be applied to an entire double-suction pump. If so, this suction specific speed will be higher by a
factor of \/2— than the suction specific speed calculated according to Figure 15 for only one side of a double-
suction pump. Similarly, if V single-suction pumps are operated in parallel, the suction specific speed of the
aggregate of the N pumps would be \/N times higher than the suction specific speed of each individual im-
peller inlet. This possibility will be discussed further in connection with propulsion pumps.

Finally, atter .. must be paid to the physical limitations of similarity consideration on cavitation on
which this entire Section 3.1.2 has been based, These similarity relations are based on the “classical
assumption” that cavitation takes place instantaneously whenever and wherever the equilibrium vapor
pressure corresponding to the bulk temperature of the liquid is reached. Since the classical assumption is by
no means self-evident, it is really amazing how well the similarity considerations based on it are usually
satisfied. Vaporization must be explained physically by the presence of certain weak spots in the liquid,
called “nuclei,” and the universal availability of such nuclei is not generally assured, Furthermore the gas
content of the liquid must be expected to have an effect on the inception of vaporization. Indeed, careful
laboratory experiments have shown departures from the classical assumption, but such departures are
relatively rare in practical pump operation. Certain departures from the similarity relations based on the
classical assumption have recently been observed and are probably explainable by the gas content of the
liquid. Control of the gas content of the test liquid in relation to the liquid encountered in the field would
be highiv desirable, e.g., the partial pressure of the gas could be treated like any other pressure in the system.
However, some other departures from the classical assumption cannot be ruled out. The effect of surface
roughness has already been mentioned; in comparisons of model test results with prototype performance, the

similarity of such roughness is certainly important within the limits of practical feasibility.

3.1.3 Principles of the Design Process for
Hydrodynamic Pumps

On the basis of Sections 3.1.1 and 3.1.2, the design process for hydrodynamic pumps may be outlined
as follows:

1. In any event, the rate of volume flow Q, the total pump head H, and the total suction (inlet) head above
the vapor pressure H, or NPSH are given.
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If the speed of rotation » is also given, calculate the basic specific speed ('n‘ = nQ” 2/(30”)3/ ‘) and
the suction specific speed (S = nQ” 2,’(3011")3/ 4).

If the speed of rotation n is not given, assume the value of the suction specific speed according to the
general operating requirements of the unit and from it determine the speed of rotation n. This also determines
the basic specific speed.

Commercial limits of the suction specific speed (S = 0.5 = 8000 gal” 2/min®? 11374 in dimensional
form) permit prolonged operation at commercially customary fluid velocities,

Lower limits than § = 0.5 are required for prolonged operation at velocities that arc substantially higher
than commercially customary fluid velocities.

Substai tially higher limits of S, say, § = 2 (34,400 gnl‘“/mln:’/2 ft3/4) are permissible if aperation
under these conditions is required only for short duration (comparable to rocket pump operation) or if the
relative fluid velocities in the pump are quite low.

2. An additional limitation of the speed o rotation (or fluid velocity) is set by the mechanical stresses in

the machine. It can be expressed by the “stress specific speed:”

3/4 2 112 172
’ n Q\/2 ) [puz:} f [D‘]” (Vm,.) | D,?
T = = ——— A— o —em———
T (o) 2il4 12 |20 D, Y, 0;2

(3.28)

The centrifugal-stress coefficient P, Uoz/z 0, may be as high as 4 for machines with radial blade
elements and a mechanically very favorable hub construction and hub-to-tip diameter ratio, For centrifugal
pumps of medium specific speeds and backward-bent vanes, the upper limit of p'U()z/Z g, liss botween | and
2.

3. With the suction specific speed and basic specific speed determined according to the foregoing (Items 1 and
2, certain design choices must be made. The basic specific speed suggests the choice between radial-flow,
mixed-flow, and axial-flow pumps for single-stage pumps. However, a choice of the number of stages must

be made, particularly in the domain of low basic specific speeds. Below n, = 0.1 (1720 gal'/ 2/min3/2 3/ 4,
increasing sacrifices in efficiency are unavoidable for single-slage units. Multistage units avoid this because
the resulting reduction in the head per stage leads to an increased basic specific spead per stage. A related
choice must be made, for example, between a single-stage, radial-flow pump and u multistage, axial-flow
pump with about the same outside runner diameter as the inlet diameter D, of the radial-flow unit (see
Figure 19). The radial-flow pump has fewer vanes and larger waterway; this is particularly advantageous for
small units but might involve the danger of pulsations of the discharge pressure. Axial-flow pumps have a
much simpler and stronger casing, but their useful operating (capacity) mnge is narrower at constant speed of

rotation.
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Furthermore, o design choice must be made between single- and double-suction pumps as shown in
Figure 18, Single-suction pumps are simpler, but double-suction pumps have a higher suction specific speed
(und thereby a higher speed of rotation) referred to the toral capacity. The same cheise also applies to (more
than two) pumps in parallel (see Section 3.5).

Finally, a choice has to be made between the “horizontally split” and “vertically split” casing design
(outlined in the chapter on centrifugal pumps in Marks® Mechanical Engineers Handbook). {owever, this
choice involves mechanical construction rather than overall arrangement and hydrodynamic design.

4. With the basic specific speed and suction specific speed per stage and per parallel stream determined
according to Items |, 2, and 3, Equations (3.16), (3.17), and (3.20) through (3.23) determine the most
essential design variables of the runner, and thereby also those of the wa.erways next to the runner. A
“design choice’ must still be made regarding the absolute rotation of the fluid on one side of the runner,
usually the low-pressure side. After this choice has been made, the flow coefficient ¥ /U, and the head
coeflicient 2g0H/U02 determine the velocity vector diagrams at any desired point of thé inlet and discharge
vane edges of the impeller. It follows from the Euler equation (3.9) that

ngH Vu2 Vul rl2
=20, — - — (3.29)
U22 U, U, r,"

with the notations defined as in Figure 8. This equation, together with the flow coefficient V_ I/U" the
“prerotation” ratio VullU], and the condition of continuity in the simplified form V,_ /Vm <4, l/Amz,
permits the construction of the velocity vector diagrams for any pair of Points C and D in Figure 8.

The velocity vector diagrams, particularly the relative velocities w, and w,, determine the shape
(direction) of the runner vane ends as was outlined in Section 3.1.1, This information and the diameter
ratios appearing in the specific speed equations ((3.16), (3.17), and (3.20) through (3.23)) determine the
runner shape so far as this elementary outline of turbomachinery theory permits. The completion of the
design consists of combining these bits of information into a geometrically and mechauicallv consistent
overall structure,

The stationary vanes or passages adjacent to the runner are determined by the absolute velocities V,
and V, and by smooth connections between the runner profile and the inlet and discharge openings of the
casing or other stages of the machine.

There is only one additional relation to be mentioned, namely, separation or *stall” of the vanes in
hydrodynamic pumps. The complete treatment of this subject exceeds any reasonable scope of the present
remarks. However, there is a very simple limitation of the velocity diagrams in turbomachines resulting
from considerations of operation or “stall” which deserves mention. The flow relative to the vane systems
is usually retarded in pumps (or compressors) because one is concerned with the conversion of kinetic energy
into static pressure. The degree of retardation is limited; a practical limit is 0.6 for the ratio of the dis-

charging to the entering relative velocity for rotating systems and for the ratio the discharging to the entering
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absolute velocity for stationary systems. This limit is particularly important in the case of pump runners of
high suction specific speeds. The low flow coefficient required at the runner inlet (sce Section 3.1.2 and ;
Figure 15) leads to a rather high inlet relative velocity since a low ¥ requires a relatively large inlet '
diameter. For a given discharge veiocity diagram, a high inlet relative velocity can easily lead to unacceptable
retardation of the relative flow. Figure 20 illustrates the effect of this consideration on the profiles of
single-suction pump runners; the profiles shown to the left are similar to those given in Figure 13. If the
profiles shown for a moderate suction specific speed are assumed to be close to an optimum, it should be
evident that very high suction specific speeds can easily lead to sacrifices in efficiency.
Even if the retardation ratio w,/w, or V,/V, is kept above the limit of 0.6, mentioned above, it is
still necessary to properly select the vane length-to-spacing ratio (¢/¢) in order to avoid overloading the vanes.
Cavitation limits of this ratio can be estimated by comparing the average vane pressure difference Ap to the
total inlet pressure p,g,H,, . A very crude but simple approximation (applicable primarily to axial-flow

pumps) would be

Hsv t
H, 0 >H-tor TI~>7 (3.30)

This relation is not valid for large overlap and radial-flow runners,
However, the preceding consideration is not concerned with “stall.” To safeguard against “stall,” the

vane lift coefficient

Vuz '0 ( rl Vul )
C =2 — l - - — (3-3])
L
w_ ? ry Vu2

must not exceed certain limits (see Figure 8 for definition of notations). Here w_ is the vectorial mean of
the velocity of flow relative to the vanes and ¢, is the circumferential vane spacing at the outer periphery.
C, should not be much larger than 1 for vane systems with retarded flow, whereas it might be approxi-
mately 1.5 when flow is not retarded and perhaps as high as 2 with accelerated flow,
For given C, and velocity vector diagrams, Equation (3.31) permits the calculation of the *solidity of

the vane system™ 7 /t,.

3.2 DETERMINATION OF OPERATING CON-
DITIONS AND SPECIFIC SPEED FOR A
PROPULSION PUMP

The variables to be satisfled by s marine propuision unit are primarily a certain thrust 7 and the speed
or speeds of travel ¥V, at which this thrust is to be developed,
The thrust T i that for one propulsion unit, i.e., a propulsor connected with one intake. Evidently

T=pQAav (3.32)
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where AV is the velocity increase through the unit, i.e., AV = V, — Vy. Here V, is the relative approach
velocity of flow, corresponding to velocity of travel, and Vi is the jet velocity relative to the craft. ( V/ and
V, are assumed to have the same direction relative to the craft.)

The rate of volume flow @ is given directly by Equation (3.32), assuming that AV/ V, is given by con-
siderations of propulsive efficiency presented in Chapter 2.

The required pump head is

v:_ vyt ~
H= ——— +k — +An, (3.33)
28, 2g, ! .

where K is the inlet and duct-loss coetficient introduced in Chapter 2. Ahj is the elevation of the propell-
ing jet above the free water surface. It is zero for any submergence of the jet below the free water surface.
With V/ =V, +AVand Vi2 = VO2 +2V, AV + AV?, Equation (3.33) assumes the form:

2
Y AV Ay ? 2, Ak,

He — |2 == + =5 +k+ —— (3.33a)
28, V0 Vo V02

Obviously, Ah,. is to be minimized, inasmuch as it constitutes an energy loss.

The total pump inlet head above the vapor pressure is

v ~
H = — —K — +(h_—h)— Ah
sv 2g0 2g0 a v /

where A is the atmospheric pressure and & is the vapor pressure; both are expressed as a “head” in feet of
water, Ah,. the elevation of the pump inlet above the frec water surface; it is negative for a pump inlet be-
low the free water surface,

Designating (h' - hv) by h_ , one may write

sv’

v 2
_ 0
H‘v =(1 - K) -2—;;;' + (/‘", - Ahi)
VO2 230
= -2-——-— [l - K+ 3 h,, - Ah,)] (3.44)
80 Vo
Considering also Equation (3.33a), the Thoma cavitation paraincter is:
28,
1 -K+ -—-;- (h,, — &h)
Hsv V() (3.35)
g, = = = R
H H NG AV 28, Ah,
) 0 %
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If an allowable suction specific speed S is determined on the basis of the considerations presented in

Section 3.1.2, it is now possible to calculate the basic specific speed by the relation:

n =S - a3 (3.36)

With the specific speed so determined, the design of the propulsion pump is essentially established and
aepends only on certain ““design choices” as discussed in Section 3.1.3.

Since, according to Equation (3.33a), the pump head H depends on the ratio AV/V,, the foregoing
determination of the specific speed can apply only to operating conditions for which AV/V, can be selected
on a rational basis. This is true only for the cruising condition becauze the real propulsive efficiency (as
defined in Section 2.2) is of dete-mining importance only for that condition. Therefore, the foregoing con-

siderations, including the determination of the bvasic specific speed, apply only to the cruising condition.

3.3 SPECIFIC SPEED OF THE PROPU'LSION
PUMP IN RELATION TO THE DIVERSITY
OF OPERATION REQUIRED

It was pointed out in Chapter 2 that the thrust requirements for high-speed surface craft generally de-
part very strongly from the similarity conditions which require that drag must increase as the square of the
speed. Rather there is a so-called “hump” of the drag at about one-half to one-third of the cruising speed
(se> Figure 21), The hump speed is the speed at which the craft changes from displacement-craft behavior
ta that of the intended behavior at cruising speed, i.e., foilborne or bubbleborne, Thus there is a high-
thrust condition to be met at a speed that is substantially less (by a factor of 1/2 to 1/3) than the cruising
condition.

Two facts require consideration. First, the total inlet head above the vapor pressure (H,  or NPSH)
will decrease according to Equation (3.34) partly according to the square of the velocity of travel. The other
part of 4, ie. (h, — h), is approximately constant; this happens to be about equal to the dynamic part
(- K) ?’.,2/2 9o ot a reduced speed of 25 knots and is therefore substantiatly less than (1 — K) 1/02/230 at
speeds twice or three times higher than the reduced speed. Evidently H, depends heavily on (1 — K)
V02/2x“ and will decrease substantially with decreasing speed of travel ¥, Thus it is the reduced speed of
travel at which the pump performance will be limited by cavitation,

Second, the thrust of the propulsor will increase with diminighing speed of travel at constant speed of
rotation (or constant power) of the propulsor. This (sccond) consideration will be explored flrst under the
simple assumption that Q,mmp = Qeruise W Hmmp ® H . uise: 1t should be understood that this assumption
can be correct only if the propulsor has a variable discharge (nozzle) area,

Fuyuation (3.33) can be written in the form:

Av Avy?
28 (H - Ah) = v, [z -'7.5- + (;:)—) ox] (3.37)
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the hump condieion. Ty the following 1 will be assumed that By an appivpriate aeloction ot e ciuhe yweodd
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this assumption thav ¢, = ¢, and = M and that this iequines an adjuistable diwhage vpenmg Section Lw
analyzes the case of a fined discharge nozzle opening by 4 sweiies of sueveanve approaingtions. Fhe iesuls of
these calcalations indicate that o a constant discharge opening the thinst merease froam craie o ieduced

speed conditions s about 160 porcent less than idecated i Figure 22 for an adjustable dischage opeinng.

This nwist be considered when applying these vupves.
The toregoing considerations establish the welation between the lamp speed™ amd the cruning spoed
l'c as indicated in Fagure 210 OF cowse, l‘. iy be oy orher nunmuen speand o inevcl segiared e il

speed of rocation. The nest step is obviously 1o detenmine the fowsspeed total inles head 2, woelation 1w
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the inlet head at cruising spoed Il"_ hecause this will peomit the dutermimation o selectiond o the
suction specific speeds at both Jow ‘.\pml atd vruising conditions,
According to Equation (3.34)
'.n"
H,=wt K _.'I—x.“ v,  dh) (RIRE))
Hence the vatio of the total inlet heud above vapor prossiure at tow speed (subscript 1) amb at coising

(subscript ) conditions is
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The ¥\ /8 cuives in Figure 23 ave hased on the eatlier asswiption that O =0, and By =0 Fora Nxed
discharge opomeg, 8 will vise shightly less than the curves show, but the difference i usually feas than & por.
cont.

With the curves th Figuie 2,10 i now possible to complote the procedure ol finding the specific
speed of a propulsion pump outlined in Section 1.2 Recal) that this procedure required an estimato of the
suction specific speed at cruising speed and this was not easy 1o make because it is the low-speed condition
and not the cruising condition that is eritical with tespect to cavitation.  The S-atio curves in Figure 23
atiswer this problem because soime hinowledge ot the dse in suction speciflc speod with decreasing speed ol
travel permits a vational estimate of the suction specitie speed under cruise conditions,

1t should be notod that here the low speed of travel I, is only indiroctly related to the “hump speed. ™
Basically, 3'. is simply the lowest speed of travel at which the propulser is expected to operate at maximum
speedd of rotation, or at the same speed ol rotation used undor cruise conditions, There is a strong temptation
to specily that I, so defined, must be very low in order to accelerate the craft from stand-still 1o cruise
spoed within a minimum length of time. The curves in Figure 23 show the effvct of such a specification on
the design of the propulsion plant. For example, assume that the full speed of rotation is specified as

applicable dawn to one-tenth ol the ciuise speed of travel, The S-ratio curves show that this will call for an
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iease Iy suction specilie speed by a favtor between 2.8 and 6, depending on the crulme speed of travel,
Nince the maxitium suction apeciiie speed ia limited by cavitation and design congiderations, the suction
specilie spead at eradse conditvions must he quite low for this apecification,  According to Bquation (3.36),

i evident that a low N valne will lead o a correspondingly low value of the basic specific apeed n, hecause
04, W Nxed by given aperating conditions and the general focation (height) ol the propulsion pump (sre
Equation (L$)). A Tow value uf 1, is known to lead (v an increase in the siee and weight of the
propulsion pump and it directly coupled driver (lowsspeed turbine or gear box).  This disadvantage of a low
spevifie speed will alwayn exint regardless of the meanuros takon o increase the apeet of rotation (e.g., the
wwe of several pump inlets i pemelied, see Section 3.5) hecause such meusures can by applied to high aa well
A8 o Jow apevilic speada,  To iHunrate this fact, conaitler a definite example:

Asume that according to Seetion 2.2 (Figure 5) the propulsor velocity ratio A171, = 0.7, has been
wloctod and that the duct and intake luss coeffiviont has heen estimated as K = 0.4, 1t should be noted that
these selections (vr estimates) are quite wdependent ol the apecilic speed of the pump, which was not cone
sidored in Soction 2.2, Furthermore, assume that the velocity-independent head values are b, - Ak, = 28 Nt
and Ah’. = 70t (1 will be found that moderate s reasonable variations in b, - &k, and in Ah’ have
very lutle effect on the results obtained,) Finally, assume that the crulse speed ¥, is 60 knots or 1014 fi/
we. Honeo 1 %/2p, = 16001,

Acending to Fguation (1,.38)

23
I ows —
", 160
0, = " = 0,324
" 7
144049404+ —

160
This value obviously applies 10 the cruise condition,
1€ at this point, a definite suction specific spoed is assumed tor the cruise condition, the specific speed

can immediately be caleulated according to Equation (3.36), For example, if a fairly conservative suction
spocific speed of 0.407 (7000 gal 3 min?? 19 i dimensional form) is assumed, Equation (3.36) yields:

n, = 0407 x 0.124%4 = 0,1745

or 3000 uul” llminll 3 134 i dimensional form. This is a very reasonable value for a propulsion pump,
and calls for a radial to mixed-flow impeller (see Figure 13).

However, the above assumption tor the cruise suction specific speed was somewhat arbitrary und
requires further justification on the basis of the low-speed condition. At this point one must assume a speed
reduction ratio ¥ /¥ Two sssumptions will be considered: V\ /¥, = 0.4 (which is reasonable for the
hump speed of a hydrofoll craft) and ¥, /V, = 0.1,

For ¥,/ V. =04, the 60-knot curve in Figure 23 gives S|/Sc = 2 3. For the assumed cruise suction
specilic speed of 0.407 (7000 gl fmin}? 1034 in dimensional form), the suction specific speed at the
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low speed F, =04 V, would be § = 0.930 (16,000 gnl” 3/mln"’ M 0 dimensionas form) which Iy
high but mny he considered ay acceptable for an impeller that Is still falrly standard although especially
dosigned.  However, It full speed of rotation were specified down to v, = 0.10 ¥, the ratio of rise in
suction apecifie speed would be 875, = .15, bringing the suction speciflc apeed at low speod of travel to a
value of 8= 1282 (22,000 gal /3 min ™ (M4 in dimensional form). This would definitely require
elther u very special impeller as wed in condonsato pumps or an “inducer” as used in the rocket pump
Neld.

Attention must now be called to the fact (first pointed out in Section 3.1.2) that high suction
specific speeds require a different impeller inlot design than do maderate suction specilic apeeds, Whon a
pump that 18 designed for high saction specific speed is used at a much wwer suction speelic spoed (say, at
criise conditions), it may not operate completely free of cavitation *dhcez 3 ¢ good pump designed for that
lower suction specific speed (say, S = 0.4) may do so. Furthermore v saerifices in eMciency arv alro
entailed when a pump designed for high suction specific speeds is aperated at very low suction specific
speeds,

The foregoing argument can be given more defnite form in terms of the design Nlow coefficient Vi 1U;
by using Figure 15, f

For § = 0,407, the optimum design Now coelTicient is 0,37 (for a small inlet hub diumeter ratio).
For & = 0936, the optimwm design flow coeflficiont is 0.19 and for § = 1,282, it is 0.14S,

OF course one does not have to use exactly the optimum flow coefficient, When designing for
3, = 0407 and N) = 0936, one may obtuin acceprable performance when designing for and operating at an
intenedute low coeltficient, say, l’mi/U‘. » 0.25. It is much more problematical whether such a compromise
design will still be aceeptable with S, ™ 0.407 and S F 1.282 in view of the fact that (as already indicated
in Section 3,1.2) high suction specific speeds require thin leading vane edges.

One gnswer to this problem would be 1o select lower values for both suction specific speeds S and &},
fur example, for S, the value 0.25 (4300 uul'“/mln]/" MY in dimensional form) and, correspondingly,
for &) = 31§+ 8= 0.788 (13,530 gal 2 /min®? 1034 {0 dimensional form). This assumes that full speed
of rotation is reauired or specified down 1o Py =010 ¥ Sinee the optimum flow coefficient for § = 0.788
is about l',,.'./ll‘. = (.23, a compromise value of 0.30 would probably be quite acceptable, In this case one
pa; 4 for specilying full rpm operation down to I’IIVC = (.10 by an increase in volume and weight of the
totating propulsion machinery approximately in the ratio 0.407/0.25 = 1,63, i.c., by u 60 percent increase in
rotating machinery volume and weight,  Although this estimate of the increase is quite crude, some increase
is unavoidable, and, for the values used in this example, this increase is probably not negligible unless one
is concerned with craft for very long ranges of travel where the entire weight of the propulsion plant may be
negligible compared to the fue) weight (see Section 2.3).

it should be evident from Figure 23 that the relation between the cruising and low-speed conditions

rapidly worsens as the absolute cruising speed is increased, The curves drawn for the 100-knot cruising
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spoedd demonmrate this fact, The 1cuson is obviously that the fixed part of the total inlet head, (e,

h,, Ak, havun eflect rletive (o the cruise velocity head "'«2"“0‘ Thix relutive effect, therefure,
decrenses rupidly with increasing o Thus the problenw puinted vut before increase rapidly with incieasing
crudse speed of travel,

Table | ropresents un attempl to summarize various conclusions from the preceding example, 1t in.
cludes some results Tor a 100knot cruise speed; in this case, the valeulations are hased on a uniform maximum
suction specific speed vat minimum veloeity specifled to use maximum spoed of rotation) 8, = 1.00 (17,170
w2 min ™ 0 i dimensional form). n the apinion of the author, this value is close 1o the maximum
suction specitie speed that can be used without significantly compromising cruise performance at low suction
spevitic speeds,

The Thomw cavitution number ¢y, = 2, /14 is Tiest caleulated for both cruising velocities according to
Equution (J.38), The optimum design flow coelliclent corresponaing to an assumed maximum value of
8¢ 100 reud from Figwie 15 and listed for comparisor purposes only since it is not expected to be used
in the actual design.

The Sevatio curves in Figure 23, Equations (3.40) and (3.41) give the ratio of the assumed maximum
suction specifle speed 8, = 1,0 (17,200 gal 3 minM 2 14 10 the suction specilic spoed at cruise con-
ditions, This ratio leads 1o various cruise suction specific speeds S under the assumption that @, = Q. und
Hyom U Galso iy = 0 ) This assumption of similar Mlow ut cruise and low-speed conditions requires thut the
dischurge opening be slightly adjustable, The optimum flow coeflicients for these (lower) suction gpecific
speeds are listed as road from Figure 15, A comparison of these flow coefficients with the optimum flow
coelficient for §) = 1.0 (¥, /U, » 0,18) permits compromise flow coefficients to be estimated for the
varjous conditions listed, 'l‘h'e gompramise vulues are estimated from the corresponding suction head co-
cfficients .2@2()//”/!"",12 us will be shown in Section 3.4, As mentioned befure, the compromise flow
coefficients determine the design as well as the operating conditions and so no “off-design™ operation is im-
plied. One merely does not design or operate according to the optimum conditions relative to cuvitation
since two widely differing conditions (suction specific speeds) have to be met,

Furthermore, according to Equation (3.36), the cruise values ol the Thoma cavitation number 0y, =
H,, [H and the cruise suction specific speeds permit the calculation of the basic specific speed which applies
to the cruise as well as to the low-speed-of-travel condition because of the assumed similarity of flow in the
pump. 1t thus determines, after certain “design choices,” the design of the prepulsion pump, as will be
illustrated in Section 3.4,

Most of the specific speeds permit the use of single-stage, mixed-flow or radial-flow centrifugal pumps,

with the exception of the 100-knot propulsion plant specified to permit full speed of rotation down to one-

B

tenth of cruising speed of travel. The resulting low specific speed can still be met by a single-stage centri-
fugal pump but not without some sacrifices in efficiency (about § percent). The extent to which a two-
stage arrangement would avoid this loss by virtue of a more favorable specific speed per stage is uncertain.

The staging of radial-flow pumps also involves some losses in efficiency.

60




—r

TABLE | - PROPULSION SYSTEM CHARACTERISTICS AT TWO SHIP SPEEDS

tAssumptions: propulsion velocity ratio AWV‘: = (),7 (Section 2,2);
inlet and duet-loss coefticient K » 0.40, 4, 32 ft at free water surface: ah; = Ah/ =71,
single stage except whore noted, single flow in paratiel),

Cruise Spaed of Travel

Pump Gt Hanlicy
imp Charactanshie 35 Knots 100 Krone Remarks
v Gavitanon Numbw 4, /H 0.324 0.285 At cruise conditions
2 Minimum Speed at Manimum 04 01 0.4 0.1 Section 2.1 and Figure 21
Spera of Rotation l'|ll‘r
A Suction Speeific Spwad Ratio 2273 318 2.99 5.84 Equations 3,40 and 3.41
.\" l.\" Figure 23
4 Auvumad Maximum N Value 1.00 1.00 1.00 1.00 17,170 gal'”/'nin‘”2 13
in dimensional form
& Optimum Flow Coetlicient I /1!, 0.18 0.18 0.18 0.18 S iB
at Minimum Velouity of ! t
Travel |
6. Crnse Suction Speeific Speed .\‘c 0.440 0.3166 0.346 0.1713 Lmes 5 and 4 sbove
7 Dinmnsinnal Value of .\" 7.640 5,446 6,050 1,947 Eqvation (3.18)
Ontimum Flow Coefticient I /1, 0.356 0.42 0.40 >0.50 Fiqure 15
Compromise Flow Coefficiont 0.22 0.23 0.23 doubtful | See Section 3.4
10 Bauce Speaific Speed ", 0.1888 0.1356 0.1361 0.0668 Equation (3.36)
Lines 1 and 6
1. Dunensional Vatue of " 3,248 2,335 2,312 1,149
12 Deuign Conclusion 1 St. Mix.* 1 St. Rad.** | 15t Rad.** v Equation (3.16) and Figure 13
13, Volume and Weight Ratio nJ(OM n'(0.4)
[ 0.1 ve .4 - 1.39 = 2.02
e versis 0 u’(O.l) n,(O."

.
Simgle stage muxen How {could be twe or three stage axial How: ses Figure 19).

Ve
Single o1 twn stage radial flow or multistage axial flow

.
Suigle <tane tadial How {coutd be three or tour stage axial flow, see Figure 19).

61




T

Finally, the increase in volume and weight of the directly coupled rotating machinery is estimated for
the step from 0.4 to 0.1 for the speed ratio specified to be achievable at full speed of rotation. It is seen
that this increase is quite considerable for the 100-knot cruising speed.

Thus it should be apparent that after certain *‘design choices” have heen made the operating conditions
of a propulsion pump are sufficient to determine its basic specific spee .nd therefore its design. (The design
choices and the design process will be discussed in the next section.) To determine the specific speed, it is
necessary to select a maximum suction specific speed for the minimum speed of travel for which full speed
of rotation is required. The maximum suction specific speed that is usable for this application is limited
because he same pump has to operate at high suction specific speeds temporarily and at low suction specific
speeds for extended periods of time. These two conditions become incompatible if the particular maximum

suction specific speed exceeds certain limits. The lower the minitnum speed of travel for which operation at

maximum speed of rotation is specified, the more severe is this conflict.

3.4 PROPULSION PUMP DESIGN, SINGLE
SUCTION

With the specific speed of the propulsion pump determined according to Section 3.3 and Table 1, one
is now in a position to determine the design of the pump according to Section 3.1, in particular Equations

(3.16) and (3.22). The basic specific speed is

2
n Q'/2 1 ( Uy >
” = =
§ (80”)3/4 2/4 112 \28,H

3/4

() &) (-2)
L ] = — 3.16)
Y (D()> D? (

and the suction specific speed is

3/4
y o2 2y M2
o @ ( m/) (U' )(1 D"> (3.22)
(g()”")3/4 21/4"1/2 2ROHW V’"i Di2

Other equivalent relations between the specific speeds and various design parameters will be used and derived
later in this section.

The design process will be illustrated hy means of the example given in Table 1, particularly the values
in the second and third column: 60 knots with ¥,/V, = 0.1 and 100 knots with Vl/Vc = 0.4, Accordingly,
the maximum suction specific speed is assumed to be §, = 1.0 (17,170 gal”zlmln”2 fl’“) and the basic
specific speed n, = 0.135 which is the same for cruise and low-speed onditions.

The estimated compromise flow coefticient ¥, )/UI is determined from the maximum suction specific

speed S = 1.0 according to Equation (3.22). The suction head coetficient 23011"/1’," 2 is calculated for a
/




number of estimated flow coefficients. Assuming D, /D, = 0.3, so that 1 — D, 2/Dl.2 = 0.91, one finds the

following values for 2g,H, /V,, 2 and v, /U,.
i i

0.27 1.99
0.25 2.205
0.23 2.464
0.22 2.610
0.18 344

From ‘hese results, Ve ./U,. = (.23 was selected as the design flow coefficient. This coefficient should be as
high as possible in ordelr to have acceptable performance at cruise speed. Yet at low speed 2g0Hw/ le_z
cannot be so low as to render questionable the required maximum suction specific speed. There is no exact
way to make this selection, and its adequacy must ultimately be verified or refuted by cavitation tests.

For a basic specific speed of 0.135 (2320 gal!/2/min3/2 £13/4 in dimensional form), a head coefficient
2gOH/U02 = 1.0 should lead to good efficiency; this is an empirical fact that cannot be substantiated theo-
retically. With this value and v, ‘/UI. = 0,23, Dh/Dl. = 0.3, Equation (3.16) gives DO/D,. = 1.37.

Since the maximum suaion'speciﬁc speed is fairly high and the selected flow coefficient correspondingly
low, it is well to check the resulting retardation of the relative flow along the outer shroud of the impeller
(see Section 3.1.3). To simplify this calculation, the retardation will be judged by the retardation of the
peripheral component of the relative velocity inasmuch as the exact lower limit for the retardation ratio
w2/wl is unknown,

For zero rotation of the absolute flow at the impeller inlet, the peripheral component of the relative

inlet velocity is w, = — U, At the discharge, this component is:
i

Wy = Vuy = Vo = UV, Uy~ 1)

For zero rotation at the inlet, 2g0H/U02 =2n, VUO/UO (according to the Euler equation (3.9)).
Assuming 7, = 0.92 and using 2gOH/U02 = 1, one finds V“O/U0 = 0.544 and qu =U, (0.544 — 1) = —
0.456 U,. Hence

W 0.456 U, D

Yo 0
= = 0456 — = 0.456 x 1.37 = 0.624
Wu, UI DI

This may be considered as dangerously low because existing knowledge on radial- or mixed-flow impellers is
inferior to that on axial-flow impellers. With radial impellers therefore, it is prudent to use more con-
servative (i.c., higher) values for wuolwu than the suggested minimum of 0,60,

i
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The impeller diameter at the outer shroud may well be selected to be larger than the minimum outside
diameter D;,. Assuming DOmﬂx = 1.45 D, one finds by the same reasoning as used above that w, /wul_ =
0.746. This appears to be safe. (In checking this calculation, consider that 2gOH/U02mux = 0.893 and that
VuO/UO at the outer shroud is 0.485.)

In this connection it is well to determine the number of impeller vanes from the vane lift coefficient

(CL) according to Equation (3.31). For zero prerotation, this equation has the form:

VuO ty Vuo WDO
CL =2 =2 —
w L w NE

oo

where N is the number of vanes and w_ is the mean relative velocity, (Subscript 0 refers to the outside
diameter and replaces subscript 2 in Equation (3.31).)

Assuming C, = i, Vuo/w~= 2/3, ¢ =Dy/2, one finds N = 8 7/3 = 8.37; this means that the number
of vanes should not be less than 8, nor does it need to be larger than 9. The assumption of CL = 1.2 would
lead to N = 7,

The axial width b, of the impeller at its outer periphery can be determined by the condition of

nD? D2
V xaD.b, =V —_— | - —
mg 0-o mi 4 D.2

!

Vv 2 2
by Tmi D ( D, )
D V 2 2
0 mg 4D0 D,.
It is common practice with radial-flow pump impellers to retard the meridional flow so that Vm0 <V iy
[
Assuming V’"o/ V,, =0.667, then
!

continuity:

0 1 1
= X x 091 = 0.182
D, 0.667 4 x 1.876

The ratios D, in/Di =1.37, DOmax/Di = 1.45, bO/DOmin = (0,182 and the assumed hub ratio Dh/D,
= 0.3 determine the impeller profile so far as the suction specific speed and the basic specific speed permit
this determination, Beyond that, the impeller profile depends on the direction in which the flow is to be
guided after it leaves the impeller.

The “design decision” to be made for propulsion pumps at this point is the direction of the propelling
jet in relation to the direction of the axis of rotation. If the propelling jet is to have the same direction as

and be coaxial with the axis of rotation, the most natural design is that shown in Figure 24. Furthermore,
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the direction of the jet is 10 be the same as that of the flow entering the impeller. This arrangement is
familiar from common aircraft jet engine practice. In this case the driving shaft must enter through the in-
let passages of the pump. The passage leading from the impeller to the discharge nozzle is a multipassage
vane or duct system arranged in an axially symmetric fashion. The inlet passage must have changing
directions, usually S-shaped, in order to avoid interference with the axially concentric driver in front of the
pump inlet. Note that with this arrangement, the flow leaving the impeller does not need to be retarded in
the passages leading to the discharge nozzle. In this respect a propulsion pump of this arrangement is quite
different from standard pumps intended to generate a pressure increase. The propulsion pump should there-
by have an efficiency advantage over standard pumps since retardation of the flow is usually connected with
losses. However, attention must be paid to the length and curvature of the passages between the impeller
and the discharge nozzle in order to minimize head losses in these passages.

A different arrangemcat is indicated when a so-called ‘“‘volute” casing is used at the impeller discharge
as shown in Figure 18 and on the left side of Figure 19. In this case the preferred direction of discharge
would be at right angles to the axis of rotation, preserving to some extent the circumferential component of
the flow leaving the impeller. Figure 25 shows this arrangement for the propulsion pump considered here,
The maximum radial cross section of the volute, sometimes called the *‘throat™ area 4, , is calculated as

follows: Evidently

5 .
D, D¢
Veip X Ay = V’"i T 1~ -l-)—i— (3.42)
i

where V,, is the average fluid velocity in the throat, By the law of constant angular momentum, Vm = V"o

X Do/Dm' Here D,, is twice the average distance of the throat area from the axis of rotation, Hence:

v 4 -
uy Dy m, D2m D,?

A — o — — |1- — (3.43)
Yo Dy U 4 D}

However for zero rotation of the absolute flow at the impeller inlet, one finds from the Euler equation (3.9):

V
28,
Y0 . 1 xOI (344)
Uy 2n, vyl
0
Substituting this, with U /U, = D /D, into Equation (3.43):
2 14 2
A D, Uo m; D, D,
= 2n, — - — (3.45)
D}lwi4 D, 250 U, b, Dt

With n, = 092, 28, H/Uy! = 1. Vpp Uy = 023, Dy/D, = 137, and D, [D; = 0.3, one obtains:
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'I m, l', l'“ lﬂ '| l)h
l)l"ﬂ/u‘ .I ln ‘tl ', I)"‘
4, 0.23 1.53
- = \ NGO = 01375
REAE 137 1.7
4

D,
— = 003781 = 0
0D

i
Evidently the jet area Ai. is smaller than the thro area of a (single) volute. :nd "'1/ Tn = 0.4375/0436 =
0.315.
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thaw b WY oy altes i haags Tivin the paimg casiig  Don in acsopiable aldy 10 tie vehwiy ol ow el thin
T s ol bepreneint 4 aiiiilivait Poiveitage o8 Do dotal ier onetpn . Fven o welbdeaigned tuin invilves ¢
honn o) abanit 2O peinemt o the seli ity head e mvh e with dandand sliwiwa twe Chapier A3 Than
Wil the alpementioned el advaniage v avonling ubstaniial invsidation alter dishange Tom the
wiywiles

v anond @ taen alon disvharge am g volute vasing, i wolld be peveasany (o hiwate dhe alall at rght
Ao 10 the dies tinan ot teave), e, the ahiatd b 1o fi oot viosiwie 1 o hogieontal plane ae b
willval  Figuien 20 amd 27 dhow o harigontal airaimgeinenn and Faie 28 g verlivalahall arrangement
The sopticalahiall aitaugewiont permity atvenng with the et by totation of the valute vasiig aboud the
WHIvAl pusp avis over a large age of angles Clarger tian 180 gog).

With ai open volute vasiitg (voliie without stationary vanes) as ahiown i Fgare 230 thie entie pamn
vasiip, petlapy ichnding the donvang gear o, wouhl have (o be ratated, this vallx lor a sotatable, waleriigv
it at the wlot end o the puinp. For mechanical isasons, 1otebing onhy the volute around o stationary
castig wonld require o Bived guadeaane syatens ouiide of the apellor, ax shown dagranmatically i
Figie 20 Thin wouhd probably sivobve some osses i etficieney amd would expose the iotatahle pints be.
tween the valute and the stationary casing G gaearls ) the dischiange pressuie of the pump. To avoid an
angle dinve, a vertical pung shoehd be diven by o vertical-shaft, tree-power tebane and g veetical-shat
weduction gear, the vertical tachane exbadst would lave an eticiency advantage. The hot gas generator wan W
wetatn e canvertonad, hoveantalshatt avangemeat, and the adoussion of the power gas stien o the free
tarhine would take place thiough o volure casing; thus acangement is Gamilue from the feld of hydraulic
turbiies.

Thete s one other iportant attangewent to be considered Tor single-suctton pumps, namely, a owldti-
stage astl-Qow pump as shawn an Fguee 300 This design will be deseribed wnder the assumpron that all
apetating conditions and the ilet tow conditions are exactly the same as tor the single-stage, radial-flow
wachine previoushy desenbed. Al vutside dismeters of the axial-Now stages are the same as the impeller
wlet diameter of the radial flow pamp. The Tiststage impeller inlet has the sa-ne hub-o-tip dinmeter ratio
as asswimed previously (1, /), = D, /D, = 0.3). The tirst-stage impeller discharge hub-to-tip ratio l)M/l)“ is
the samwe as for the remaining axinl stages, The tirst task » to determine this increased hub-to-tip dlameter
ratio and the number of stages,

The hub-to-tip Jdismeter ratio will first be estimated under the assumption that ¥ ’/UO = (.5, the
subscapt 2 appiies to the discharge of the tirst stage and mict as well as the discharge of ull following vane
systens,

Evidently, by continuity,

oY



T TR R e TR T TR T T T T TR RN e

hat e I

VIEW iN BINKCTION DF ThAVEL

TURGING EXNAUSRY N

T NOZ2LR

Figure 2

TURBINE EXRAURY

HALF REAM OF CRAFY

-

CENTRAL PLASE
OF CEAST

1

Honzontal Arrangement of Valwe Propatsion Punp, Scheme 1

VIEW IN DIRECTION OF TRAVEL

GEAR X
20X
— b — —_—
I\H
JET NOZZLF 5 g
-d
‘=
£
i

[ 7[ HALF BEAM OF CRAFT —-——a

Figure 27 Horizontal Anangement of Volute Propulsion Pump, Scheme 2

70



SUPPOQRT
N

OF ROTATION

S NE 0 U8 O

BEARING

BEARING

ROTATABLE SEAL

T STATIONARY INLET PIPE

Figure 28 Vertical Arrangement of Yolute Propulsion Pump

tPump. casiny and discharge nozeie rotatable)

7



ATATIONARY LGNS

MEARING

VANE
OIFFURON

J
/
RQVATARLE
vowute

MARING

Figuro 2 Voertical Propulsion Pump with Rotatable Volute
and Stationary Casing
RADIAL-FLOW PUMP WITR Y S EE
AXIAL DISCRARGE SREFIB. 20 0" SR,
NN,
o'/" P 411 \§\
LaSETTTRRY W
¢ ° NN
---"'{ ‘:Q.:: '. \\\\\ \\\\\
e AL N
o pa <’
VI /N )
/"‘ P

.r___._,;_.___.-.»_..__._..._....._............ __________ - - [

-
---‘is‘\\:\ - ---—-----..4
, =N Ny .:-.-.-::., Ryiytuitvin
/ ANS // Y ?
W\, \ I ’d
\\ [} ! \ / o
’ \:\ l,’ \‘ L//
\\j‘ - /,
N\ ;/7‘\ MAXIMUM VOLUTE
RN A SECTION OF RADIAL-FLOW
-~ VOLUTE PUMP, SEE FIG. 25

Figure 30 - Comparison of Axial-Flow and Radial-Flow Pumps



nin “o."‘ nin ”n;
' N oecemcernes ' -—--;.‘ L] " v—— e l wwwe—a—ry

" m
' <4 ! B} 2
h,

where it must be recognised that 8, = 0, = congtant and Uy & 1= constant, With 1 7, = 0.23 (as be
[

fored and ¥y, Uy #0808, 11, = 024080« 0k = () u,,;/l).,’)/u 0,00 Then
¢ t

hh;‘ml;‘+n..\’-u.m and | l)h:‘/l)“"~0“)l.z||\tl heno, | n,,;/n‘,’»o.alas and By 11, = 0.763.

I the numher of stagex is designuted by A the hoad per stage is obviously #, = 1IN, 1t will now he
assuied that the head voellicient ¢ = ’.‘gull‘/l"' has the same vatue (i0,, 1.0) us asswmed previousty for the
radial-Now impeller at it minimum auside diameter, providea W is ovaluated at the root dlameter of the im-

pelicr discharge, ie.,

Ju,HWIN
Vot T R L0
N t, ]
h
Henee
(230H ) 2pyHIN
3 b
U, u,-
Yraa 2,
The subscript vad refers to the previously described rudial-flow pmp. Consider that U’md = U()‘MM therefore
h) . 2
U.- U U - -
0 0 0 37 72
v = tad - rad aN - ) |‘.'7 =323
U 2 U, i, 0.7625
2, ‘rad “h

Assuming N = 3, the head coefficient s at the discharge root diameter of the axiul stages would be

A Ul
) 2g”II/1V 23'(,[] Orud 1 3.23 - 1076
Vi~ .2 oyl upr N 3 '
2h 0rud 2h

However, (28,//V Uzi )= 1076 =217, (A Vu2 /Uz, ). Assuming 7, = 0.90,
h ]
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Thit value, together with l'm:/l!“ (.8 or *"m,”’:,, - “"m,“-'u) X “'U/Uha) = (0,650, determines the oot

velocily diagratn as shown in Figure 31 under the ussumption of zero rotation of the absolute Now at the
runner inlet,  This diagram shows that the retardution ratio of the relutive flow through the runner is

wy /wyp = 0,642 ut the root section (subseript ) which is aceeptable, The rotardution inn the stator vane
3™, | t

system (returning flow to the axial direction) is l’mzll'zh = (0,747 which Is more conservative. The fore-
going assumption of the Now coelficiont l’mzllf(, = (1,50 with the resulting hub-to-tip diagmeter ratio of
(0.7628 (except at the inlot to the Arst stuge) and three stages has therefore lead to a satisfactory result. Of
course, these assumptions van be altered. For example. a hub-to-tip diameter ratio slightly larger than

07625 would reduce the head coefficient ¢ und thereby Al’u2 /Uy . This would give » more conservative
h
h
rewardation of the flow.  Alternately a “‘symmetrical™ velocity diagram as shown in Figure 32 could have been

selected. This would also lead to o (slightly) more conservative retardution ratio (0.061). Retardation in the
stutor would also be 0,661,

The outlines of the radinl-low pumps previously caleulated and shown in Figures 24 and 25 are
Indicated on Figure 30 by duashed lines. Ut is fairly evident that without being longer than the radial-flow
pump with axial discharge, the three.stage, axial-flow pump is considerably smaller in diameter than the
rudial-Now machines designed for the sume vperating conditions.  Thus the multistage, axial-flow pump is
probably lighter than corresponding radial-flow machines, and this may be ot considerable value in the
propulsion ficld. This advantage would be lost to a large extent if discharge is desired at a right angle to the
shaft. Furthermore, one cannot assume that the smaller axial-llow pump would be less expensive than
radial-Nlow machines because the former requires a much larger number of blades, and these must be
machined or otherwise manufactured to a high degree of precision. On the other hand, the advantage of
useful operating ranges usually claimed for the radial-flow machine (at constant speed of rotation) is probably
less important in the marir.c propulsion field than in other fields since propulsion pumps usually do not have
to operate vcry far away from their design conditions. It does appear that the multistage axial-flow pump
requires serious consideration (1) because of its fower weight and size (for the same performance and
specific speed), (2) because of the relative simplicity and resulting reliability of its casing construction, and
(3) because existing knowledge on axial-flow machines is more dependable than the predominantly empirical
knowledge in the radial-flow ficld. However, this better knowledge exists primarily in the aerospace industry
rather than in the commercial pump field.

Axial-flow pumps may also be used with a vertical shaft although this arrangement does not appear to
be as natural as the vertical shaft arrangement of volute pumps. !n this case one might use a (rotatshle)
90 deg vane elbow at the discharge end of the pump, and have the drive shaft pass through this elbow. Al-
ternately, the discharge from the last stage could be collected in a (rotatable) volute casing which would be
fairly large, thus negating much of the size advantage of axial-flow pumps.

The foregoing design considerations have been carried out largely on the basis of one particular

specific speed required for the propulsion pump, It is hoped that these considerations are sufficiently broad
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to permit the design of propulsion pumps of different specific speeds so long as the specific speed does not
depart too radically from the range covered by this presentation. It is therefore appropriate to investigate
briefly the range of specific speeds that are likely to be encountered in the marine propulsion field.

The primary variable appears to be the Thoma parameter:

2g0
1 -K+ '—2— (n,, - Ah)
lr o (3.35)
0’ = —_— = et
HooH AV (A V)2 28y Ak
2 — + [ +K+
Vo Yo VO2

Recall that according to Chapter 2 (Figures 4 and 5), AV/V,, and K are very closely related for optimum
conditions and that h, ~ Ah,. and Ah/. (elevation of inlet and discharge of the propulsion pump) change
very little compared with V02/2g0. Thus it should be possible to represent 0, as a function of AV/V,, and
Vo (the speed of travel). This evaluation of Equation (3.35) was carried out (see Figure 33) for an intake
drag coefficient of K, = 0.05 and the following assumption about the relationship between AV/¥, and K

(based on Figure 5 in Section 2.2:

aviv, K
05 | o0l
06 | 02
07 | 03
08 | 04
09 | 05
10 | 06

The relationship between 0y, and the specific speed is given by Equation (3.36):

34 =5, 0,34 (3.36)

ng = S, x oHc ,

The relation between S and S| was discussed in Section 3.3 and presented by Equations (3.40) and
(3.41) as well as Figure 23. For a low-speed to cruise-speed ratio Vl/Vc of one-tenth the suction specific
speed ratio, §, /S, ranges from 3 (at slightly less than 60 knots) to 6 (at slightly over 100 knots). At a
speed ratio ¥, /V, = 0.4, the ratio §,/S_ ranges from 2 to 3 with varying speed of travel. Thus the total
range of Sl/Sc to be considered is from 2 to 6; however, the most probable range of this variable is niuch
smaller, A range from 2.5 to 5 was assumed, with a mean value of 3.5.

For the maximum suction specific speed S|, the same value of 1 (17,170 gal”"'/miny2 ft3/4 in
dimensional form) was assumed as before. A different value can easily be taken into account since the
resulting specific speed is proportional to the value assumed for §,. With thc aforementioned range of the
suction specific speed ratios §,/S,, the range for S, is from 0.2 to 0.4, with a mean value of 0.286.
Equation (3.36) then determines the basic specific speed n,.
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The basic specific speeds so obtained are also plotted in Figure 33 as a function of 0, = H, /H.
However, it is not necessary to read the 0y value since one can go directly from the AV/ V0 versus the oy
curves to the SI/SC Versus /g curves as indicated. Thus one can directly relate the range of A ¥/ V0 to a
corresponding range in basic specific specd. Although extreme conditions have been excluded, it is never-
theless evident that the resulting range in basic specific speed is quite considerable. At the high specific-
speed end, it approaches the area of single-stage, axial-flow machines with high hub-to-tip diameter ratios at
the discharge side, similar to the first stage of the pump shown in Figure 30. At the low-speed end (n, =
0.05), it touches the area of multistage, axial-flow pumps, or single- to two-stage, radial-flow pumps, or a
combination of axial stages with one radial stage. The intermediate range of basic specific speeds is covered
by Figures 24, 25, and 30.

:lt. must be remembered that Figure 33 does not by any means cover ail possible design conditions.
This will be illustrated by comparison with the design examples given in Table 1. In that table the propulsor
velocity ratio A ¥’/ Vy = 0.7 was coupled with a duct-loss coefficient K = 0.4 whereas in Figure 33 the ratio
AV Vy = 0.7 was coupled with K = 0.3. Both assumptions are justifiable, but the difference in the results
derived under these two assumptions is not entirely negligible. As noted in Figure 33, AOH is the difference
in 0, between results for K = 0.3 and 0.4 (the lower gy, applies to K = 0.4). The corresponding difference
in basic specific speed An_ is about 100 gal!’?/min3'2 163/4 in dimensional form; this is not major but
neither is it completely negligitle. Other variations should be considered: the most important is a variation
in the maximum suction specific speed AP Higher values than $; =10 (17,170 gal”z/min3/2 £t3/4) should
certainly be considered and may be found feasible. All basic specific speeds could then be increased pro-
portionally to §,. On the other hand, lower values may be found desirable to ensure long life relative to
cavitation damage. A maximum suction specific speed of §, = 1.0 is merely a convenient and plausible
reference value which the author helieves is not too far from a practical maximum,

The last consideration to be briefly discussed in this section is the relation between the speed of
rotation (or specific speed) and the volume and weight of a pump. This relation is essential in order to
justify the contention that the specific speed should be chosen as high as possible for reasons of weight (and
volume). In this consideration, weight and volume will be treated as proportional to each other; mass
density, including that of the fluid. will be assumed constant although the actual relation between weight
and volume must be pressure dependent.

It has been shown? that for dimensionul reasons, the weight W of a rotating machine is in first approxi-

mation proportional to the shaft torque M, i.c.,

I¥ = constant M (3.48)

where the constant of proportionality has the dimension: weight per unit volume divided by stress [(F/L3)
(F/I.Z) = 1/L], which renders Equation (3.48) dimensionally (and physically) consistent. ' is realized that

such consistency alone does not prove general validity, but it is sufficient for the following comparisons.
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Consider the case of a rotating and torque-transmitting shaft of diameter D and length L. Its volume
is obviously proportional to D 2L, and its weight W = constant w DL, where w is the weight per unit
volume. The torque is M = constant 7 D 3, where 7 is the shear stress.

Assuming geometric similarity, so that [ = constant x D, then, W = constant, w D? With M = constant
X7TX D3, one finds

W = constant (w/n) M (3.49)
which agrees with Equation (3.48).
If, on the other hand, one assumes /[, = constant (changes in diameter only), then:
W = constant M2/3 (3.50)

where the constant of proportionality is dimensionally quite complex.

Since for the same power M x n = constant (n is the speed of rotation), one derives from Equations
(3.48) and (3.49):

constant
W= —— (3.51)
n
whereas from Equation (3.50):
coinstant
W= -— (3.52)
2/3

n

In the case of radial-flow pumps, it is evident that for the same head and the same peripheral velocity
(U,), the impeller diameter is D = constant/n. However, the overall pump diameter D, is rot proportional
to the impeller diameter since the passages outside the impeller have approximately constant dimensions (AD

and axial width #). The volume and weight of the pump is W = constant (D + AD)zb where b and AD are
constants. Hence:

W WwrAp® D , _Ap 2
Wo (D, + AD)? [Do *AD - pi+ AD]

where the subscript 0 denotes a reference case with which other cases can be compared. Let this reference

case be characterized by D, = AD, i.e., the case where the casing has about twice the diameter of the im-

peller. This case will be the definition of W,), approximately represented by Figure 25 where n_ = 0.135.

With D, = AD, the above expression for the weight ratio assumes the form:

w D 1 )2 1 <D )2
—_— = — e = - _— ]
W, (2 D, 2 4 \ D,
For the same head and capacity; D/D,, = n‘O/n’. Hence
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Wy 4 |n

The evaluation of this equation is presented in Figure 34,

For purposes of comparison, Figure 34 also shows in broken lines the similarity relation W = constant/
n_ corresponding to Equations (3.48) and (3.51). Note that the law derived here for radial-flow pumps
(Equation (3.53)) agrees with the simple similarity relation from ”:/"s = (0.5 to 2 about as closely as the
assumed law (or any other law) can possibly be expected to agree with reality. The assumed relation for
radial-flow pumps, Equation (3.53) and Figure 34, is therefore considered as a confirmation of the similarity
relation W = constunt/ns.

The last approximation to be considered is the effect of speed of rotation on weight, assuming that the
variation in speed of rotation or specific speed is achieved by a change in the number of stages. This con-
sideration obviously applies to pumps of the type shown in Figure 30. The weight of the pump is divided
into two parts: (1) W, proportional to the number of stages V, i.e., W, = constant N, and (2) W, the inlet
and discharge part which is independent of the revolutions per second and the number of stages. The
reference condition, described by subscript 0 and depicted approximately in Figure 30, is characterized by
w.90 = W,. In other words, at this specific specd (ns()), the head and the part of the weight (Wb) that is
independent of the number of stages is equal to the speed and the part of the weight (W, = N W) that is
dependent on the number of stages. With N stages, W= N x W, + W, where W, and W, are constants.

However, for the same diameter and stage-head coefficient (l,bl = 2golll/U2), N x r? = constant x H =

constant. Hence N = consmnt/n2 and W, = constant/n %,

Thus, with respect to the reference weight W,

p) W 2
W W, (1+ W, /W) ) nyoo - W, o\ nyoo (] \ ,,-)
W, Wa“ (1+ Wb/wau) n? 2 w“() wa g2 2 "02
= s = 20, 2 . .
where Wb = w"()’ and u;”/wa n /n() was used. Hence:
2
)
W L[ L
—_— e | — 4] = = — +1 (3.54)
) 2 2 2
0 - n* < n“‘

This curve is also plotted in Figure 34: there it departs somewhat more (but in the same direction)
from the similarity curve W = constant/n_ than the curve previously derived for radial-flow pumps.
It may thus be concluded that for moderate steps in speed, the similarity relation
constant | constant2

W = =
n n
§
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I Wit the i of aceuracy obtaimable oo Reneml g Relative o the el ¢ (e MW apwed n‘"
Gietined by MO = 1) and) W, = I Crapectively ) the weight doe PO Al as taat g b, o an i
vivan loapecitic apeed th, > n,“i Wheteay it imvienes tavter than bt decrome i et apeed ta,

N n,“\. H st he vopeated 1hat the spevilic mwed i a crltern o) WERNE b ae andy dan one e ol
M Fiw compatiaon hetwoen Figires M, 28, and 0 cleatly shows that 4 siep 10 the aviabllow e
D & aving in side anw welRht ws gieat w grearer than achievable by any pracival iciease m hasiy
Apeaifle speed,

Note that practivallv all design consideration pesentod i this section ax well as ehsewhege my s
Tepart ate cartiod out in a dimensontoss tmhion, This is natural ad proper since operating condnions avh
A AT, are wed i dimensionless T, Vet soamewhers the Mep must be tken 1o 2 dimensionally
detormined design.

Quite intentiomally, masi dimenspins of the propubton puing were telated dieecth or indivea 1)y 14 the
mpeller mfer diameoter D By using the selation 7 = O QA I ehatively vasy 1o refer (his diameter o
the absolute aperating vonditlons presgubied, namely . the taust T, the cruise spoed ol travel T
e ol valune Naw Q. The impelier infor dameror D is derived from the condition o cominuity: (0= ¥
Nl" LILBY S I)h’/l)"‘l. The meridional impeller e veloginy l‘m 15 best telated 1o the total il headd
M, (NPSHD by the wtio lxnllwllm Y which does pon VHIY oy \'t‘l'_\' wide Tinits (say, from Y 1o 4) and does
appear in the dimonsionless culvulalm‘us.

Tt woukd have heen equally possible ta make the design dimenstontess by a dilterent dimension, sy,
the discharge jot diametor l),.\ A relationship toy O very simitar 1o that i O could be derived, bur this wil)
be lelt to the reades. l)' may be aovery usetul reference diameter Toy the dicharge duct system, bat it would

not by s convenjent as O, Tor the pump and the mier duet avstem,

3.5 PROPULSION PUMPS IN PARALLEL, INCLUDING
DOUBLE-SUCTION PUMPS

The effect of operating sevoral pumps in paredied was brieNy mentioned in Section 312 with particuly
reference o the suction characteristics of [Ups. vae considerations mentioned there for single-siction
pumps apply immediately to pumps with several (VY inlets in parallel it the rate of volume low ( is defined
as the rate of volume flow per dnder. The resulting fundamental telations havo already been outlined in
Section 3.1.; they: apply not only 10 the suction speciflc speed but also 1o e basic specific spoed.

The principal pructical design problem for pumps witk multiple inlets 10 the tmpeller(s) is ane of
arvangement, and that topic will therefore consistute a major part of this section. n addition, some
elementary similarity considerationy are in order regarding the weight of several pumps in parallel compared
to a single pump with the same (otal capacity as tie pump-aggregate.

Let W, be the weight for every pump of an aggregate of N pumps in parallel. The tota) woight W), of
the aggregate s obviously W, = N W,

>t e ui iz ook inbnand

e e e iy



Rather than & punys i paraliel, conrsder one Janger pamp with the capaciy ¢ - N Uy whew Q) i
the vapacity of one pamp ol the wgriegate of N pamps i parallel, Fer D be a weproventative linea
dimension of the single Tage pomg and 2, the coresponding dimemsion of every one o e ' pamgs in
parallel  Since the g head wnd suction Bead wniat et saie o all paamps compated, w velocities are

abay the saime, 5o that

i ) n’
AN v e t184)
Yoo o)
Howevwr, bn completely simihar pampy
W nt
s (450
W, n,

where s ihe weight ot the single pamp with the totad capaciy (0 Compaing this with the weight of A’
pps @y parallel, one s,

L ! LA LY (L87)
YWt o a0

—— A - oy—— = "

whivh merely confinms the well-known fuct that a single lagge pump is hoavier thaa several pumps i paraliel
aceording to the anniliae Usquarescube faw.™

Fvidently the speed of wotation of N pagneps in paraliel s higher than that of ¢ single pump accerding
NN N = N\ Dy o

.\il ) - \
P, AV {1.85)

7] l)l

In accardance with the preceding soction, assime that the weight of any directly coupled dover or trans.
mission is inversely propurcional (o the speed of ratation. Comparison with Equation (3,57} indicates the
the weight of any diroctly coupled diver or transmission is reduced in the same vatio as the weight of the
pumps, e, inversely proportional to AULEES

The foregoing consideration i3 based on the assumption that the individaal pumps ot an aggregate of ¥V
pumps in parallel are completely similar to a single pump having the total capacity of the aggregate. This
assomption Is varely justifiod.

For several pumps on the sane shalt, the shatt dinmeter relative to the pump is Tager than for u single
pump; this is a disadvantage that lessens the weight advantage of & pumps in pacallel. Furthermaore, the
inlet tand discharge) duct svstem for several pamps in parallel is more complex than for a single pump, and

that also reduces the advantuge of pumps in parallel.

bRt



On the vther hamd, @ ia quive posaide 1o place soveral parallel pamps into ane caxtng. This i standard
practive with two pumps v parallel in the inpm of the welbestablished “doublesuction™ design shown n
Figure X8 in comparison with a singleasucton pump. The weight advantage of placing two backaoback o
pollean (o ane casing should he abvious,

Figives o and 37 show thiee doublesuction pumps, i.e., tix paanpshalves in parallel placed into one
casbog,  This 1s a new design and would toquire a apecial deveinpment effoit. The afrementivned complea
inlet and discharge Juet systemt is incorporated into the cusing in 2n attempt o mimimiee this Jisdvantage
of pumps in paraltel, 1o this vase the diameter tand speed) advantage of the “mulistieam™ pump isy/6 =
248 undor the assuneativn of the samw hulstosinler digmetet ratio for hoth pumps compared,  The new
design v compared in Figwe do w g single-suction radial-Bow pump (heoken lines) with the same basic
specille speed (amd auction specille speed) as oach hall of the impellors ol the multistieam pump,

With double suction and multistreams, one will bo tompted ta use a somewhat fower suction spovific
speod Tor every “strewn™ than with ane singlesuction (“single-stroam™) pump,  For this reason Figures 18.47
show a xomewhat lower basle specilic spoed tand suction specilic spesd) tur overy stream than was con.
sidered in the preceding sections fur single-suction pumps.  However, the specifie speeds of the single-suction
pamps shown in Figures 38 and 36 aro the same here as for evary stream of’ the Juuble-suction and the
multistroam pumps in order (o achieve a clear comparison of size,

Tu i, of course, not hocessary to combine a multistream arrangement into one casing.  Two more or
less sepnate double-section pumps in parallel have hoen used successtully in (at least) one imporant project,
In such cases, the external multistream ducting must be considerod in weight and vfNcloncy comparisons,
The roquired arrangements will be discussed in Chapior 4,

The comparisons shown in Figures 35 and 36 between single-stream and double-stream or multistream
pumps must be a little disappointing to the reades, as indeod it was to the author, The comparison will be
limited hore  the pumps alone, The advantage of a directly coupled driver or transimission (gear box) was
covered praviously by the speed o1 torque ratio, insotar as general principles pormiited,

It is somowhat difficult to estimate the weight advantage of the double-suction pump over the single.
suction pump shown at the same scale in Figure 35, 1t is expected that (for the same head and rate of flow)
the weight of the slower running single:suction pump will be greator than that of the equivalent double-
suction pump. However, detailed studies of bath forms of design are necessary in order to determine whether
or not this weight advantage conforms to the ratio of /2 previously derived by very simple similarity con.
siderations,

One might hope that a clearer answer can be obtained from a more drastic step such as depicted in
Figures 36 and 37. To achieve such a comparison, the lengths and average diameters are shown. The average
diameter D, of the single-suction, single-impeller pump is about 1.5 times that of the multistream pump.

On the other hand, the length of the pump alone (not counting the discharge nozzle which is the same for
both types of pumps) for the single-suction, single-impeller pump is only 0.8 times that of the multistream pump.
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Hence the weight of the singlesuction, single-simpeller pump may be estimated to be 0.8 X 1,52 = 1.8 rimes
that of the nuldstresm pump. This estimide talls short of the estimate based on similarity considerations
which, according to Equation (3.57), gives a ratio of /6 = 2,48,

One must conclua * that the complex ducting (necessary with any double or multistreain arrangement)
is responsible for the fuct that the weight savings for double-suetion or multistream pumps s not as great as
predicted on theoretical grounds, This ducting was incorporated into the pump casing lor the examples
presented in Figures 35-37 und should wminimize the weight penalty. As will be discussed in Chapler 4, the
weight ol the external ducting must, of course, also count gpainst the weight advantage of pumps in parallel.

It is indeed doubtful whether @ dS<percemt reduction mpump weight is sufficient to justify the compli-
catior of the multistream arrangement shown in Figures 36 and 37, One should also include in this compari-
son the multistage, axial-tow design form discussed in Section 3.4 (Figure 30), The single-stream, multistage,
avial-flow pump would probably not be heavier than the multistream, radial-flow pump shown in Figure 30,
Several multistage, axial-Tow pumps i parallel might show a weight advantage over one pump of this type.
I any event, it seems doubtful whether the weight savings achievable by using pumps or pump streams in
parallel justify the resulting complications unless the weight saved by driver(s) or transmission(s) turns out to
he very significant,

The multistream pump presented in Figure 36 is shown in connection with a discharge nozzle that is
adjustable vver a total range of 30 deg in direction (plus and minus 15 deg). However, this feature has
nothing to do with the multistream arrangement of this pump, and would also be applicable to the single-
suction pump shown in Figure 24 or hy the dashed lines in Figure 36, Similarly, the adjustment of the dis-
charge nozzle wrca shown in Figure 24 would also be applicable to any other propulsion pump, for example,
that indicated in Figure 30.

A combination of adjustability of the jet direcrion (Figure 30) and adjustability of the nozele area
(Figure 24) might be unrcasonably complicated unless adjustability of jet direcrion is achieved by rotation of
the pump or pump casing as indicated in Figures 28 and 29.

3.6 EFFECT OF CONSTANT DISCHARGE NOZZLE

AREA ON OPERATION AT GREATLY REDUCED
SPEEDS OF TRAVEL

It has been mentioned repeatedly that the propulsor thrust versus speed-of-travel curves in Figures 21
and 22, together with Equation (3.38) from which these curves were calculated, are based on the assumption
that for the given pump and speed of rotation, the rate of flow Q and the pump head /{ arc the same at

cruising speed of travel (subscript ¢) and at any reduced speed of travel (subscript 1), i.e., that

Q=Q. . H =H_atn =n, (3.59)

This set of equations obviously specifies similar flow conditions in the same propulsion pump in the usual

sense of these words.
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[t was also stated that Equations (3,59) can be satisfied only if the discharge nozzle area is (slightly)
adjustable.

liis the purpose ol this section to show how Q and # will change (at constant speed of rotation n)
from cruising speed to reduced speed of travel for a fixed discharge jet nozzle area A The answer is ob-
tuined here by a process of successive approximations although a more elegant, closed solution may be

possible,

As a first approximation, assume that ff, = and determine the relation between Q, and Q, on the
basis of the condition of continuity with a constant nozzle discharge area A/., ie.

Ql Qc
T = —l;,— = A/- = constant (3.60)
| e

Under the assumption of constant pump head, the jet velocity:

’ . Ay _
Vi=Vy+Av=r, {1+ — (3.61)
V()

can be caleulated from Equation (3.38). A VIV can be assumed to be given for the cruising conditions by

Figures 4 or 5. From Equation (3.38) one obtains:
Avy?
(-[;-—) + Kc] - K, (3.62)
0 /e

(21)+ (2 - a (&)
Vo /i Yo /i V2 Vo /e
which can be solved for (A VIVy), if an assumption is made for the duct-loss coefficient K,. for example,
that K, =K. (Recall that K had to be assumed or estimated from the duct geometry in order to determine
(Av/ VO)c from Figures +4 or 5).

The approximation of (AV/ V), obtained from Equation (3.62) for the low speed-of-travel condition

can be used to determine the corresponding rate of flow @, from the condition of continuity for the dis-

charge jet nozzle according to Equation (3.60) with the notation V= V()l Vo= b AV Vol = A v,/
[
VO] ,and (AVIV,), = AVc/V()c' Thus,

v, +4Av, 1 +(A V/VO)I v,
Q =Q ———— =Q ———————————n K —— (3.63)
P v o+ Av, © 1+ (AVIV,), v,
and from this, a first approximation for the thrust at reduced speed is:
T, =pQ AV, (3.64)
and
88



T @ av,

= — X (3.65)
T, Qc AVC
where
Ql 1+(A V/Vo)l v,
_—F ——— K - (3.66)
Qc 1 +( AV/V())C Vc
and
Av, (A V) (Vo > v 367
= — 1} x — X — .
AVC Vo /i AV/ ¢ Vc
[/

——  can be determined from Equation (3.62).
0 1

To obtain a better approximation than that based on H| = H_, now calculate the change in pump head
resulting from a change in rate of flow from Q_ to Q,. If it is assumed that in this small range of flow rate,
the pump operates near its point of best efficiency, any change in efficiency can be disregarded.

Figure 38 shows typical impeller discharge velocity diagrams of a centrifugal pump that may be used
for propulsion. These diagrams are shown for rates of flow at cruising and at reduced speed of travel. The

change in the meridional velocity ¥, corresponding to the change from @, to @, is

Av =V _ -~V (3.68)
and the corresponding change in the peripheral fluid velocity V, is

AVU=VU -V =w —w (3.69)

Since the direction of the relative discharge velocity can be assumed to be constant as shown in

Figure 38, it foliows that:

av, w, U=V, av, 4V,
Av, v, v, S uU-v, v
(3.70)
Av, Ay,
W Y U,
v
u
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which applies to both subscripts 1 and c.

According to the Euler turbomachinery equation (3.9). for zero rotation of the absolute flow at the inlet

side of the impeller, i.c., for v, =0
i

gofl Vo
g”H= n, VuU;or - = (3.71)
n,u U
Hence Equation (3.70) can be written in the form:
A Vm A v, 1
1 = ” > (3.72)
m, u, My U- :
g“II

According to Equations (3 69) and (3.71). one can write with N, = coustant, and U, = U,=U:

V I’ V
AVu u, - uy u, /Il
- = - =1 - =} —_— (3.73)
!u !u l’u IIC
¢ c ¢

Furthermore the meridional velocity is obviously proportional to the rate of flow, so that

0 2 ¥ X
Al m m, my m) Q]
= - = | - = | (3.74)
' m ' l"c ' mc ()C
Substituting Equations (3.73) and (3.74) into Equation (3.72) leads to:
b .\
0" 0, ", \ 3
— - [ =1 (3.75)
“"(I” Qc ”L -
thus permitting //'/Ilc to be calcuinted as a tunction of O 10, and o o _:/a'f'llz, This
head coefficient and the “hydraulic efficiency” Ty, ure given or can be coocen e and design

of the pump. 1t is o fair approximution for standurd centnfugal pumps to asoue ey 80 B = 2 for
#n averuge discharge diaineter of the impeller; this can be aaid 1o determine the stope of the head-capacity

curve. With this approximation, Equation (3.75) reduces to the simple relation:

¢, H,
] —_— ] & e ] (1.76)
(')c Hc
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The approximation for Ql/Qc obtained under the assumption H, = H_ (Equation (3.66)) can now be used

to obtain a corresponding approximation for /Hc. This ratio permits a second approximation to be made

for Ql/Qc and accordingly, fc ¢ the thrust ratio Tl/Tc (see Equation (3.65)) in the following mauner.
According to Equation (3.37):

Y 2 27— ) *\75—) *K
Hy -~ Ah;  H, I v, Vo /) v, /,

= = (3.77)
HC - Ahl Ahj 1% 2 A v AV 2
—— ¢ 2(=—) +(—) +x,
Hc \ VO c VD ¢

which can be solved for (A VIV), since H/H, is known from the approximation expressed by Equation
(3.75Y or (3.76) and all other variables are given from the initial design conditions. However, the result is
not as general as obtained under the first approximation becausr the ratio Ah,./Hc depends on the absolute
velocity of travel.

The new value of (AV/ Vy); can now be used in Equation (3.66) to obtain a second approximation
for the rate-of-flow ratio ¢, /@ which. by Equations (3.67) and (3.05), leads to a second approximation for
the thrust ratio T /T .

The second approximation for Ql/Qc may be used in Equation (3.75) or (3.76) to obtain a third
approximation for III/IIC. This, i1 turn, may be substituted into Equation (3.77) to find a better approxi-
mation lor (AV/ V), and thereby (by Equation (3.66)) for ‘_’)I/Qc, and so on,

The process described above will now be illustrated by caleilating successive approximations of the
thrust versus speed-of-travel curves for the design examnple discussed in Section 3.3 and presented in Table 1.
Specifically, the following design values will be used:

Propulsion velocity ratio (A V/V”)C =07

Inlet and duct loss coefticient A = 0.4; K, =K,
Elevation of the jet Ah/. =711
Velocity of travel (when needed) V“ = 60 knots = 101.4 f/sec

The calculations will be carried out for Vl/l"c values of 0.1, 0.2, 0.4, and 0.6.

With (AV/V), = 0.7 and K = 0.4, the following expression in Equations (3.62) and (3.77) assumes the

constant value:
AV avy
H—] vanl B K, =
'0 L Y f

e
L]
=]

Hence from Equation (3,37):

P SO XA " An [N,




\]
H = 229+ 7 =366+ 7 =373 ft,
c o IS
2g,
—— = —— = 0.019. ie.. the cifect of Aé is very smail, and
H, 373 J

L Ah/H, = 0.981.

The actual calculations are cerried ov* qccording to Table 2, and the results are plotted in Figure 39
as functions of the speed-of-travel ratio V,/V_. It should be noted that in this figure, the ratios H,/H _ and

(_’;/Qc are plotted at twice the scale of the thrust rativ l-’l/Fc.

03




TABLE 2

SUCCESSIVE APPRONIMATIONS OF THRUST VERSEHS SPEEFD-ORTRAVEL CURVEN

FOR THE DESIGN FXAMPLE GIVEN IN TARLE
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3.7 IMPROVEMENTS GAINED RAY DEPARTING FROM
CONVENTIONAL PROPULSION PUMP PRACTICES

T now neveaary b comadder whother ivaion dopartires oy muie o fess oatablishod praviices i the
ell oF propedaion painp. can by evpoctod W leald (o signifivant anproaveients m ovwiall perdfonmance. The
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Witk exinting praciives, the propulaon pamp van be evpected o have a poamp eicieney botween 88
ah B0 percent  The lugheat pump vilciencies ever sopatted are between 9 and 98 peicent. Noomethanls
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propubion pump van theietne be ovpecied 1oviehd an inceease i overall eticiency i the neighbarhoml of
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duct that prerces the free water surfuce can easily amount to 10 percent or more, except possibly the “flush™
thtahes used e connection with the side shitts of “captured bubble cralt.”

The antake and indet duct problem will be described in Chapter 4 and possible solutions will be
indicated there. The particulan objectives of the present soction will be te describe whar contribition, if
any, the pump designer o ke o the reducinon of the inder Juet problem.

One contiibution of this type has already been mentioned und to some extent described in Section 3.4
in connection with Figures 28 and 29, e, a vertical-shaft arvangement of the propulsion pump. To the

hest knowledge of the authm this anangement was first suggested it principle by M. Huppert (then associated
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where 1 is the meridional had velocity emtermg the impeltor. With 20,0V, 7 = LS one abtains by
[} |

comparison with Bguation (X 19)

=218 (1.80)

i, the intake velocity must be retarded by a factor of abaut 2 before the stream enders the impetler, 1

the Gamiliar “included cone angle™ of 7 deg is assumed, this means that the Tength of a conical inlet diffusor

will be about twice the diwmeter of the intake.  Actually this length has to be somewhat greater to
accommodate changes in direction and in the shape of the cross section. On this basis the required length of
the inlet diffusor does nut constitute u problem. However the total ratio of retardation is a problem since it
may lead to a rather nonuniform velocity distribution at the impeller inlet, with possibly detrimental eftects

on cavitation performance and efficiency.
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The stuation becomes Ly seriuns whein vavitation pertorimatice at great'y ieducad velovities of travel
oahen o gevount, Comiider the Togegoing example whivh correnprunds to the comditions investigated in
Sevtion L3 (Table 1)

AU craistg speed 1y ol 60 knots = 1014 117500 and l‘."/'.?r,, 1ot constlder et b'./i". = (4,
wthat B e 2 knot = 40 88 1/see and I‘,’nn“ #2500 Honwve, wt reduced speed, #, # 0.0 x 23,0 ¢ 28
“ 4030 N Anuiing taccording o Section Lo, Figute J9) thet Q) = 0.92% ¢, one can denve from
Byuation (LRO) with 1)) = 1

008 x 1014

Vo, T AN e

Al

1 : ¥
lm' fry = .00

so that

Lt ts obvious from Figure 15 that this ratio is not acceptable; it would lead to a very low suction
specitic speed for given impeller bade charactenstics us expressed by the coefficient o, in that fignre, Nt can
b estimated that a value as low as 1,363 Joy lwnllwll‘mi2 would tead to u reduction in suction specific
speed by a factor of 2 or more  Evidently the situstion would be even worse if the speed-of-travel ratio
wore less than 0.4, szy, 0.1 as investigated in*lun 3.3, The matter wili therefore be explared here only
for l~'|/l"c = (.4,

To correct the unacceptable ratio 2gnI! /V 2 = 1,363 to a higher value, it is necessary to reduce the
unpeller inlet velocity V, . Assume that the ratio -gol{ 1V 2y reduced speed of travel (Vy=047V)
hus the value of 3.5 (us wssumed previously for the cruising- specd conditions). This means that the meridional
impeller inlet velocity of flow should be reduced by the ratio l.363/3.5 = 0,624, This changes the velocity
reduction ratio given by Equation (3.80) from 2,15 to 2.15/0.624 = 3.45 (and leads to an increase of the
impeller inlet diameter by a factor of\/im= 1.266).

The old velocity reduction ratio of L 1V, = 1/2.15 at cruising speed was previously described as
serious with respect to the impeller inlet velo'city Jistribution, Accordingly, a velocity reduction ratio of
1/3.45 may be considered as unacceptabic, further, an increase in inlet duct length would be required to
achieve this velocity reduction in a reasonable fashion. One contribution the pump designer can make to
alleviate this part of the inlet duct problem is to permit a lower value of 2g, 4,/ l'm'z than is conventional

for reduced speeds of travel, where the cavitation requirements are most severe.
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Antiine that at ieduced speed of tavel, the 1t .‘x"N“/l‘m’ were tedueed o the previnmly
anstniived value oF 28 0 0 Prgure 18 shows that thi will reduge th'o AeHon apecifie spevd Brom s opthim
value at abowt lx“ll,,/l'm’ = 03 by a tactor between BR3 and O for the same ampreller blinde Cavitation
mmber o, Poraibly this teduction i saction specitic speed s aceeprable, particularly sinee the resaliing in.
ctea in b0 (oo Figwre 131 amd deciease in impeller et diameter are likely to have a honeticial ollfegt
W pump u!‘l\,\‘lvn\;y thecause of the amelioration of the retsrdation of the relative Row thiough the impeller),

For the above example, the reaubt would be ax toltows: The meridional impeter inlet velovity of Huw
would he reduged Nrom the comditions leading 1 .!,‘-“Nwll‘m3 = 1,303 by o \/ﬁﬁﬁ ratio of O.R6 in-
stead of the 0.6 previously caleulated (o 3,»:“N"/l'm" # .\tﬁ at 1/ = 00 AL crudsing speed. the new
ratio 0,826 leads 10 a retardation from intuke to Impelle'r inlet by a tactor of O.R26/2.158 = /2.6, Although
this is still a severe retardution, it is a great deal less severe than the tactor of 17345 previously caleulated
on the basis of 2g,08 1V l’ = 1.8 1t can theretfore be concluded that @ reduction in the rtio :ynu"/ V. :
hetow drs oprimum salue at reduced speed i an effective way for the pump desioner (o help case the intet-
duct retandation problem,

It should be noted that under the same assumptions used whove and u speed-of-truvel reduction ratio of
Py V= 0.1, one arrives at u required inlet flow velogity reduction at cruise speed of Vo /¥, = 1/3.16; this
assumes that at the reduced speed, Z'g“H"/l-'m'z = 2 This is a very severe velocity rcduc:lon tor the inlet
duet and may not be achievable with ucccptuhlé vverall efficiencles. Hence the resulting required retardation
of the incoming flow at crieise speed-of-travel is an additional reason why the nrinimum speed of travel
specified to use full speed of rotation (and power) showld not be lower than truly necessary. This speed is

usually dictuted by the “hwmp™ in the drag versus speed-of-travel curve of the vehicle.

An additional way in which the pump designer can lielp to alleviate the problem of inlet flow retardation

at cruise conditions is by adding to the meridional impeller inlet velocity ¥, a circumferential velocity
component ¥V, in the direction of the impeller rotation, '

Intuitivelly one is inclined to overestimate the effectiveness of this step because positive *“prerotation”
Vu’_ reduces the inlet velocity W, relative to the impeller vanes. For this reason it is necessary to derive
briefly the effect of (positive) “prerotation™ on the suction specific speed and to present some practical
results of this derivation,
With

Vi2 = Vm.z + Vu.2 and w;'z = Vm.2 + wu.2 = le.z t (Ui - Vu;)z ’

[ ) ! I
one can derive from Equation (3.24)

2
.+ap Vu.

m f [

! t

- 2 2 2 2
2gOHw—Cl Vo +C1 Vu. +op V’"i +0p U/ —Zop Ul. Vu

and »
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Substitution into Equation (3.2) leads v

2 ”:
UV, (1= DDA
A :
v Ly 2
RI7ITEY PR _“i. ¢ \ U, m | . U, M4
S LR A B C O i | IS vy
m, mY m,

The dimensionless evaluation of the last equation is shown in Figure 40, where S, denotes the

(1.82)

corresponding suction specific speed for zero prerotation (¥, « 0). The relation between S/S, and the

prerotation ratlo ¥, /V_ Is shown for three different considerations:

1. The upper, solid curve is for cruise conditions.

2. The middle, broken curve is for reduced speed (moderately high $).

3. The lower dash and dot curve is for still lower speed (high S) and 2g, H, / Vm_2 = 2 (as suggested by the
!

preceding considerations on how to reduce the retardation in the inlet duct),

The first two curves indicate the possibility that a prerotation ratio ¥, /¥, as high as | could . ¢

] 1
used. This would increase the resultant impeller inlet velocity V. bya factor of\/'.’.'. which would be quite

consiclerable. However the final curve (prerotation combined with an increase in the meridional impeller in-

let velocity, as discussed before) restricts prerotation to about Vu ./ Vm_ = (0.5. This would increase the

i

resultant impeller inlet velocity over its meridional component by no more than about 12 percent. Such a

reduction in retardation is not negligible, but it does not constitute a major improvement.

Recent investigations have shown that the increase in suction specific speed obtainable by positive

prerotation is about twice as great as predicted by the foregoing considerations, if one considers the effect

of “solid-body” prerotation on the meridional inlet velocity distribution (see Chapter 26 of Reference 2).

The same consideration shows that the range of ¥V, /Vm is about 50 percent greater than shown in
i i

Figure 40 before the suction specific speed drops below its value at zero prerotation. Therefore positive

prerotation may be of somewhat greater practical value than indicated before.

Recall that retardation in the inlet duct is severe only at cruising speed and that high suction specific

speeds are required only at reduced speeds of travel. These facts suggest the use of a variable ratio of pre-

rotation by means of an automatieally adjustable inlet guide vane system in front of the impeller inlet.

The amount of this adjustment could not be great (in view of the resultant change in the angle of attack at

o
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the tirlet edges of the smpeller vanes) yet it might be sulficient to constitute a signiticant advantage in over.
all performance. Presinnably the fixed paet of the fnlet ducr would be designed Tor the maximum prerotation

desired under criise conditions, and the widjustable guide vanes would reduce this prerotation at low speeds

of travel, As this is u duct design problen, it will be considered further in Chapter 4.
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Figure 40 - Suction Specific Speed Ratio as a Function of Prerotation Ratio
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Even with all improvements of the inlet duct discussed here and in Chaptevs 4 and 5, this study would
be incomplete without consideting whether it is truly necessary to locate the propulsion pump above the
free wates swifuce,

Perhups the must significant contribution the pump engineer could make to the propulsion of high-
speed surface vehicles would be to arrange the pump in such a fushion that it could be placed below the
water surface but be easy to drive from a power plant above that surfuce. However, recall that the mechanical
complication of an angle drive was largely responsible for placing the propulsion pump above the water sur.
face In the Nrst place. It foilows that the principal reason for such placement would probably be eliminated
by a propulsion pump with its impeller shaft approximately at right angles to the diroction of the flow
through the purap.

Since a marine propeller with this cliaracteristic is available, it is natural to ask whether the principle
of the Schnelder-Voith propeller could not be used fur pumps. The author is not aware of any promising
attempt to do so. It should also he possible for a pump to have flow at right angles to the rotor shaft
without need for the complex rotor blade movement employed with the Schneider-Voith propeller. However,
an extensive design and experimental development process would be required to determine whether such a
configuration can achieve the high efficiency required for a propulsion pump  This possibility must there-
fore be regarded as hypothetical, and will not be pursued further here,

Fortunately a well-established type of centrifugal pwinp with proven efficiencies up to 90 percent is
ovailable and can be adapted to meet the goal of the main through-flow at right angles to the rotor shalt,
This is the familiar “double-suction purnp” e.g., as shown in Figure 18. In order to use a double-suction
pump for propulsion under water, the pump inlet passage would have to be of the “bottom suction” type
(Figure 18), and the volume would have to be turned to direct the discharging flow into the same direction
as the incoming flow but on the opposite side of the impeller. Furthermore, a determined effort would
have to be made to minimize casing dimensions normal to the direction of the incoming and discharging
casing flow.

Figure 41 shows how a double-suction pump could be incorporated into a streamline nacelle in an
attempt to meet the aforementioned requirement of a reasonably small “frontal area.” It is evident that an
extensive redesign of existing double-suction pump casings would be required, together witl an experimental
development program. Nevertheless there is no reason why this arrangement of a submerged propulsion
pump cannot be successfully executed essentially on the basis of existing knowledge.

As for all propulsion pumps with vertical shafts, some design development would be necessary to
ensure that the arrangement of the driver and its reduction gear is in proper relation to th: pump and
its shaft. As already mentioned in connection with vertical-shaft pumps above the water surface (Section
3.4), the “free” power turbine and its reduction gear would have to have vertical shafts which would have an
efficiency advantage regarding the turbine exhaust through a vertical stack. The hot gas generator would

retain its conventional horizontal-zhaft position, and the admission of the power gas stream to the free
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power turbine would take place through « volute casing, =reserving as much of the kinetic energy of the gas
stream as desired for admission to the turbine. This arrangement can be highly efticient, as is well known
from the field of hydraulic turbines,

Depending on the type of craft, steering as well as' backing can be accomplished in many cases by turn-
ing the propulsion unit with its supporting streamlined strut about the vertical axis of the shaft. The tur.ing
mechanism could be located well above the free water surface.

Of course the use of a vertical shaft for the propulsion pump and its driver raises the question of
whether a suitably inclined direction of the pump shaft may not have even greater advantages. This possi-
bility has already been mentioned with respect to propulsion pumps above the water surface, and will be
further explored in Chapter 4. Figurc 42 shows a submerged single-suction projulsion pump with its shaft
inclined by 45 deg against the horizontal and vertical direction, The frontal area of the nacelle wouid be
about the same as for the double-suction pump shown in Figure 41, The “ram efficiency” of the incoming
stream might be a little better for the single-suction pump with inclined shaft, However the design for the
diffusor casing behind the impeller would be quite comnplex because in no sense is axial symmetry connected
with this casing. Lvery vanc and vane passage of the diffusor would have to be designed individually,
Nevertheless a competent pump design engineer should come up with a good solution to this problem which
is as challenging as it is interesting.

The greatest unsolved problem for a submerged propulsion pump with inclincd shaft seems to be that
of steering with the jet, in particular reversing the thrust, Jet deflectors that are usable above water are
probably not usable below water, and so a separate reversed thrust unit may have to be employed.

Finally, some estimate is nceded of the improvements in efficiency that may be expected from this
arrangement compared with the conventional “waterjet’ configuration with the pump above the water
surface.

Although submerged pumps require a somewhat greater design effort, the author feels that there is no
reason to assume a difference in pump efficiency for the two arrangements. 1t should be sufficient to com-
pare their jet efficiencies corrected for duct losses and exiernal drag, as given by Figure 5,

For a duct-loss coefficlent K = 0.4, the “waterjet” arrangement with the pump above the water sur-
face has o corrected o7 efficiency (at optimum AV/ V) of 61.5 pereent) for zero intake drag and an
efficiency of 87 peecent for an intuke and strut drag coefficient Ky=0.1.

For u nacelle and strut drag coellicient Ky = 0.1, the submerged propulsion pump has a corrected jet
efficiency of 64.5 percemt for o duct-loss coefficient A = 0 and an efficiency of 62 peicent for K = 0.0S,
The difference in Ky compared with that for the above-surface pump results from the fact that this co-
efficient is referred to the arca of the intake opening, and thus its magnitude reflects the increased roral
frontal area of the submerged pump. In either case, Ky represents only the increase in drag due to the
presence of the propulsor,

Thus it is seen that submerging the propulsion pump may lead to an improvement of three to five

points on the conrected jet efficiency scale, Lo, an improvement of § to B percent. Hewever, if an improved
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inlet duet (see Chapter 4) can reduee the ductdoss coefficient ¥ for the pump above the water surface)
from 04 1o, say, 0.3, the corrected jet elficieney wauld be o4, parcent fw Kyp=t) and 89,4 percemt for
Ky + 0.1, approximately matehing the submerged pump ariangement. Ductdoss coefMelents of less than

K = 0.3 give the propulsion pump above the water surfuce a definite dvantuge.

3.8 SUMMARY OF PROPULSION PUMP
DESIGN CONSIDERATIONS

The most important considerations presented in Chupter 3 for propulsion pump design may be summed
up us follows:
1. Definite relationships exist between the operating conditions of hydrodynamic pumps and a number of
important design parameters or characteristics ol the pumps, The operating conditions are expressed in
dimensionless form by the specific speeds. The relation between the busic specific speed n, and design
parameiers is given (for example) by Equation (3.16), and the relation hetween the suction specific speed §
and desigp parameters by Equation (3.22) and Figure 15,
2. Definite relationships exist between the operating conditions of u hydrodynamic propulsor and the usual
operedng conditions of a hydrodynamic pump:

a. For proputsor thrust 7', rate of flow ¢, and chunge in velocity generated by the propulsor (A =

V/’ - V), this relation (Equation (3.32)) is:

T=pQAV

b. For the pump head # and the inlet and discharge Ouid velocities 17, and l"l. ol the propulsor, this

relation (Equations (3.33) and (3.37)) is:

;2 2 2 2 ,
Vie =¥y Vs Vo AV Avy
H= > + K «_+Ahi= P 2 — 4 "7—) + K +Ah,.
=8o ~&q =80 Yo Yo

c. For the total inlet head of the pump (H, = NPSH) and an intake velocity that equals the negative
L]

of the velocity of travel V, this relation (Equation (3.34)) is:

IN

V()2
fH, = ~K) % thy, - Ah,.

d. The variables Q, H, and H,_ together with the speed of rotation n determine the basic specific speed
and the suction specific speed (or vice verss) and thereby the design of the propulsion pump, subject to
certain design decisions (see Figure 33).

3. The thrust required to propel a water surface craft does not change with the square of the speed of
travel, i.c., it does not follow dynamic similarity relations. Hence the pump design is based on two speeds

of travel;
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a The muxinum w criie speed Qubaenpt o) deternimes the (e sliivieny sl velocily i ivene
tatin A 17E, Goee Figures 4 and ).

b The msnimum speed of tavel ot whivh the pump i expectod 1o opetate at all speadd of fiatien
(auboavpipn 1) detetinines the cavitation characterinticn o) the pamp (ee e 28 The “adininning speed
O™ U P shoukd be chosen an high av poasible (ee Figune 1) hovaie o win ow 171 et nevessatily
loads tov a loss favorable prapalior design than o highes 1atin (we Table 1)

4 Deagn vartations of propulsivn pamps for essentially the sanw apeciliv speed (Section 1.4) inchinde the
wllowing:

a Stgleatage, mixed:-Now diflusop pump with et coanial with the pamp shatt (Eigure 24),

b Ningle-stape, nixed- ton eadinl) Now valute pump with the jet normal w the direction oi the han.
Possible acrangements include (1) o horgontal shalt ceoswie t the dirgcuon of tavel (Figures 33:07) sl
(2} vortical shatt (Figuros 28 and 29) that permita changes in ditection of the jet uver u wide angile (ateering
and backing),

¢ Multistage, axial-Now puimp with jer coaxial 1o the pump thalt (Figute 300, This type of pamp
constitutes a savie i weight amd sieo compared with a single-atage, mined: (or radial:) Dow pump of the
same apecific apeed,

S. Varlations in specific speod and pump form as a function ot the jet velucity increase ratto & 171, (e
Figure ),

. The use of sovoral puimpa in parallel instead of o single, laiger pump should result in an increase in apood
of rotation and a reduction in the woight of the pump and the divectly coupled deiver according to the
square root of the nmber of pacatiel stieams. Bocause of the camplexity of the ducting connected with
pumps in parallel, the weight saving is loss than stated above on the basis of simple aimitarity comiderations
(see Figures 15.37),

7. The simplest relation betwecn propulsor thrust and speed of travel is obtained with a slightly adjustable
discharge nozale arew so that (for constant speed of totation), = constant and # = constant (see

Figure 22). A fixed discharge nozzle area 1oduces the thrust increase from full to 1educed apeed of travel
(T, - T,) by only about 10 percent and the total low speed thrust by less than § percent (sce Figure 19),
B. Retardation of the inlet duct flow is serious at full (cruising) speed because of the cavitation design
requirements at low speed of travel. This problem can be alleviated by:

a. Reduction of the impeller inlet coefficient 28,4,/ l"m_I at low speed of travel from its (cavitation.
wiso) optimum value between . and 4 to a (practical) minimum of ahout 2, .e., by designing for & higher
meridional impeller intet velocity than the optimum at low speed ol travel,

b, By keeping the minimum speed of travel ratin V, /¥, required at full speed of rotation as high as
possible.

9. Retardation of the inlet duct flow can be reduced by adding a circumferential component V“i to the flow
entering the impeller. This “prerotation” is limited to values of Vu,./Vm, botween Q.5 and 1.0 by its
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devsimental wwet s cavitation perfopmane ax showi in Figuie 400 AV I apeed, iotandation 1ot o
AR AW GOt B b @ I Wheteas a1 low apeed, thete 18 litte i any setandation (o
e et severe vavitation vondithms enist - Avenrdingly, presstatin shaikl be adinatable, 1 sl be highey
than the abuveatatesd it al L apeeil Bt it exeenl these it at low el
O B0 i ponsibie 10 elimiinate the sntet duct hinaes alimond vomplerely by plaving the propulainiy jimp ik a
navelle helow the waeter sutlave,

# AR uidesirable angle diive van be avaidend by selecting a double:suction pamp arsiged wo that o
Ny anto & navelle with it shalt nornal o e diection of the Taw enterig amd Isaving 1he casing (we
Figwiv 41).

b Steering and baching can be achievod ay imany cases by otating the entire umt with its stiun abow
the verticat anis of 1is shal.

o AN aliernate ancangement LEure 42 w 1o pace o o sulmnerged navelle a singleauction pamp with
its shaft inchined agamst the vaetival and horieantal direetions.

A, The geownetric and imechanical Teasiditity of subwiged propulsion pumps as shown in Figuies 41 and
2 van hardly be questioned  The hydrodynamic feasibiiny depends on the Mow (duet and drag) losses oxs
tornal to the panp. At a duvidoss fact A = O For the pump above the water surlaces, the submerged
pug bas an efticiency advantage ol aboit 8 w8 pereent. it were possible to reduce the duct losses
A = 0.3, the abavessnlace pump and the subimerged-pump atangement shoukl he about egual ih etficioney .

AL A QLY the abovesailave pranp should have an advantage in overall efticiency.
pumy
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CHAPTER 4. DUCT DESBIGN AND OVERALL ARRANGEMENT
OF PROPULSION PUMPS

4.1 INTRODUCTION

Thin chupier hatelly reviews the most Important amengemient problems of waterjet propulsion, It
attempia to pinpoint those problema that are judged 1o fall within the general scope of' the report and
sggosts salwtions,

Internal duet Now loases and the oxternal deag ol the intake structure and of the submerged and
surface-plorcing parts of the ducting are the principal reasons why waterjet propulsion is relatively loas
eflicient than completely submerged propulsors used in connection with displacement surface craft and sub-.
mworged vearels, This was pointed out in Chapter 2 and demonstzated by Figures 4 and 5. Chapter 3 dis-
cumed the desigh of the propulsion pump and the variations in pump design that may he important foi im-
proving the overall propulsion plant,

The present chapter discusses the ducting and intake atructures insolar as these fall within the scope of
thia report.  In other words, the discussion is primarily concerned with the internal flow problems of intake
and ducting: the external drag of intake and ducting systems is considered outside the scope of this report.
Therelore, the control of external cavitation oy ventilation and the reduction of friction drag, wave drag,
and induced drag of submerged and surface-piercing parts connected with the pump flow will not be dis-
cussed here, Their effects are of major importance and have beon included in the thrust increase AT that can
bo attributed to the propulsion plant (see Chapter 2).

The necessity of an adjustable intake for any hydrodynamic propulsor intended for use with hydrofoil
and captuted air-cushion craft constitutes & major practical problem primarily because of the reliability
aspocts of the adjusting mechanism. The solution of this problem will be discussed here only in pricinple
and from a hydrodynamic point of view. An adequate presentation of the entire subject of intake adjust-
meni (like that of externa) drag) is a major undertaking. 1t cortainly could not be covered in a report whose
primary concern ix with the propulsion pump,

Other major problems are internal duct losses and the associated maldistribution of the flow entering
the pump. These will be attacked mainly by considering the location or arrangement of the pump relative
to the intake. Evidentlv any change in thedirection of the flow will lead to losses and often cause mal-
distributions of velocity. These can be reduced most effectively by reducing the number of turns (elbows)
and the angles of turning, One turn shortly after (or as part of) the intake is unavoidable for pumps located
above the waterline. However, the angle of this change in the direction of flow can and should be minimized.
Beyond that, additionu! changes in the direction and the velocity of the flow must be reduced as much as
possible,
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4.2 AN EXISTING, SUCCESSFUL PROPULSION
PLANT ARRANGEMENT AND SUGGESTIONS
FOR ITS IMPROVEMENT

Figure 43 shows the existing propulsion plant arrangement of the hydrofoil boat TUCUMCARI. To
the best knowledge of the author, this arrangement accomplished the purpose of its development and should
therefore be considered successful, Whether this pnrtiéulnr arrangement can be considered as optimum in
principle is an entirely different matter.

The TUCUMCARI uses a single turbine placed along the central plane of symmetry of the craft. Iis
shatt is approximately horizontal and in line with two double-suction propulsion pumps.

The two water intakes are located on both sides of the craft in the center of two pairs of hydrofoils.
Close to each intake, a long-radius elbow deflects the propulsion stream into approximately the vertical
direction through the support struts of the hydrofuils. At the elevation of the hull, the propulsion stream is
deflected by 90 deg toward the central plane of the craft; each stream enters one of the two propulsion
pumps in an essentially horizontal direction normal to the pump shaft. Each stream is divided into two parts;
one enters the pump impeller from the front and one from behind in the axial direction, in conformance
with the standard arrangement for double-suction pumps.

The propulsion stream leaves the pump volute casing at right angles to the pump shaft and to the
direction of travel. 1t must therefore be deflected once more by 90 deg toward the aft end of the craft.
Qutside the pump casing, the stream therefore changes its direction three times by approximately 90 deg.
In addition the stream changes its direction once more inside the pump casing before it enters the impeller
in the axial direction. This last turn is unavoidable with double-suction pumps, and its losses are included
in computing their efficiency. These losses are apparently small since the efficiencies of double-suction
pumps are known to be no more than 1 or 2 percent lower than those of single-suction pumps with other-
wise the same general characteristics and qualities.

Undoubtedly, some practical design restrictions existed for TUCUMCARL. Could some of the changes
in the direction of the propulsion stream have been eliminated or reduced in angle? Figure 44 shows the
result of one such attempt.

Because of their high potential qualities, double-suction pumps were retained for this attempt, with a
so-called “bottom-suction” casing inclined against the vertical direction by about 30 deg. (Bottom-suction,
double-suction pumps are well known in the commercial pump field.)

In order to avoid a change in direction after the flow leaves the pump casing, the direction of the
shaft of the pump and its driver was changed to be normal to the direction of travel (as described in
Chapter 3 in connection with Figure 26). This change enables the propulsion pumps to be placed into the
vertical planes of their respective intakes on the two sides of the craft, thereby avoiding another change in

the direction of the flow (i.e., the elbows on top of the hydrofoil support the struts of TUCUMCARI).

Of course the proposed change requires the separation of the power turbine from the hot gas

generator (this has already been discussed in Chapter 3). The cost and time required for such a development
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Figure 43 Propulsion System for TUCUMCARI
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was probably not availuble for TUCUMCARI, However these must be made availuble if significant im-
provements are to be achieved in the efficiency of waterjet propulsion.

Figure 44 shows two driving gas turbines. I these two turbines are coupled, this arrangement avoids
the familiar risk of relying on a single-engine craft. With one turbine out of service, the propulsion power
would, of course, be cut to less than one-half (because of the acrodynamic drag of the idling turbine), but
operation in the drag-trough after the “hump™ (Figures 3 und 21) may still be possible, I the single-turbine
arrangement is desired, there is, of course, no difficulty in retaining it. A double-ended power turbine would
be used in the center of the craft with two gear boxes to drive the two pumps.

With the arrangement shown in Figure 44, there is only one change in the direction of the propulsion
stream external to the pump casing, i.c., the unavoidable change in direction after the submerged intake. Its
angle of deflection has been reduced from about 90 to 60 deg and could conceivably be reduced still more,
The losses in this elbow can be further reduced by retarding the flow before it reaches the elbow and by
using a carefully designed turning vane system. The velocity of flow through such a system can be approxi-
mately constant, and the losses can be quite low if the development is aided by appropriate experimental
investigations.

The elimination of two of the three changes in direction, the reduction in turning angle of the remain-
ing turn, and the reduction in duct length resulting from this change in arrangement is expected to lead to a
major reduction of the duct-loss coefficient K (Figures 4 and 5) perhaps by as much as a factor of 4. This

should certainly give a very significant improvement in overall efficiency.

4.3 DUCT AND INTAKE DESIGN FOR
VERTICAL PROPULSION PUMPS

In connection with a study on surface effect vehicles (SEV’s) conducted by the Institute of Defense
Analysis (IDA) in the summer of 1969, the writer had occasion to examine possible improvement in ducting
to be used with vertical propulsion pumps. This examination resulted in the sketches reproduced as
Figures 45a-45d.

A few months prior to the IDA study, the use of vertical propulsion pumps had been suggested by M.
Huppert who was then associated with the Rocketdyne Division of North American Rockwell. (The dis-
closure of this arrangement of a propulsion pump during the IDA study was authorized by Rocketdyne.)
To the best knowledge of the author, Figures 45a2-45d were the first sketches ever made of a vertical
propulsion pump. They represent this writer’s interpretation of Mr. Huppert’s suggestion and include pro-
vision for changing the direction of the propulsion jet by rotating the discharge part of the pump casing
ibout the vertical axis (in this case, together with the reduction gear).

Other studies had indicated that a “flush” intake might be the best form of intake for SEV’s,
apecificatly for captured air-cushion craft where such an intake can advantageously be arranged in the side

ukirts of the craft.
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Furthermore, the problem of retarding the incoming flow to the highest allowable axial inlet velocity
of the pump impeller was well recognized at the time of this study. A temporary departure of the intake
from the water is followed by sudden reentry and causes a slug of water to hit the empty pump impeller at
very high velocities. There was justifiable concern about the mechanical hazards involved. As a consequence
of the foregoing considerations, the vertical pump and duct sketches were prepared under the following
assumptions:

1. A flush, adjustable intake with a small inclination of the inlet duct against the horizontal direction.

2. An “axial volute” at the pump inlet that retains a fairly large circumferential compcnent of the inlet

flow in the direction of the rotor motion in addition to the prescribed fairly low axial (vertical) component
of the flow. It was reasonable to assume that this arrangement would reduce the damaging effects of a high-
velocity slug of water after the intake has left and reentered the water surface. (Measures to reduce the
resulting high positive prerotation—which according to Figure 40 reduces the achievable suction specific
speed—will be discussed later in this section.)

Figure 45a shows that the flush inlet involves only a small change in the direction of the flow. Thus
without further deflection, the flow proceeds toward the pump inlet at a fairly small angle B against the
horizontal direction. It was and is felt that the resulting low elevation of the pump inlet can best he
accomplished by using a vertical pump.

The required adjustment of the intake (Figure 45a) is accomplished primarily by forming the upper
wall of the intake and duct from a strong, flexible sheet whose position can be controlled by a number of
jacks (similar to the adjusting mechanism used with the nozzles of some supersonic wind tunnels). This
design ensures minimum and continuously changing wall curvature in all positions of the wall. This is
essential for nreventing or minimizing cavitation inside the duct. The variation in the intake arca and the
resistance against cavitation are further increased by making the “lip” of the intake slightly adjustable as
shown,

The form of adjustment of a flush intake shown in Figure 45a is, of course, not the only way in which
such adjustment can be achieved. Figure 46 shows an aiternate solution of this problem, namely, an adjust-
able vane system in the intake. The vane shape indicates the higiy degree of attention that must be paid to
the cavitation characteristics of such a system, On the assuinption that it is possible to avoid the admission
of atmospheric air (“ventilation™), the cavitation number (2(p-pv)/p Voz) of the system (or of the intake
shown in Figure 45a) would be about 0.2 at 60 knots and about 0.1 at 85 knots. The latter condition can
probably not be met without permitting some local cavitation, In any event, the intake development will
require the most cereful theoretical and experimental work to achieve a reasonably successful solution, and
intake cavitation may well be found to set an upper limit for the speed of travel.

The pump inlet configuration shown in Figures 45a-45d uses a high degree of (positive) prerotation at
the impeller inlet in order to avoid excessive flow retardation from the external intake to the pump inlet,

Otherwise retardation would be very severe at full speed of travel, as discussed in Chapter 3. Specifically,
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Figure 45a indicates a ratio of prerotation of v, '/ Vi = Vu/ V,=3 (approximately) which, according to
Figure 40 would reduce the suction specific spee’d to iess than one-half of what it would be with zero pre-
rotation, even if the impeller inlet were designed for this prciotation. Such a reduction in suction specific
speed is unacceptable, particularly at the most critical conditions for reduced speeds of travel (*hump”
conditions).

Figure 47 shows an adjustable, axial-flow vane system between an axial flow volute and the pump.
This is intended to reduce the circumferential component of prerotation by a factor of slightly over 0.5. It
would change the effect of prerotation (according to Figure 40) to factors between 0.6 and 0.9, which will
be acceptable in its higher ranges. It is generally not necessary to make this vane system adjustable (and
thus avoid su.: reliability risks) except for the previously mentioned aspect of intermittent flow and the
unknown aspects of inlet flow variations and control of pump performance at variable speed of rotation. In
any event, the development of such a vane system will require careful theoretical and experimental investi-
gation. It is »ariicularly important to experimentally detcrmine the flow that leaves the axial volute in front
of this vane system because it may depart substantially from the frictionless flow pattern, i.c., from the
flow of radially constant angular momentum.

Figure 48 shows a right-angle discharge from a vertical, axial-flow pump. The elbow shown is suitable
for very little rotation of the flow that leaves the last stage. (In this case, the volute casing shown in
Figures 45a, 45b, and 45¢ would become unreasonably large or entirely unusable.) The velocity of flow
leaving the axial-flow pump in Figure 48 may be comparatively low and the flow in the elbow strongly
accelerated. Thus assuming a good design, the flow energy losses may be quite low. In this design
(Figure 48), the discharge jet, the discharge elbow, and the pump are rotated together without rotating the

driving gear box. A flexible coupling takes care of minor misalignments between the pump and the gear

box caused by the rotation of the pump.
4.4 INCLINED PROPULSION PUMP ARRANGEMENT

Excep! for the submerged pump with inclined shaft shown in Figure 42, only propulsion pumps with
horizontal and vertical shafts have been considered so far., However, an inclined shaft may also have distinct
advantages for waterjet propulsion pumps and their drivers both located bove the water surface. Figure 49
shows such an arrangement.,

The intake is similar to that indicated in Figure 44, However, an inclined pump and duct system is
also usable in connection with a flush intake. The pump and its discharge elbow are similar to that shown
in Figurc 48 except that the elbow has a much smaller angle of deflection, a factor which should pruvide
an advantage in efficiency. Steering is accomplished by rotating the pump and its elbow by fairly small
angles (say, 30 deg). This causes a slight change in the inclination of the jet against the horizontal
direction. Thrust reversal requires a rotation of pump and elbow by about 120 deg in order to direct the

et against a deflector located on the side of the craft.




Prerotation Vane System with Axial Inlet Volute

Figure 47 -
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The telined pawition of the shatt alse han advaniages with 1eapwet 1o the gas inlet 1 the hot gas
penerator il the gan wisvhaige om the power tubine,  Changes i the dieection of the gus stieams we
qie amall o seio.

Woahwouhl be rovoginised that a icdisd position or the paimp shaft 15 by oo msans limited 1o axil
Now pumps, On the contiary, o amgleatage, mixed-ow pump whose speciile apessd lies in the center of the
specilic apeed range (sev Fignie 1Y) can be wsed advantageously with a dischuge volute developed aboul «
A% deg conical swrlace Gasanming the sngle of Ichination a is 4% dep 8o dat s dischaige is inclined againg
the axis of sotetion w shown v Fggaie 49, Such a pamp wouid be Turger in dinmeter and shorter in length
than av axiabdlow pump. For equal quality in design, the eMuienciex should he about the same (close 1o
H) pervent),

10 thus appeats that an inclined position of the pump amd s driver gives the design engineer additional
troedoam of arrangement whivh shou J enable him 1o ieduce duet losses subatantially,

4.8 REDUCYION OFf ELOW DISTORTIONS
AT THE PUMP INLET

Flow distortions are depastwmes (rom the uniforin velocity distributions that are vaually assimed.
Axially tymmetric, (.., radial, nonuniformities of the velocity distribution <an be taken into account in
deaigningt an axially syaumetrie vane system such as a rotating or stationary vane system ol a turhomachine,
Circumderontiol nonuniformitles van never he iearporated in the dealgn of 10tating vane systems,

Obwvioualy, any Jdepartmies frun the velucity distribution assumed in the design provents a vane system
flom optimal operation. At a pump inlet, such departures will lad to local vavitation and other disturbances
which should be expected to reduce the etficioncy. The lattor elfect is not woll established, Some highly
efficient contrifugal pumps have been found 1o have an amazingly Nt efficiency curve over & substantial
range of fow tate at constant speed of rotation. Therefore, in this case, substantial changes in the angle of
attack at the impeller inlet have only minor effects on efficlency, Furthermore, standard double-suction
pumps are known to have substantial circumierential Now distortions st the impeller inlet, yot efficioncivs
approaching 90 percent have been achieved with this type of pump,

On the other hand, it hus been established conclusively that local cavitation is strongly dependent on
the angle of attack at the leading edges of impeller vanes. At the Muid velocites encountered in the
propulsion pumps of hydrofoil and captured air-cushion craft, even local cavitation might lead to severe

cavitation damage under prolonged operation at full speed. This suggests that flow distortions at the inlet
to propulsion pumps may cause unacceptable cavitation damage even if they do not seem to have algnificant
effects on efficiency.

Whenover the direction of the flow in the ducts leading to the pump must be changsd, ong of the most
effective ways to minimize flow disiortions is the use of vane elbows. For this reason, all inlet duct elbows
shown in this report are of the vane type (see Figures 24, 25, 30, 44, and 49). This is particularly im-
portant ahead of the retarding portion of the Inlet duct (Figures 44 and 49) because flow distortions are
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rapidly increased in a retarded flow. After a retarding duct section, a vane elbow may have a slight
equalizing effect on a flow with nonuniform velocity distribution. In any event, a vane elbow does not
generate the large secondary motions which are characteristic of elbows without vanes in a stream with non-
uniform velocities.

The vanes of vane elbows do not need to be expensive (see Figures 24, 25, and 30), but they should
be carefully designed according to the principles of cascade design. In particular, the vanes must turn
through a slightly larger angle than that through which the direction of the mean flow is to be changed.

Because of the required retardation of the incoming flow, vane elbows may or may not be sutficient
to avoid major flow distortions at the pump inlet. This fact can be established only by experimental in-
vestigations of the intake and duct before their design is definitely established (experimentation in air at a
reasonably large scale is usually sufficient.  -ept for the intake cavitation problem which requires testing in
a water tunnel).

If, despite a carefully developed intake and inlet duct, the flow distortion at the pump inlet is still
judged to be excessive, it may be necessary to use a rotating flow velocity equalizer as shown in Figure 50.
The idling rotor has straight, helical vanes with a symmetrical, streamlined cross section. The stator vanes
are axiu-. Both vane systems have a solidity (ratio of vane length to circumferential vane spacing) of approxi-
mately unity. In the low energy regions of the oncoming flow, the rotor acts as a pump, and in the high
energy regions, it acts as a turbine. The duct cross section normal to the axis of rotation should be
approximately constant through the device with proper allowance for the blockage effect of the vanes.

This writer has no information on the effectiveness of this device, but it should be helpful if carefully

designed.
4.6 SUMMARY AND CONCLUSIONS

1. The most conventional waterjet propulsion arrangement is probably that shown in Figure 2 with pumps
as shown in Figures 24 and 30 and perhaps Figure 36 also. The intake should probably be of the nacelle

type with a vane system as shown in Figure 44.

2. The volute pump is the most cfficient type of centrifugal pump (90 percent efficiency or more). To
avoid an elbow in the discharge line, the volute pump requires a fairly large angle (45 to 90 deg) between
the direction of the shaft and the direction of travel:

a. Volute pumps with horizontal shaft normal to direction of travel. For single suction, see Figures
25.27; for double suction, see Figure 44.

b. Volute pumps with vertical shaft (see Figures 28, 29, 45, and 47).

c. Volute mixed-flow pump with inclined shaft, e.g., see arrangement similar to that shown in
Figure 49,
3. All arrangements with the shaft not approximately in line with the direction of travel require a dcparture

from the conventional gas turbine configuration, i.e., they require a free power turbine with its shaft
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Figure 50 — Rotating Flow Velocity Equalizer
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approximately at right angles to the shaft of the hot gas generator. Admission of the hot gas stream to the

power turbine by a volute can be highly efficient, at least as efficient as the conventional in-linc arrangement,

Its development is recommended in order to free the design engineer from the limitation imposed by the
“conventional’ arrangement (Item 1 above) or by the inefficient TUCUMCARI arrangement.

4. Axial-flow propulsion pumps can be used in an in-line configuration (Item 1 and Figure 30), in vertical

' position (Figures 45a-45¢ and Figure 48), and in an inclined position (Figure 49). They are smaller and
lighter than other pumps (including the water contents), but they are probably more costly to produce than
single-stage, radial- or mixed-flow pumps. Their efficiency approaches that of the best centrifugal pumps
(90 percent). They prcbably have the lowest amplitude of discharge pressure pulsations because of the

large number of vanes. The energy in the stream leaving an axial-flow multistage pump is quite low com-
pared with the head of the machine; therefore, a well-designed discharge elbow as indicated diagrammatically
in Figures 48 and 49 should have very small losses.

5. Flow distortions at the pump inlet may be serious from the viewpoint of cavitation damage. Vane elbows
and other good design principles of the inlet ducting may help to minimize flow distortions. 1f good design
of stationary duct parts is not sufficient to meet this challenge, a rotating flow-velocity equalizer (Figure 50)
may give significant improvements.

6. Inclined pump and ducting may offer the possibility for substantial reduction of duct losses (Figure 49).
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CHAPTER 5. PRELIMINARY DESIGN OF THE HYDRODYNAMIC
PROPULSION PLANT FOR A HYDROFOIL BOAT

5.1 DESIGN SPECIFICATIONS

The prescribed specifications and assumptions for the design example to be presented in this chapter
are as follows:

Ship configuration (see Figure 51) and weight (403,200 Ib)

Lift/drag curve (see Figure 52)

Design speed (optimum cruise) = 40 knots

Specific fuel consumption (SFC) = 0.5 (constant at 40 knots)

Takeoff speed = 25 knots or less. Thrust margin at takeoff must be at least 20 percent to account

for extra drag which occurs in rough water,

Maximum speed = 48 knots

Negligible variation in strut drag with duct size, i.e., constant L/D curve

Weight of prime mover with gear box installed = 1.2 Jb/hp

Weight of fuel plus propulsion system weight = 134,400 Ib

The prescribed lift/drag characteristic given in Figure 52 was converted to a drag/lift curve as used in
this report (Figures 3 and 21). It is shown in Figure 53 together with two approximate propulsor thrust
curves at two constant speeds of rotation, One curve is required for 40 knots and the other for 48 knots
(see Figures 21 and 22). The curve through the 40-knot point does not quite meet the 20 percent thrust
margin requircment whereas that through the 48-knot point exceeds this requirement confortably.

The thrust curves shown in Figure 53 have been drawn first under the assumption that A/ Vy = 0.65.
It will be secn that A V/V, = 0.75 was finally chosen. This leads to the somewhat flatter thrust curves
indicated by the dash- and dot-curves of the figure. The substantial thrust margin at the speed of rotation
vorresponding to 48 knots over the 20 percent requirement is certainly sufficient to meet the pump cavitation
problem connected with speeds of rotation higher than that required at the 40-knot point. An exact answer
to the cavitation problem can be obtained only by cavitation testing the propulsion pump.

Furthermore, it is rather comforting to observe on Figure 53 that the drag increase from 40 to 48
knots is somewhat less than by the square of the speed of travel. The two *“thrust parabolas’ shown are
drawn under the assumption that the speed of rotation increases proportionally to the speed of travel. If
this is done in going from 40 to 48 knots, the thrust will increase faster than the drag, In other words, to
balance the increasing drag, the speed of rotation can be increased slightly less than the speed of travel
(disregarding the extra thrust required to accelerate the craft).

Finally, the case considered here is favorable because the minimum speed at which a relatively high
thrust is required (“hump™ condition) is just about one-half of the cruising speed (40 knots) and about

40 percent »f the maximum speed of travel. These comparatively high ratios 2ase the cavitation problem at
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low speed (20 knots) and make it unnecessary to design for extremely high suction specific speeds at low
speed of travel. This will avoid or minimize the need to compromise the design in favor of the low-speed.
of-travel condition. In this connection, the fairly conservative maximun. speed of travel is also an advantage.
Figure 23 shows that the suction specific speed at 20 knots does not need to be greater than twice the
suction specific speed at cruising and maximum speed of travel,

Before turning to specific aspects of the design example to be discusscd, it secems prudent to call
attention to the limits set by the general scope and practical extent of this report.

The design of the propulsion plant for a hydrofoil boat as described in the specifications is a major
undertaking, It exceeds the intended scope of this report by several orders of magnitude. This is
pariicularly true because the propulsion of new types of vehicles, such as hydrofoil craft, requires the
development of new forms of machinery and mechanisms in order to obtain favorable results. In this light,
the vriginal engineering effort appiied to a craft as described in the specifications should be expected to be
much greater than that connected with a new, but more conventional, ship with a tonnage a hundred times
that specified here. It must also be considered that the 200-ton craft considered here may be the “model”
for between 100 and 1000 vehicles of its type. From this point of view, the development of new forms of
machinery, structures, and mechanisms must receive the same attention as that given to the development of
a new type of aircraft or spacecraft.

In view of these facts, the question arises as to what the present very modest effort can be expected
to ~ccomplish. The answer is twofold. It can and must demonstrate the application of the principles out-
lined in the previous chapters to a particular design example. [t must also demonstrate that the answers so
obtained do not involve obvious contradictions or impossibilities. Therefore, the design forms suggested in
the following cannot be expected to present proven possibilities. At best they suggest ways in which the
design probleins presented can be solved. The intent is to stimulate the design engineer to think about as
yet untried solutions of the design problems that confront him. Details of the designs suggested are in-
cluded only to demonstrate the existence of the problems rather than their most useful solutions. The term
“preliminary design” is probably too optimistic. “pre-preliminary design” may be more appropriate for
something which suggests a direction in which preliminary design studies should be conducted. Yet it is
hoped to point out that many design details deserve serious consideration in the earliest phases of design.
General design forms are chosen in these very early phases, and it is then that either fatal mistakes or con-
structive and fruitful decisions are formulated which later, necessary refinements can neither correct nor im-

nrove fundamentally.

5.2 CHOICE OF THE GENERAL FORM AND
ARRANGEMENT OF THE PROPULSION
PLANT

The specified, very general arrangement suggested by Figure 51 indicates two vertical inlet ducts on
the two sides of the craft similar to those used on TUCUMCARI (Figure 43). The shortcomings of the

132




e .

S T TEEETETR R e T T R e e A e o mE e T E T LT T T ARR L TRET e T

TUCUMCARI arrangement and its possible improvements have been described in Section 4.2 and will not be
repeated here. This description leads to the conclusion that the propulsion pumps should be placed on top
of each of the vertical foil-supporting struts. Threc possible propuision pump arrangements and forms have
been shown in Figures 2, 24, and 30 with the pump shaft approximately in the direction of travel and in
Figures 26, 25, 44, 28, and 48 with the pump shaft at right angles to the direction of travel. All arrange-
ments shown in these illustrations place the propulsion pump close to the top of the hydrofoil support

strut and vertical suction duct, and they avoid a change in the direction of the flow after the propulsion
pump. Only the vertical shaft arrangements (Figures 28 and 48) avoid a change in the direction of the
suction flow between the vertical suction duct and the pump impeller inlet.

The cross-shaft arrangements shown in Figures 26, 25, and 44 have the reliability advantage that two
driving gas turbines make it possible to maintain symmetrical propulsion with one driving turbine in case
the other foils, Whether it would be possible to maintain the craft on the foils with one turbine can be
estimated by means of the curves in Figure 53,

The effective propulsion power is obviously the drag (or resistance) times the speed of travel. The
minimum foilborne power requirement is near the trough of the drag versus speed-of-travel curve at 35
knots; it is proportional to 2.19 knots (i.e., 0.0625 x 35 knots). The maximum power requirement is ob-
viously at the maximum speed of 48 knots at drag/lift = 0.088,; it is proportional to 4.22 knots (i.e., 0.088 x
48 knots). Hence if the driving turbines develop their maximum power at 48 knots, one turbine will not be
able to propel the craft at 35 knots even under the favorable assumption of the same efficiency of propulsion
under both operating conditions considered. Actually, the power available from one turbine is less than one-
half the power of two turbines on the same shaft because of the windage losses of the idling turbine. This
makes it very dubious whether foilborne operation would be possible with one turbine incapacitated even at
a still lower speed, say, 29 knots. The power required would be only about S percent less than one-half the
power at 48 knots whereas the windage losses may well be considerably more than 5 percent.

Whether hullborne operation with less than one-half power, or the installation of turbines with more
power than required for 48 knots, would justify the use of the cross-shaft arrangements shown in Figures 26
and 44 cannot be decided on the basis of the technical specifications given. In any event, the cioss-shaft
arrangement must be given serious consideration; this includes the problem of how in this case to deflect
the jets for steering and reversing of the thrust,

For the present study it was decided to use a vertical-shaft unit on top of each of the vertical struts
of the rear foils. The craft is steered and thrust reversed by rotation of the pump casing as shown in Figure
28. Since the jet velocity is unaffected by changes in the direction of the jet, single-engine operation may
indeed be possible with this arrangement by deflecting the jet so that its thrust passes through the center of
the resistance of the craft with one engine not operating. It must be considered that the vertical foil
struts (enlarged because they also serve as inlet ducts) can sustain a substantial side force. The practical

feasibility of this form of operation can be proven or disproven only by model and full-scale experiments,
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In addition to the advantage of vertical-shaft units for steering and reversing, the elimination of one
change in direction of flow on top of the vertical suction duct should result in a reduction of the inlet duct
losses; these have been shown to be of major importance. The foregoing decision on arrangement will
therefore be accepted without further investigation. A more detailed evaluation can be conducted only on
the basis of fairly extensive design studies of various arrangements which fall outside of the scope of this

report.

5.3 DIMENSIONLESS DESIGN OF THE INTAKE
NACELLE AND DUCTING AND ESTIMATE
OF THEIR LOSSES

The intake structure will be assumed to be a nacelle of the general type shown in Figure 44 connected
with a duct which externally must be streamlined so as to minimize its skin friction and form drag in the
submerged regions as well as to minimize the wave drag where this strut passes through the open water sur-
face. The external shape of nacelle and strut has been given only qualitative consideration since external
flow problems are not part of this study.

For the reasons given in Section 5.2 (Figure 53), flow conditions at 48 knots can safely be regarded as
similar to those at 40 knots and will therefore not be given separate consideration. The only flow conditions
considered will be those at 40 knots and at 20 knots, except for power and some cavitation considerations.

Figure 54 shows the nacelle design which will be developed in the following. Dimensions in feet will
be derived in the following section and are to be disregarded for the present, Only the dimensions given in
terms of the intake diameter Dl are considered in the present section,

From the specifications and Figure 52, one can derive the following data:

Speed of Travel | Drag/Lift | Drag
knots  [ft/sec Ib

20 33.8 | 00909 | 36,600
40 67.6 | 0.0665 [ 26,800

The ratio of *“prediffusion,” i.e., the velocity at the intake cross section with diameter D, divided by
the velocity of travel (approach), will be assumned to be 0,85 at 40 knots, This is conservative with respect
to cavitation on the outside of the nacellc. A lower ratio would have been more efficient internally but
might involve external cavitation problems,

The velocity in the intake (diameter D) at 40 knots is therefore:

V, =085 ¥, =085 x 67.6 ft/scc = 57.46 ft/sec (5.1)

At 20 knots, the intake nozzle must be opened up in order to avoid excessive acceleration and inter-

nal cavitation of the incoming flow. Two ways to do this are indicated diagrammatically in Figure 54, It
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will be assumed that at 20 knots the incoming flow is neither accelerated nor retardod before reaching the
internal cross section with diameter D, immediately in front of the vane syatem that turna the Now
vertically upward. This means that the velocity in this cross section is J3.8 ft/sec at 20 knotw,

For a fixed discharge nozzle arna (as will be assumed here), the rate of Now 020 at 20 knota is (according

to Figure 39) approximately:
Qy0 = 0945 0y (]
where Q,, is the rate of flow at the cruise velocity of 40 knots. Hence:

DEw Dln
X 338 (t/soc = 0,045 Qyp = 0945 ——: X 5746 fU/sec

5.0

Dy [ 0945 x 57.45
D, v 338

as given in Figure 54,
The length of the conical diffusor from D, to D,, which is 2.7 D, implies an included diffusor angle

= 1,267

arc tan 0.267/2.7 = 5.6 deg, and this is yuite rcasonable. y

Aftes the turning vane system, the velocity will be the same as in front of the system, but the ¢ross
section must fit into a faiily long ard thin support strut of the nacelle and the hydrofoll(s) connecied
therewith, After a process of trial and error, it was decided to place the vane system at an angle of
21.8 deg against the horizontal axis of the nacelle, with tan 21.8 deg = 0.4, which is geometrically con.

venient, The horizontal, =lliptic fiow section above the vanc system has a major axls:
a=D,/04=3.168 D,
and a minor axis

D}
b= — =04D,=05xD,
a

In order to account for the boundary layers, the minor axis was actually made 10 percent larger, le.,
1.1 b =0.55D,. This elliptic flow section is shown as Section C.C in Figure 54,

The design of the vane system, and elements of its development are shown in Figure 55. A first
approximation was obtsined by the “mcan streamline™ method described in Chapters 27 and 29 of
Reference 2. By successive approximations one arrives at the dimensionless “‘design” vane pressure distri-
bution shown on the right side of Figure 55a. This assumed pressure distribution is plotted against the
normal extent of the “mean streamline” derived from this pressure distribution rather than against the
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norival extent of the vane tsell, meaning “woimal® 1 the vghetowvane direetion of the aystem. The fguiee
given i paronthesex next (o the dimenstonless pressure ditTerence are thes presne differenves imltiplied
by the local, traverse ehannebwidth, This product detenminea the velneity change in the vaie:tovane
direction of the system.  The vane shape deriverd Trom (his pressure dinteibution by means o the “imean
strennline™ 15 shown by a drokew-ine contonr on the left side of Flgure $%

The vane shape so abtained & found 10 have an unteasnably low, normal distance oy hetween
sccemiive vanea at the discharge side oF the aystem. A vorievtion of this defect lewds approximately W the
vane shape shown in solid lines,

The channel widgth notimal to the vaine shape is als showis iy Figure S8 10 i needed to canry am
the atorenmentioned vperations of the mean streandine methwl,  The detepmination il the wean vwhwity
vectors within the systein takes the variations ef this width into acenunt i g ane-dimemgdonal manner. The
taverse passage widih s shown for the maniin width o the Ture amd aft veiter of the ayatems. The angle
of convergence of the lateral walls of the svitem i therefore veduced near the Torward and alt snds ol the
trning vane syatem,

The Hit coefMeiont of the vanes abtained by integration wl e dimensionloss vane javssie dingram is
(“_l = Q.R092 with yetervnce to the inter velocity by of the xyatem. Witk referwinne 1o the wetoiial nwan
relative velucity 1, the lift coellicient t‘L- iV Loe This in still accoptable inaamnch as there iv practivally
no static prossure rise from inlot ta discharge of this system,

The ratio of vane length  to spaving ¢ (“solidity ™) van e calenlated from the fumilinr expression
for the lift coefficiont:

alr
« w ) W‘i .'
(. |- )
o
¢ y 9 '}u
——y ———
! L

where A ¥, s the change of the fluid velocity parallel to the vane system, and 1 is the vecturial mean be.
tween the inlet und discharge velocity ¥y vo and from the vane system. The solidity s found to be /¢
= 2.3 This determines the vane spacing ¢ {ui a given vane length ¢

The vane prossure difference on which the mean streamline solution was based should guarantee with
some degree of approximation that there are no major local peaks of the vane pressure difference and
therefore no major negative poake of pressure on the low-piessure side of the vane. The correction of the
vane shape from that connected with the mean streamline method should tend to reduce the pressure
ditferencos over the trailing parts of the vanes. According to the mean streamline method, the minimum
pressure coelliciont with reference to the system inlot velocity ¥, is ubout 0.45. This should prevent sig:

nificont cavitution under the most unfavorable flow conditions present at 20 Knots,

IRV

im et amama

i Eh deth s A Lemhead, 35



DAY} TSI S PO e ) Tog 3o

TR T o - T T VP T YR [ S U PP | P T Uy S P S e s .




139

~ Prmagr Teanssersc-Wadih Destrsbutwow

Vigare $5¢

Figure 55b - Velocty Dstribution owcr Flow Cross Sectson




In view of the change in vane shape from the broken to the solid-line contour shown in Figure 55a, it
is desirable to have an independent check on the expected performance of the revised vane shape. This
check is accomplished approximately by an analysis of the velocity distribution in the vane section A-B
shown in Figure 55b, The slope of the velocity distribution curve is determined from the radius of cur-

vature R of the streamlines on thie basis of the relation for irrotational, plane flow:

dv v

w '

where o is the coordinate across and normal to the flow. Starting from the mean velocity in cross section
A-B (determined from the condition of continuity) the above equation was used to obtain the tangents for
the velocity distribution curve shown in Figure 55b.

The vane pressures corresponding to the velocities so determined ¢ Points A and B are indicated on
Figure 558 as p, and pg. They are higher than the vane pressures originally assumed. Since the mean
pressures derived by the Bernoulli equation from the mean velocities shown in Figure 55a are also higher
than those originally assumed, this departure from the design pressure distribution is quite reasonable. Recall
also that the vane curvature was considerably reduced over the aft ends of the vanes and that the overall
vane length was increased.

If the 10-percent allowance for boundary layer displacement is disregarded, the vertical discharge
velocity from the vane system in the nacelle should be the same as the vane system inlet velocity V,. This
gives 33.8 ft/sec at 20 knots, and about 33.8 ft/sec x Q‘“)/Qw = 358 ft/sec at 40 knots.

The inlet velocity to the pump impeller can best be calculated fiom {he ratio .‘Zgllw/Vm2 . where V|

!
is the meridional or axial inlet velocity to the impeller.  According to Figure 15, the ratio 2;,'leVm2
;

should lie between 3 and 4. It should be as low as possible to avoid unnecessary retardation of the
incoming flow.  Therefore a value 2g/4, /V, = = 3 will be assumed here for the 20-knot condition which is

i
known to be the more severe with respect to cavitation,

The total inlet head of the pump impeller M, may be estimated according to Equation (3.34):
2
i

] )
H,=(1-K) 5;—- +h, ~ A (3.39)

The duct loss conflicient A will be calculated below to be about 0.42 at 20 knots. The static intake

head & is about 31 ft in sea water, and according to Figure 51, Al may be assumed to be not over 6 1t.
At 20 knots, Vf)IZg" = )7.8 ft. Hence:

H,, =0.58 x 17.8 ft + 25 ft = 353 ft (5.4)

and with 2g /M / V,,,'? =3,
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V’"/ =V2g0H"/3 = 27.5 ft/sec ’ (5.5)

Therefore, there is only a slight retardation from v, =338 ft/sec to the impeller inlet. It will be seen
later that one will probably first retard to a lower velocity than 27.5 ft/sec and then reaccelerate to the im-
peller inlet. This will give a reasonably uniform inlet velocity distribution despite the change from the long
cross-sectional shape inside the strut to the circular cross section at the impeller inlet.

Now estimate the head drop from intake to the pump impeller inlet for the 20-knot condition:

Approximate the intake passage as a straight pipe with a length-to-diameter ratio of 3. With a pipe
friction coefficient of 0.02 (corresponding to a roughness-to-diameter ratio of about 0.001 to account for
other irregularities, the intake head drop is hLl = 0.06 V02/2g. For well-designed turning vane systems such
as considered here, a head loss hl_2 =0.16 V22/2g has been measured, where for the 20-knot condition V2
=V,

Preliminary studies indicate that it is reasonable to assume a length-to-diameter ratio of 10 for the
vertical, diffusing suction duct. By using the same pipe friction coefficient of f = 0.02, as before, and

estimating the head loss in a diffusing passage by the velocity head at its inlet, the head loss in the vertical
suction duct may be estimated to be:

iy, = 10x 002 Vig=02Vig

Hence, at 20 knots, the total head loss from intake to pump impeller inlet may be estimated to be

h, =(0.06 +0.16 +0.2) ¥}/2g
20

=042 V}[2g (5.6)

The factor 0.42 is obviously the duct-loss cocfficient K as appearing in Figures 4 and § (application to the
20-knot condition only).

The essential characteristics of the propulsion plant must be derived on the basis of the cruise con-
dition (40 knots) because it is at that speed that optimum cfficiency is required. Under these conditions,
the entire flow enters through the front nacelle opening with diameter D,. The velocity in the cross

section with diameter D, (after the intake diffusor but in front of the turning vane system) is

D 2
1 57.45 ft/sec
V,=V, = I3 - 35.82 fifsec (5.7)

2 2
D, 1.266

The total head loss from the intake to the pump impeller inlet may now be estimated as follows by using
the same coefficients as before except 0.2 for the vane system loss:
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= 2 - 2 iy 2
hy, =006V, /28 = 0.06 Vi 28 (V“I V)
hy, =020 V,2 128 = 0.20 V2 [2g (V 2V D)

by, =020 V;}[28 = 0.20 V%28 ( V2VE)

The loss coefficient 0.2 for the vane system accounts for the nonuniformity in ¥, distribution at its inlet
(a result of the diffusion in front of it+ inlet).

Since ¥,*/¥,? = 0.857 = 0.724 and V,2/V, = (35.8/67.6)* = 0.2808, one obtains for the total head
loss from intake to pump:

h, = (0.04345 + 2 x 0.05616) V2/2g = 0.156 ¥2/2g (5.8)

i.e., the K factor in Figures 4 and 5 is 0.156 at 40 knots and V, /¥, = 0.85.

5.4 SELECTION OF THE JET VELOCITY RATIO
AV/v, AND DETERMINATION OF THE RATE

OF FLOW, PUMP HEAD, AND DIMENSIONS

According to Equation (2.15), the duct-loss coefficient K (determined at the end of Section 5.3 for
40 knots), the jet elevation Ah} = 7 ft (according to Figure 51), and the nacelle drag coefficient K. (yet to

be determined) establish the jet efficiency 1, as a function of the jet velocity ratio AV/V,, = (V, — V) V,.
g ! i~ VolVy

In this determination one can use Figure 5 and replace K in that figure by K + 2g, N’i/ Voz. It can be
immediately read from Figure 7 that at 40 knots, 2¢, Ah/./VUZ = 0.1. On the other hand, the nacelle drag
coefficient Ky can only be estimated from experience with other submerged bodies. Here it will be assumed
to be 0.10. (This coefficient is used to express only the excess in external drag over what would exist if

the vertical struts were to serve solely as supports for the hydrofoils.)

With the before-stated values and assumptions, and with K + 2g0Ahl./ Vn2 = 0.256, Equation (2.15)
assumes the forny:

- 0.1V, 24V

. (5.9)
4 ’ " .
1+ + 0256 -—~—

2v, 24V

]
i

which, of course, does not include pump and gear box losses. The evaluation of this equation is shown in
Figure 56 as a broken line marked (.256. The figure also includes other n; curves for nearby values of

K+ 2g0Alll./ Vnz. This diagram is obviously an enlarged view of part of Figure 5 for K, = 0.10.
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The maximum value for 17/.4 occurs with K + 2g, Ahi/ VO2 = 0.256, evidently at slightly less than
AV/V, = 0.65. At first glance, this appears to be a good choice for this ratio, and it was used in pre-
liminary calculations. However, the fact that n/.4 varies between AV/ Vo =0.57 and AyIV, = 0.75 only
from 0.604 to 0.6065 indicates that the maximum of such a flat curve alone is a fairly poor criterion for
choosing a value of AV/ Vy- To overcome this difficulty, it is necessary to violate for a moment the specifi-
cations that there must be negligible variation in strut drag with duct size (i.e., constant L/D curve). Over
the AV/ V, range just mentioned, the changes in "i4 for constant K. may well be smaller than chang s that
result in K. because of the fairly large changes in AV/ V, considered.

For the rate of flow calculated with AV/ ¥V = 0.65, the submerged strut surface area (one strut} was
estimated to be approximately 60 ft2 and the surface area of one nacelle about 130 ft2, for a total of about
190 ft2. The minimum strut area required to merely support the hydrofoils was estimated to be about 70 ft?
for one strut (7-ft length x S-ft depth x 2). When the strut is also used as intake nacelle and duct, the area
increase is therefore about 120 ft? for A ViV, = 0.65.

To maintain a desired thrust, the rate of flow is inversely proportional to AV/ Vo (at constant speed
of travel). The strut area changes for similar cross-sectional shape with the square root of the rate of flow.
This is so because the depth of submergence is constant whereas the nacelle surface area changes proportionally
to the rate of flow (constant diameter-to-length ratio).

For a step from AV/VO = 0,65 to AV/ V0 = 0,75, the strut surface area changes to 60 ft2 x (0.65/
0.75)"/2 = 55.8 ft2; the nacelle surface arca also changes to 130 ft? x 0.65/0.75 = 112.7 ft. This gives a
total of 168.5 ft? or an excess of approximately 100 ft2 over the minimum strut area (70 ftz).

For similar flow cross sections, the surface area of the strut is proportional to its frontal area. This
may well be assumed to be proportional to the wave drag at the free surface. Thus the total drag follows

the same law as the skin-friction drag. Therefore, the drag coefficient Cy may be expected to he reduced
proportionally to the “excess™ surface area, i.e., in the ratio 100 to 120. Since a 0.1 difference in drag
coefficient C,. changes the efficiency nl.4 by about 0.05 of its scale (see Figure 5), a change in C;. by the

ratio of 100/120 = 0.833 should increase 7?,-4 by 0.84 percent points of its scale, for example, from 604 to
61.2 percent at AV/V,) = 0.75, as shown by the arrow in Figure 56. This implies that the actual jet
efficiency would be higher at AV/ V, = 0.75 than at 0.65. In fact, there is no reason to assume that
AV/V, = 0.75 would lead to an optimum in n/.4 since even higher values of AV,’V0 might give better
efficiencies. However, in agrcement with the aforementioned specification, there is no reason to assume that
the above simple reasoning would apply to larger changes in AV/ Vo

In view of the foregoing considerations, it is reasonable to conclude that A V/ Vy = 0.65 does not
constitute a true optimum value of this ratio, and that AV/V,) = 0.75 is closer to such zn optimum. Asa
consequence, A V/ Vo = 0.75 was selected as the jet velocity increase ratio to be used in this study without
further justification.

Here it must be considered that the increase in AV/V,,, specifically the resulting reduction in the rate

of pump flow, will reduce the pump, gear box, and duct weight including the weight of the water contained
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in parts located above the free water surfuce. On the other hand, the h-ct friction losses might increasc
because the ratio of duct length to the “hydraulic dinmeter™ increases with A ¥/ Vy» and the present value
of this ratio appears to be sufficient for effective retardation of the duct flow. A tradeoff study of the
overall ship characteristics will generally give a higher optimum A V/V0 ratio than will hydrodynamic con-
siderations alone,

This type of optimization can be carried out only on the basis of a number of design studies for
various values of AV/V,,. This clearly exceeds the scope of the present investigation. This is probably the
reason why a constant L/D curve was included in the specifications. Suffice it to say that the hydrodynamic
principles, which are the primary objective of the present study, would not be affected fundamentally if
overall investigations showed that a different (presumably still higher) ratio than AV/ Vy = 0.75 is more ad-
vantageous.

With A V/V0 = (.75 at 40 knots established, it is possible to calculate definite values for the rate of
flow, for the pump head and for various critical dimensions of the hydrodynamic propulsion system,

The rate of flow and pump head will be calculated for the cruise condition of ¥, = 40 knots =
67.6 ft/sec. Therefore, with AV/VO = 0.75, AV = 50.7 it/sec and according to Equations (1.1) and (3.32),
and the data derived from the specifications (see page 183),

26,800

Qoo = = 264.2 ft3/sec (5.10)

2 x 50.7 ft3/sec

where p = 2 slugs/ft? is the standard value used in this report for the niass per cubic foot of sea water.

The volume flow per intake or per pump is

2= Q40 = 132.1 £} ]sec s.11)
From Equation (3.33a) as the pump head is calculated
Ve AV Av\?
H= — |2 —+ (=) +K+2g)An/V}
28, Vo Vo i

At 40 knots, V02/2g =711 ft and 2g, AIII./VO2 = (.10 according to Figure 51 and Figure 7. Section 5.3
gave the duct-loss coefficient K as 0.156. Hence:

H=71.1ft [1.5+0.563 + 0.156 + 0.10] = 164.9 ft (5.12)

Finally, the intake diameter D, in Figure 54 can now be determined for 40 knots as:

2 2
by Dim 132 2 2312
xV, = (? ;or = =2,
4 1 40 4 57.45
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and
4 2 1/2
b= (T x23m ) =17n (5.13)

as shown in Figure 54. All other dimensions in that figure can be derived from D,.

It will be assumed that the propulsion pump has a fixed discharge nozzle area. As a consequence, the
rate of flow at 20 knots (Q,) is not the same as at 40 knots, neither is the pump head at 20 knots (H,,)
the same as at 40 knots. The new values on and H,, can be calculated by successive approximations as
described in Section 3.6. However, for the present very preliminary design considerations, it is sufficient
to read Q,, and H,, from the Ql/Qc and Hllilc curves in Figure 39, The method of calculation is
approximate only and the difference between AV/ Vo =07, as used in that figure, and AV/ Vo = 0.75, as
employed in this example, can hardiy be very significant.

From Figure 39 and with V"zo/ V(.,“0 = 0.50, Qp4/Qyq = 0.945 and H,4/H, = 1.060. Therefore,

Q,, = 0.945 x 132.1 ft3/sec = 124.8 ft3/sec, and H,o = 1.060 x 164.5 ft = 174.4 ft.

5.5 DESIGN OF THE DUCT FROM THE NACELLE
TO THE PROPULSION PUMP

The vertical discharge velocity from the nacelle was made equal to the inlet velocity ¥, to the vane
system in the nacelle. The definition of ¥, at the vertical discharge included the 10-percent increase in
cross section from inlet to discharge of this vane system to account for the growth of boundary layers in

the system.
The inlet and discharge velocities of the vane system are V220 = 33.8 ft/sec at 20 knots (33.8 ft/sec =

20 knots) and 33.8/0.945 = 35.8 ft/sec at 40 knots. The inlet cross section to the vane system is 022 m4 =
124.8 ft3/sec/33.8 fi/sec = 3.692 ft2, and D, = 2.165 ft = 1,266 D,. (Evidently the same result must be
obtained with the rate of flow and velocity at 40 knots.)

The discharge cross section from the turning vane system is evidently 1.1 x 3.692 = 4,06 ftl This is
formed by an ellipse with (according to Section 5.3) a major axis 3.166 D, = 3,166 x 1.71 ft = 5414 fi
and a minor axis 0.55 D, = 0.55 x 1.71 ft = 0.94 ft.

The upper end of the vertical inlet duct is obviously the inlet to the pump impeller. 1ts area is
determined mainly by cavitation considerations, and the cavitation requirements are known to be most
severe under the 20-knot operating condition. The 20-knot condition therefore determines the impeller in-

let.
The inlet conditions to the impeller were determined in Section 5.3 under the assummption that

ZgOH"/ lez = 3. The data derived there for 20 knots are lisced here for convenience:

Total head drop from intake to pump: hl_20 =0.42 V02/2g
Total pump inlet head at 20 knots (according to Equation (3.34) and Figure 51): ”“'20 =353 ft
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Meridional (axial) inlet velocity to the pump impeller: Vmi20 Vfgo—ﬂs—vz_ol—3= 27.5 ft/sec.

According to the last value, the impeller inlet area is D,.21r/4 = 124.7 ft3/sec/27.5 ft/sec = 4.535 ft2 and the
inlet diameter is D; =24 ft.

From these and the foregoing figures, it is evident that the retardation of flow from the nacelle to the
pump is not severe. In fact, in the transition from the elliptic cross section inside the strut to the circular
inlet to the impeller, it is probably advisable to retard the flow to a lower velocity than ¥, and to

j
reaccelerate to Vm‘_ = 27.5 ft/sec.
If the chosen minimum velocity in the inlet duct is assumed to be 22 ft/sec at 20 knots (which is the

average over the maximum elliptic cross scction), then

axbxm 124.7 ft s
(Lhxmy LTy
4 max 22 ft/sec

To judge the rate of diffusion, it is customary to convert the actual diffusor into a diffusor with
circular cross sections, to use the actual cross sections and length, and to calculate the “enclosed™ diffusor
angle,

The minimum cross s:ction of the diffusing inlet duct is 4.06 ft2, and the corresponding diameter

V4.06 ft2 x 4/m = 2.274 ft. The maximum equivalent diffusor diameter is /5.67 ft2 x 4/m = 2.687 ft.

According to Figure 57 (prepared according to Figures 51 and 54), the vertical distance between
these two cross sections is 6.6 ft. Thus the tangent of the enclosed diffusor angle is (2.687 — 2.274)/6.6 =
0.413/6.6 = 0.0626, and the enclosed diffusor angle is 3.6 deg. This is quite conservative and certainly
acceptable,

‘The cross section gt the free water level outside the strut is of particular interest because it determires
the strut section that is responsible for the wave drag of the strut. If the cross section increase along the
duct is linear, this =ross section should be 4.94 ft2 The actual area of Section D-D in Figures 54 and 57 is
4.835 ft2. This is slightly less than the cross section given by a linear increase, which favors (reduces) the
cross section at the most critical position, i.e,, the free water level,

The vertical duct requires at least two longitudinal internal ribs in order to strengthen the duct against
the internal pressure which is larger than the external pressure by the diffusion from the free-stream velocity
Vy to the duct velocity. This pressure increase must be calculated for the maximum velocity of travel
(48 knots) and is approximately (81.1% — 282) ft2/sec? p/2 = 5800 psf = 40 psi.

The wall can be considered as a uniformly loaded, continuous beam. The span to wall thickness ratio

is shown in Figure 54 to be about s/t = 30, and the stress-to-pressure ratio is
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With the above figure of p = 40 psi, this gives a bending stress of 18,000 psi. This value must be considered
in the selection of the strut material.

Figure 54 shows the strut cross section D-D at the free water level. Its external shape is merely an
estimate, indicating that the leading edge musi probably be thin and slender to minimize the external wave
drag. The external Froude number is, of course, extremely high and will require a very high-speed towing
channel for proper experimentation and design development.

The transition from the elliptic duct section E-E _o the circular inlet to the impeller is shown in
Figure 57 under the assumption that this transition begins somewhat below the maximum cross section E-E
The elliptic section E-E has therefore a slightly larger ratio of minor to major axis than sections C-C, D-D,
and the sections in between.

It should be understood that a successful development of the vertical inlet duct as well as of the
nacelle cannot be accomplished without careful and detailed experimental investigations of the internal as
well as the external flow., However, every detail of the initial layout described here should receive the most
careful consideration in order to keep the time required for the overall development within reasonable
limits.

5.6 DESIGN OF THE PROPULSION PUMP
IMPELLER

The impeller inlet diameter was determined in Section 5.5 as D; =24 ft which is also the discharge
diameter of the vertical inlet duct. This diameter was calculated from Vm‘ = 27.5 ft/scc, derived by
/
2goll,v/ V"’i2 =3, and Oy = 124.7 ft3/sec. The rate of flow 20 and le_ apply to the 20-knot con-

20
dition which is critical with respect to cavitation.

The NPSH was established as II" = 35.3 ft at 20 knots, and (at the end of Section 5.4) the pump
head was found to be Hyy = 174.3 It at the same velocity of travel., Therefore, the Thoma cavitation

parameter is:

Somewhat arbitrarily, the maximum suction specific speed at 20 knots will be assumed to be 0.70 (in
contrast to the value § = 1.0 assumed in Chapter 3). This lower value should be sufficient for the con-

servative operating conditions assumed here. Thus, the basic specific speed is:

ng =8 x 0¥ =070 x 0202634 = 0.2106 (5.14)
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Fhe velocity diagrams as given in Fyure 38 shuw the ollowing velogines:

.m = 078 0w l‘, = Q28029 = N (1 fsee
'
A1

Gy = LR, = 1079 Wsec

uunu

Hy, = l-'n“m‘zllxn = 1RO 10 at 20 Knots

Hig ® Hmll.()b = 170.4 1t at 40 knots

The head values i out 1o be slightly higher than originally derived. The discrepancy is attributed to
minor numerival ingccuracies which are fortunately on the safe side, i.0., to meet the actual 20- and 40-knot
roquirements; the speed uf rotation can be slightly less than assumed here.  The most important impeller
dimensions are:

Inlet diameter 1), = 2.4 ft
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Minimum discharge dinmeter 1), l “LIMD, =273 1
min

Maxitmum discharge diameter 2, = 1303 ), = 1127 1t
may

wischarge width by ™ D,/J = 080 N

8.7 DESIGN OF THE PROPULSION PUMP
CASING

The propulsion pump casing is inteaded to be a volute casing withoul vanes as shown in Figure 28
cause thix Torm of casing must be expocted to lead to the hghest pump elficiency, particularly as thr v
atter the maximum radial section ihrough the volute (adjresat to the “splitter™ or “tongue™) is wee o™+ -

So far as it is open toward the impeller, the Now in the volute must Tollow the law of radially nionm
angular momentum to expose the impeller to a circumferentially uniform static presaure,

The radial volute section ureas will be caleulated for the cruise condition ut 40 knots becuuse maximum
efticiency s desired under these conditions,  According to the Euler turhomachinery equation (Equation
[RII]N

Hyg = 1704 T0em ¥, X Uyley (5.28)

sinee it is assumed that the NMow dues not have a peripheral velocity component at the impeller inlet,
AtD, Uy = 1303 U = 1235 e Hence
nmas mas

v, o=yl U = 49,38 fifsec 5.29)
uy Ko Hin, O faue (

By a process of trial and error, one can estimate the distance of the maximum volute area (“throat™), i.e.,

its center, from the uxis of rotation to be r » L8 D, /2 s0 that, according to the law of constant

maa
angular momentum, the volute Jdiroat velocity is:

49,35 ft/sec
th = 1.8

= 27.4 ft/sec (5.30)
Hence, with @, =~ 132.25 ft“/scc‘ the volute throat aren is 4, = 132.25 ft/sec/27.4 fifsec = 4.82 112,

The maximum volute section indicated in Figure 60 has approximately this area. The section is
rathet large compared with the impeller dimensions, but this is natural for a radial-flow pump of fairly high
specific speed.

The mechanical construction of the casing follows the scheme shown in Figure 28, Thereby it avoids
the large, horseshoe-shaped radial ribs which would otherwise be necessary to withstand the pressure inside
ihe volute. Moreover this construction minimizes the maximum outside radivs of the volute part of the
cusing. The maximum circumferential stress in the downward axial extension from the volute casing has

been found to be no greater than 12,000 psi at 48 knots for the wall thicknesses shown in Figure 60,
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It is hoped that Figure 60 is reasonably self-cxplanatory with reference to Figures 28 and 57. The size

and approximate focation of the discharge nozzle are indicated by a circle in the volute cross sections. The jet

Av

velogity is V/ =V (l + 7‘)‘*‘ 118.3 fi/sec at 40 knots and about 142 ft/sec at 48 knots. The jet area is
0

therefore

A, = 132.1 t3/sec/118.3 ft/sec = 1,12 ft?

/

with a jet diameter of 1.194 fi,

At 40 knots, the jet thrust is T, , = pQ, o VI.“0 = 31,250 1b. At 48 knots, it is Ty g = 45,200 Ib and must
be coun.teracted by the casing turning unit. At best, the unit shown in Figure 60 satisfies this requirement
only approximately.

The gear box shown in Figure 60 has not been analyzed in any way, except that it was assumed to house
a double reduction gear set with coaxial input and output shafts. When the direction of the jet is changed, the

gear box is rotated together with the pump casing.
5.8 POWER REQUIREMENTS

The power required will be calculated under the assumption that the efficiency of the pump is 89 percent
and that of the gear is 98 percent.

The pump head required at 40 knots was originally calculated as H,, = 164.9 ft. This means that
40 knots Is {probably) attained at a slightly lower speed of rotation than assumed for the impeller velocity
diagrams derived in Section 5.6 and shown in Figure 58.

The hydrodynamic power at 43 knots is
Hyo X Qg x (644 Ib/ft3) = 164.5 ft x 132.1 ft3/sec x 64.4 1b/ft> = 1,399,000 ft-lb/sec

The power input to the gear box is therefore:

1,399,000 ft-Ib/sec
0.89 x 0.98

= 1,604,000 ft-lbfsec = 2916 hp

for each of two propulsion units.

Under the assumption of the same efficiencies, the power required at 48 knots is

48  0.088
2916 hp — «x
40 ~ 0.066

= 4670 hp per unit

It is, of course, desirable to install gas turbines with slightly greater power.
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A tentative picture of the overall arrangement of one propulsion unit is shown in Figure 57 (see also
] Figure 28),

5.9 CONCLUDING REMARKS

As mentioned in Section 5.0, the study presented in this chapter at best merely lays the foundation
for additional preliminary design studies.

It should be clear from Section 5.2 that the general arrangement selected for this study is by no means
the only arrangement that deserves serious consideration. Moreover, significant alternatives are possible even
within the present choice of general arrangement.

Perhaps the most important variation to be considered pertains to the specific speed of the propulsion

pumps. As indicated in Section 5.6, this specific speed was directly dictated by the chosen maximum suction
specific speed because the pump head and the pump nlet head above the vapor pressure are given primarily
by the prescribed operating conditions and, to a lesser degree, by the duct and intake losses. The maximum
suction specific speed was chosen to be substantially lower than the value previously considered in

Chapter 3, yet, it was higher than the conventional suction specific speeds of stationary, commercial puinps.
The resulting specific speed of the propulsion pumps turned out to be quite high for radial-flow pumps,
Inspection of Figure 60 suggests that a somewhat lower specific speed might not increase the pump weight
substantially. An increase in the diameter of the impeller discharge would tend to increase the fluid

velocities in the volute, thus reducing the required volute section areas. This is not necessarily in conflict

R P

with Figure 34 since the basic specific speed ng considered here is substantially higher than that used in
0

deriving the “rudial™ and *“axial™ curves in Figure 34, [f in the present case, it were found that the pump

weight does not increase significantly with decreasing specific specd, the only significant weight increase

would come from the reduction gear. That increase should follow the similarity curve in Figure 34, i.c.,

the weight penalty for reduced specific speed might not be sufficient to justify the risk that is always con-

nected with high suction specific speeds. An alternate study with a lower maximum suction specific speed,

; e.g.. 0.6 instead of 0.7, theretfore seems to be definitely indicated under the given operating conditions.

| Another way to reduce the specific speed of the propulsion pump is, of course, to increase the

propulsor velocity ratio A¥V/ V- In this case, a reduction in the basic specific speed at constant suction

specific speed is accompanied by a reduction in the rate of flow and increase in the pump head of the

propulsor  This will lead to a reduction in the volume and weight of the pump and the duct system as

mentioned in Section 5.4, Tt will be recalled that the previously selected ratio AV/ Vo = 0.75 was

i determined on the basis of hydrodynamic considerations only because these are the only considerations
available within the scope of this report. It has already been stated that an extension of these consider-*ions

‘; to include optimization with respect to overall weight will lead to higher AV/V,, values than 0.75. Even

“l without going into detai’'s of weight considerations, an arbitrary increase in AV/ ¥, tc values in the neigh-

: borhood of unity or more is thercfore of distinct practical interest. The present study indicates that the

i resulting reduction in basic specific speed should not involve any difficulties.
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The reader is encouraged to explore other variations in design that might give a near-optimum so-
lution of this propulsion problem. The foregoing example is probably sufficient to illustrate the effects of
design assumptions that had to be made in order to keep the present study within acceptable limits.

Variations in these assumptions should scrve to broaden the scope and significance of this investigation.
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