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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 development 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

conventional pump design and arrangement. These foundations are obviously the princip'es 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 QO percent in a favorable range of operating conditions (specific speeds). Major

advances 'ver 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. It 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 choose 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 pi•blem because that field offers the most extensive reservoir of practical pump experience and, in

many cases, the highest efficiencies. However, the critical importance of tile 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 Ield.

As mentioned before, this report is concerned primarily witll the prelininary' 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 considerations later lead to

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

fundamentally.



ir view of the limited objective of the reporn 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. 1 This makes it unnecessary to add such a list to the
present report except for the three sources used directly.1 -3

In closing this preface, the writer expresses his appreciation for the assistance, comments, and Gon-
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.

ilrandau, J., "Performance of Wateriet Propulsion Symtems-A Survey of the State of the Art," J. Hydronautics (Apr
1968).

2Wislicenus, G.F., "Fluid Mechanics of Turbormachinery," Dover Publications, Inc., New Yoik (1965).
3Wislcenus, G.F., "Hydrodynamics and Propulsion of Submerged Bodies," J. American Rocd et Society pp. 1140-i1148

(Dec 1960).
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NOTATION"

Symbol Description Dimensions

L Quantirv having dimension of length L

M Quantity having dimension of mass M

T Quantity having dimension of time T

F Quantity having dimension of force F

A Area I.2

A1  Intake area (see Figure 1.2) L2

Ai Jet cross-section area L2

Am Flow section area normal to the meridional flow (see pg. 24) L

Ath "Throat" area of volute or diffusor L2

a Major axis of an ellipse (elliptic cross section) L

b Minor axis of an ellipse L

b Width of a passage, impeller L

b0  Impeller width at outer periphery L

C1  Cuefficient in Equation (3.1.23) (3.24)

CL Lift coefficient

Lift coefficient referred to the inlet velocity of a vane system

CL. Lift coefficient referred to the vectorial mean w_ or V= of the
(relative) inlet anG discharge velocities of a vane system

Cp Local (vane) surface pressure coefficient, usually the free-stream static
pressure (p0) minus the local surface pressure (p) divided by the pre-
vailing velocity pressure Cr = (P0 - p)I(PVo2 /2)

CT Intake drag coefficient referred to intake area (A 1 ); AT = CrA I P V0
2 /2

D Diameter or any representative linear dimension of a machine L

Dth Distance of center of "thivat" area from axis of rotation multiplied L
by two

AD Difference or change in diameter L

g Gravitational acceleration LT-2

g0  Standard gravitational acceleration at sea level on earth LT-2

If Total (static plus velocity) head; net pump work per unit of weight FLF--' = L
of fluid

H, Jet velocity head increase (,V2 - V0 2)/2g0 (Equation (2.5)) L

Hr Runner head; total work per unit weight of fluid exchanged between L
the runner and the fluid

viii



Symbol Description Dimensions

I/ V Total (static plus velocity) inlet head of a pump over L

the vapor pressure of the fluid

lip Horsepower LFT-1' ML2T- 3

Ih Static head; static pressure divided by the weight per L

unit volume of the fluid

Ahi Elevation of pump inlet above free water surface L

Ah/ Elevation of the jet above free water surface L

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

h/I Iloss Ilead loss, duct head loss L

hs Static inlet head of a pump over the vapor pressure L

of the fluid

/IV Vapor pressure divided by the weight per unit volume L

of the fluid

K Duct head loss coefficient

KT Corrected intake drag coefficient
Kt = Cr-/aj

AT = KT aA , p Vo 2/2

Length. chord length of a vane L

AM Moment or torque FL = M 2 T"2

N Number; number of vanes

number of stages

number of pumps in parallel

U Number of revolutions per unit of time (usually second) T

i Linear coordinates normal to tire meridional L

stream lines

n1 Basic specific speed

n0 Stress specific speed (Fquation (3.28))

P Power 1: .'11 1 MI 2  I- I

P/ Ideal l)ower lLl' I = MI. 2 Tr I

1 P Power expresset; in horsepower 1H1" I N MI2 I 3

p Pressure FL m MI. I 1 2

P , Vapor pressure I'1 2 NM I. 1 1 2

Q Rate of volume flow 1. T

R Range or distance of travel (usually in nautical

miles)

ix
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ABSTRACT

The purpose of this report on the special form of hydrodynamic propulsion known as
water'et 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 tile greatest
possible freedom to find and use the most favorable overall arrangement. There is no
attempt to cover the entire field of waterjet propulsion. Moreover, only aspects of pre-
liniinary design are considered because it is in this stage of development that irreparable
mistakes can be tiade.

The report assumes that the reader is familiar with tile 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.
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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 r', by discharging a

stream of water from the "propulsor" at a higher velocity V, than the velocity of the stream entering the

propulsor. In the simplest case, this velocity of the entering stream, VO, is oppositely equal to the forward

velocity of the propelled craft. The propelling force so generated is obviously:

7 'p Q (V -- V0) (1,1)

where Q is the rate of volume flow passing through the propulsor and p is the mass Ipr uni, of volume of

the fluid.

The most widely used form of hydrodynamic propulsor is, of course, the standard marine propeller, If
well designed and operated under favorable conditions, it represents the most efficient 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 prop',iler 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

"N 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 forward velocity than the

propelled vehicle.

This cavitation problem of open propellers was solved by ducting the flow toward the propellna rotor,

leading to what is now known as the "pumplet." The pumpjet has fulfilled expectations and has essentially

solved the propulsor cavitation problem in this field, It is shown in Figure I as applied 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. It 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 capability 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 eliminating

hydrodynamic drag on the exterior surface of the propulsion plant. This type of hydiodynamic jet

propulsion is called waterjet propulsion and is shown diai;r.ammnatically in Figure 2 In connection with a

hydrofoil craft, To minimize the surface.piceclng parts which generate considerable wave drag, the interiors

of the hydrofoil support struts are used for the passage of water from the submerged intake 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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l'ven if thli draft penalty ofi al enlarged, submer•ed noaolle carrying a (superc•vitating or ventilated)

ptopeller or a lpumlipjo Is accepted, thoto are still problems related t) the Ila 0 sio d--e ven more particularly-

to lite rvliabillj, o' at suhbmerged, mechanical anglf drive, This problem of relibility may well have been

the decisive factor il tlhe selection of i•ivo-.surl'ace propulsors for hydrofoil and capiumed air.cushlno craft.

Waterjet proipllhion units (Fl'ture 2) shore with the pumpjot (Figure I) tile possibility of' retarding the

Ihnominiig lptopulhioi stream 5befo)re It reaches tho propulsion poimp, In fact, with thle propulsion pulmp above

the Wree waler surface, such retardation is a prn•lmncl necessity hit order to piovide tilhe pun• with lhe

retoluird inlet pressure. Thus in contrast to a conventional propellet In an open stream, both pumpjet and

waterjet propullion devictis make the rtotating propulsor somewhat inldependent of the design speed of travel,

Obviously there Is the additional necessity of ducting thea propulsion atiodni If thea proptilsor is located above

the lI'm water smrfae.

Generally aln attempt Is made to nininui•e tile elvaltion of waterjet propulsion unit above tilh free

water surface, Since it does not contribute it) propulsion, lheia av)atlon AWti of he pirlopelling jet above lhe

walter sur'(ce constitutes anl enllely loss, The pulmlp inlet alevatit n Abi reduces Iiae p•mp Inlet pressure and

Is tlherelfre harmlfuil with respect Io putmp cavitation, Nevertheless, lpracticLal consideratio| oi' soea state

usually leoad ito greater elevations Ahui and Al i ni coimparison, with the sire of' the propulsor IhIon shown in

liguro 2,

Tihe present reporl Is primarily intended ito describe the designu of' waterjot propulsion 1wnimp.. It

assumes that ihe reader is ý'amhfiiiar with the general characteristics of' hydrofoil and captured air-cushion

craft to which this type oi' propulsion principally applies,

Chapter 2 outliines tfle principal plihlens connected with tile propulsion of' *high.speed" water sur.

faice raft, i.e., surface craft that operate at substantially highor lFomle m•,mhter.s than do conventional sur.

face ships.

('hapter 3 briefly describes the design principles or hydrodynamic (centrifugal and axial-.low) pumlps it

general and then applies these principles to tite design of" waterjet propulsion pumps,

Chapter 4 outlines the Intake and duct problem of propulsion pumps and describes the inlet and dis.

charge duct design f'or a few typical overall arrangements.

Chapter 5 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 tihe rotating propulsor are tile speed of rotation Pt, 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 I/.,

The simplest relation between these operating conditions and the speed of travel would exist if (I) all

velocities in the propulsoi could be changed proportionally to the speed of travel and (2) all head values and

all forces would change proportionally to the square of the speed of travel. These conditions are called the
conditions of similarity of flow,

In the absence of cavitation and at the high Reynolds numbers of full.,cale operation, the drag and

therefore the mquidl propulsor thrust of a completely submerged body changes closely with the square of

the speed of travel, and thus one part of the conditions of nsiilarity of flow is satisfied, Under similar

flow onditions, the speed of rotation is and the rate of" volume flow Q of the propulsion pump would

change proportionally to the speed of travel,

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

Vo)2

/is, -ah, .- /h +h+ (I -K) 2) (2.1)

where h is the atmospheric pressure in feet of sea water,

hv is the vapor pressure in the same units,

it is the depth of immersion in feet,

V" is the velocity of travel,

K is a head-loss coefficient, and

gt =32.2 ft/sec 2.

It is seen that only the last term changes with the speed of travel squared, whereas all other terms are inde-

pendent of V., Thus If,, does not satisfy the conditions of similarity. This departure from the similarity

relation applies, of cou,;e, not only to submerged bodies but to all waterborne vehicles because Equation (2.1)

Is quite general, except that the depth of immersion h may be negative if the inlet to the propulsion pump

is above the water surface as shown in Figure 2, where h - Ahl.

It is well known that the drag of surface vessels generally does not incrtase 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 speeds of travel. This departure of the

5



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 "hump drag" may well be high( I than 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 (Vo 2 /2go), it is essential that

the intake area (A b) he carefully related to the intake approach velocity V. and the rate of volume flow Q

according to the condition of continuity:

Q = aA 1 I Vo (2.2)

where the correction factor at cannot vary between very wide limits. However at the "hump" V0

is usually less than one-half of its value at full speed wheieas 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 A , 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.

Figure 3 also shows two parabolas, i.e., 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 'irough 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.

6
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2.2 THE EFFICIENCY OF HYDRODYNAMIC
PROPULSION

If the inlet velocity V0 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

travel, i.e., a stream of the velocity A V = Vi - V0 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 AV 2 /2 is necessarily

associated with hydrodynamic propulsion.

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

T" V0 =pQiAV V0  (i.la)

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

pQt~v.vo

"pQqV+= / A V (2.3)
rPQ AV - V0 + pQ A V212 1+ --

2V0

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, z AV V0
(2.3a)

p [(V0 + AV)2 - V0
2 /2 AV, V0 + AV;R2

when divided by A V • V0 , 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/pgo + 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 (see Figure 2). In this case:

77Vi V = (2.4)A V2 V 90g
a V "( V+ -- + go A/,, I + --

2 2 V0 AV* V0



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 17 will increase with diminishing ratio of velocity

increase A V/VO and will approach unity as A V/VO approaches zero. According to the principle of hydro-

dynamic propulsion expressed by Equation (1.1), diminishing A V/VO = (V - VO)/V 0 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:

VoAV AV 2

H-- I(V + AV)' - V0 I/ g -- +go 9 2 go

V 1 2 AV AV 2](2.5)

2go V0 V )

Obviously, the greater the mass flow, the less this mass must be accelerated to produce a certain

propulsive force T, 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 A V/V0 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 Vo2 /2g 0 .
However, the designer of ducted piopulsors such as those shown in Figures I 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 (V0
2/2go), If the loss of head in the duct were as low as 0.1

V02/2g0, the aforementioned velocity increase ratio A V/V0 = 0.10 would be associated with a useful pump

head of the same magnitude as the duct-loss 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 A V/V0

= 0.10 (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 (V0
2/2g1 l) has been questioned. Brandaul 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 Vi/2go 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 V0 and not to Vr However it should be con-

sidered that Pi = V0 + A V = V0 (I + A V/V 0). Thus V0 and V1 are proportional to each other for similar

9



propulsion system characteristics; i.e., for A VIV 0 = constant. Thus there does not appear to be a funda-

mental difference between the use of V. or V0 as refercnce velocity for the duct losses. However, it will be

seen later that the optimum value of A V/Vo for fixed loss coefficients is somewhat different when V.

rather than V. is used as the reference velocity.

If' the duct loss is accepted cs

hioss = K V0
2 /2g 0  (2.6)

the "jet efficiency" corrected for this duct head loss (but otherwis, derived like the ideal jet efficiency) is:

VO -AV

1A11 aV Vo (2.7)'IAV 2  V°2+1 + K -

Vo AV+ 2 +K 2V 0  2AV

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 not exist in the absence of this particular propulsor.

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 nmay 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

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

1__ _ _ T-AT 1 AT)(
I V T AV V0

1-+ AV +K - 1+ -V (2.8)
2Vo 2AV 2Vo 2AV
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Assume that

p I12"

Ake'a r , t41 and pQbI'RP11 I0II".HmAI'

(.I4 is the submerged intake area of the duct and a1 is defined hy Fl~lure 2), llen~ce:

A 7, Pll AI 0 1 r 1I(1
-CT ;i~ - 1T A , I- . .- )

1'paA 0~ at 2

Therefore, according to Uquations (2.8) and (2,7):

1?12 ' 17,1I L . 17J ( ~ I I - --OT 0A ,/( .0

Consider that a, < I as the incoming flow is slightly retarded before reaching the intake area A4 ("pro.

diffusion;" see Figure 2). Now estimate the drag coefficient Cr/a1 . (This is the drag coefficient referred to

the cross section aA , of the incoming stream which has the undisturbed velocity Vo, i.e., the cross section

"of the stream before it comes under the influence of the intake structure.) By introducing the coefficient

KT = CT/al, one may write propulsor drag as

AT= KraLA 1 pIV/. (2.11)

and the jet efficiency including duct head loss (K Vo2 /2go) and propulsor or propulsor intake drag

(AT= KTa 1 A1 p V0
2 /2) as

I - KrV0 /2A V

'2 1 + AV/2 V6 + K V0/2 A(V

It is important to remember that the propulsor or propulsor-intake drag A T does not include the

momentum of the incoming propulsion stream pQvVo 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 h-e 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 design.
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Falout 4 shows 1h1 eot 0l1001i01 Vcorlled only for thie 111'4 IoAloo (lIqullion (1,7)), 111 om

tAnlldillA hlaraloiljliv ist that hiN 0fi1:c0cn1,'$ AlprOaches0 *0A r14the1 that unity (of A 4I I.'o 0, even for small

ducl losse, This it aallrvemllnll with fhie fl'ilorhig physical 1onsideratins0, 4he 1q1ini11 value of fhe

voloclly-Inhlooso ratio through the pfoltimhor system (A V/+'n l rie rather rapidly with Incroasin0 duct.loss

coellficien1t A, It may he hi tie vicinity of onoe.half rother than aro ih derived from the ghiutl jet

ollicilncy (7in hil Equation (,3)),

rThe illilptomancV of duct losses Is inmnhtowley ovidont 6oni this evaluation of Equation (217) since .ny

duct loss coellklent (A') sots aol uplr linlil for lhie Ofleclive jet efliciency actually obltlnahile. Consider

that a 110.d10 elbow of the bell design (with turning vmies) involvwt a los of about IS p•e•cnt. The arrange.

niont shown iln Figurv ' Indicates two challtes iln dlctiiomll of th1 duct flow by not less than about 45 dogl,

and the necessarily relarded flow il thie inlet duct (see Chapter 3) invohvr% grelater duct head limes than a

Jow oel Constant (or accelerated) velocity. It is evident front l'ilum 4 then that anl arrangement such as

shown in Figure 2 necessarily involve6 serious loslss in olemcienvy, in particular, propulsor arrangeemonts

which do not transporl the mechanical work to or below the free water surface must he expected to he

substantially less efflcient than more or less conventional subsurface propulsion systems, for example, that

shown li Figure I,

The situation becomes even worse when the hydrodynatmic drug of the suhmirged part of the

propulsion system is considered; see Equations (2,8) through (2.12). Figure 5 shows the evaluation of those

equations. Solid, broken, and dush.and-dol curves distinguish between external drag coefm'fcients Kr * 0,

0.1, and 0.2. Curves for duct.loss coefficients A - 0.2 and 0.5 have been omitted to avoid confiusing inter.

ference betwecn curves (note the overlapping of the curves for K a 0,4 Kr a 0.2 and for A: w 0,6

XT =• 0.1), It is evident from this figure that thie crnhbination of internal duct losses A: and external drag Kr
rapidly brings the jet efficiency (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 (K 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. It 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 KAT becomes

more important than the internal duct losses (which may be quite small as expressed by small values of K).

Along with other propulsion systems for high.speed surface vehicles, this submerged propulsor shares

the need for efficient diffusion of the Incoming stream and for an additional inlet area for low.speed, high-

thrust operation.

According to FigLre 5, the "jet ufficiency" which can be expected from a submerged propulsor is in

the neighborhood of 0.7 for a value of K no greater than 0.05 and Kr a 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 je! ,fficiencies of propulsors above the water surface (Figure 2) where the duct-loss coefficient K
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Is likelv to NO lioules tIaN%11 0A41111mes a Illth 1111110 otlt'iclln thilt 4at4anPonwttt Call ho totitid t han1 sholwi III
1`10111 ý, Willi k w 04 ndit til 11tuako tltita (A r I~ ~I ilcts e tfcec td
tho Nante K volue mill XTW 0, 1, klitte A shoW4 I jot officileny frl (610,5, t'hertv~lot, usitt toldlfl abovo
Suftn lloce iplulth to cotoiIVe Willi 1111111olrVo plopuiaoto. it wisuid h# necessary to lteduc1e@1 th left d t 'its

(410fltlvill A ti oiltnithillit atounild U~, This vout Iwo liehovtil otily hy nittlot advancs lit tile wtional Allilite.

llivilt anld J0140ii til this ctid ittjt
Fliiturea 4 ond I show a viliv. thiotfl loh th 114s0111111) values0 of thle 01,1`1001w) curives plowllted. i lial

be ootl llol telld that the0 locailonl of' this optimum aIOII S M the11 A 0i U'j IVale deptinds on 11 the iillo Of the

variablv (it velocity head) by Which the head amid thitist loswit are made ditntiisiotileaa. Lo,, radduced tot

Lcbefficioltot limk A and A',..1 Itu baa ahetly been stated 11h1t thle present 0hoke of' IP./11 ol P 1'11ý Is not
the0 only choiceo posible. Floulo I Ill 11tmadal shAlows Ali alternate lot oftiviemiy plot, litm lovul ofl opltimumill

el11viotscy is a 11141)1111 lin0 itiroughi 4 a'1 0, V R~ I And A ll'/, 4. 1 , fj k0. Tlis line is alsio shown fin

Hittie S tol indicate that the opltimnmn value oif AlV VI , s lower tindor diffmoet asutmptions than under thle

present assumption that hydrodymmanitk loses oultide (if thI* propulsion punlijl are promnrilonsl tll V I/j~
and PI'l32

T'he previously mentionod Justification for thle present1 choice Is that most duet losses occur ill thle Inl,
lot duct and that thisl part of' thle tduct losses may well be assumed ito he proportional tol the velocity head or

lrr~ssare of thle valocity of' travel I'll, The Inlet duct cannot be shortened below thie limits dictated by the
location of the pump111 relative ito tile intake and by tile' required retardat ion oit' the flow fronts thle Intake ito

thle pumlp. Oil thle other hand, thle discharge duct icnigth can and must he minhimizd Lis shown ill Figure 2
inI order to koeep the duct-loss cootfliciont A: as low as possible,

One additional oftect onl jot efficiency was introdkiced at thle beginnming (if this sect ion, namncly, thle

additional loss f'rom thle elevation Aim), of the jet above the free water surfa~ce (see Figure 2). Its discussion

was poilstomsed because Its Importance diminishes Wilit Increasing speed of' travel, yet it rcequires attention ill,

say, thle 50-knot range of speced.

liqu1at ion (2.4) may he writ ten in the form:

A1 V - go A/i V0  3

'2 V0  02 2 AV

which has exactly the some form as Equation (2.7) except that 2g() Ali / V0
2 replaces the duct-loss

coefficient K. Proceeding exactly as in the derivation of Equations (2.4) and (2.7), i.e., 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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0.(14)

which agoilIt hIt.Il atie w It';1 il IIIq iFtlulllt t2.7) e0xetpt thail the Y1411 of tIhe duulou a and the jet-ekvaioll

.ool'llf'icii tA: + -2'(o ij/ Vill) take% tile plaew of" the duct.lou co'ffcliont AX alone, This moans that one can

uko l'Iure, 4 and S to evaluale the effect qif jet clevation on ,it ol'cldoonvy by ushin tile vum AK + 2KI0 .h/e1 / IVo

In place (i' the duotloss coefOicient K, In iot doing, Figure 4 represents ti• (above), and (unalogously with

Uquatlion (2112)) and Fl'ure 5 lepreosent:

S- AKT VI() Lit-
U A / ~ (2,I15)

I1+ + +K + - - / (

2V0  vK v2  / 2AV

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

Figure 7 gives the jet elevation coefficient 2g0 Ahi/V•2 as a function of the speed of travel in knots

and the jet elevation AhiI in feet. It Is evident that only values of 2g0 Alhi/Vo* above 0.05 are of major

significance* according 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 A V/VO. Jet elevations Alil 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 propulsion 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 solutions 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 modern, 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:

W
P1 = " V0 (2.16)

14 0

where W is the gross weight of the craft (in pounds) including its propulsion plant, fuel, and payload and Pi

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 not 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 fbr 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:

IW W'V 0P,0 (2.17)
0.55 x 14 ° 7.70

This may be converted into more conventional units, e.g., PN, for the power in horsepower, Wr for

the weight in long tons, and V. for the speed in knots, Now P - 550 Pm,. W - 2240 Wt, and V(0 - Vk
x 1.69, Then

5540 W, 22 V ' .69
7.70
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or

PH. = 0.894 x (2.18)

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

consumption per hour will be:

WI 0.5 O PHP = 0.8 9 4 Wt Vk x 0.5 (2.19)

Assume a total range (total distance of travel) of R nautical miles. Then the total fuel consumption in pounds

will be:

R
w, = W. - 0.447 W. x R (2.20)

Vk

and, by conversion to the same units for Wf and Wr

0.447 WR=f- WxR=
2,240 5000

where W is the vehicle weight in pounds. Hence:

Wf R
T = - (2.21)
W 5000

or the traveling range in nautical miles will be:

R - 5000 - (2.22)W

It thus appears that the fuel to gross.weight ratio would be Wf/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 sreed characteristics would prohibit high

speeds.)

Accordingly, for an aircraft type of propulsion plant, one might assume (optimistically) a propulsion

plant weight of 2 lb/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

WO (in pounds) would be

WV, = 2P~p : 1.788 WVk

Converted to the same units of weight (pounds or tons):

1.788w W,
P= 2,240 W Vk
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or

wXX Vk
S= (2.23)W 1253

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

w•,

W 20.9 (2.24)

and the same ratio for 100 knots is:

(2.25)W 12.53

According to Equation (2.21), W/1W (the ratio of fuel weight to gross weight) is 2/5 for a range of
2000 nm. It follows that the ratio of propulsion plant weight WP, to fuel weight Wf for the same distance

of travel is

wpp PP W 1 5 1
--- x - - (2.26)

FtI Wf 20.9 2 8.36

for 60 knots and

1 5 1
- x - - (2.27)

W 12.53 2 5.01

for 100 knots.
Since W, is inversely proportional to the efficiency, a I-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 lb/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 duct be A • L.. (Here the cross-sectional area, A z Q/Vd; Vaj is the average

meridional velocity of flow in duct and pump, and Ld is the duct length above the free water surface, in-

cluding the pump.) For a vehicle weight-to-drag ratio of 14, Mte net thrust Is:
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W
-pQAV (2.28)

14

or

W
14 pAV

The volume of the duct and pump is

Q W L
Vol. - Ld - x d (2.29)

Vd 14 pAV Vd

and the weight of water in the duct and pump is

g0 Ld
W = Vol.op = W AV14 VdA

or

WP 0Ld 0 Ld V0  V0
I4Vd= = V X x14 (2.30)

This means that the ratio of duct water weight to vehicle weight is inversely proportional to the square

of a Froude number Vo/g =/ d referred to the duct length L. above the free water surface. It is also

inversely proportional to the velocity ratios V.d/V 0 and A V/V 0 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 Ah, and Ah, and thereby Ld are not expected to increase

proportionally with the linear dimensioiis of the vehicle.

To check whether the foregoing assumption of a total power.plant weight of 2 lb/hp is reasonable

relative to the weight of the water in the pump and ducts, consider a definite example:

Let Ld = 30 ft, V0 - 80 knots - 135 ft/sec, A V/VO - 0.65, and Vo/Vd - 2, Then (according to

Equation (2.10)):

Ww 32.2 x 30 x 2 1.164
S = = •(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 a propulsion plant weight of 2 lb/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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pp k 80 1

W 1253 1253 15.66

and therefore

SWw WwP W 1.164 x 15.66

- - - - =0.1824 (.2

Assuming that the pump weight plus duct weight Wpd = 0.4 the ratio of water weight to pump and

duct weight is:

wpaw Wpw Wpp 0.1824
-W = - - = - = 0.456 (2.33)

W d Wpp WPd 0.4

Short of an actual design study, there is no way to check this figure. However, the previous assumption

of 2 lb/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 onw. to several thousand nautical miles, the fuel weight is a fairly large

multiple of the propulsion plant welght (5 to 8 for the examples given). Therefore 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 tcrificc in efficiency. Thus the

adoption of aircraft practice Is definitely justified and, in fact. necesarv 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 "propeller") 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.,

Q = Am Vm =constant (3.1)
aV

for all cross sections Am of the same machine at the same time. fit this equation, Vm is the average value

over the cross section, A. of the "ineridional" fluid velocity, i.e., t(ie veloc!ty component lying in radial

planes parallel to and containing the axis of rotation and Am is any flow cross section which is everywhere

normal to the local meridional velocity component Vý. lbor a uniform direction of VP along any circle

coaxial to thie machine, Am is a surface ,if revolution that is also coaxial to the machine (AA and an in

Figure 8). EIvidently

Am f f 2wrr Ii (0,2)

In Figure 8, where the limits a and b iefer to the two surl',','t it" evolution Aft which form the inner and

outer hoU ondaries of the spa-t, tit' ievolution coniainitaItg the flow,

iWuaHtion (.3, I1) cao otbviously be wrillten It the form,

4A m  V r A,, , vm (3.3)

If the local velocity I'm Is ued Instead of I'm , the condition ol contlnuity appears In tile form:

dQ - 2 w~r dr! V,' constant (3.4)

icv., constlnt along any "meridional slicamline" (71 in "Figure M,
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When the elementary steps dQ and dco are replaced by finite steps AQ and An, Equation (3,4) can be

used for the construction or the meridionul streamlines or stream surfaces. This makes the finite parts AQ

of the total capacity constant through the portion of the machine considered, i.e,, AQ Q im/, where ot Is 11

constant integer.

In Equation (3.4), V. is assumed to be constant along circles coaxial to tile machine, not only In

direction but also in magnitude; this is called the assumption of "axial symmetry."

With the meridional velocity component VM determined or approximated by the condition of

continuity, the remaining circumferential fluid velocity component 11, 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 CDA

Evidently the condition of continuity demands that

dQ = 2 ir dnuI I/m 2rr,2 dn2 Vm2 (3.5)

If a certain torque (moment) dM is applied by the vanes to t(ie 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, - r2- Vu rd) (3.6)

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

elemental stream dQ.

Assume that the torque dM 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 "runner" (or "impeller"), and the fluid is:

w dM=pdQ( U2 -- VI U,) (3.7)

where (U2 = r2 x w) and (U1  r! x w) are the peripheral velocities of the runner vanes at distances r2 and

r, from the axis of rotation.
Division of both sides of Equation (3.7) by the elementary weight flow gop dQ along the stream sur-

face CD leads to

wx dM A1 1 u 2 U2 - V U(3.8)

g0 pdQ (

where Hr is the work per .'ound of fluid exchanged between the runner and the fluid; this is c"lled 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 anguiar velocity cw, so that this work is transmitted from the runner to the fluid. The

26



dintietilonl of, It is footi pounds pXIV' *vecotd dividod hiv poltild Itol~ secolid, whihias toA pounds11111 pill pouind III

"feet"I~ (lthough th,. cancltvlationl of poundso is t NIeuewhal prfolematkic) 11' It11 h (4 wor uld he0 vonve ted !fill)

static pressuro wit hout tiny loss. 114 would representil this pleesulo increase ill 1terms of, tile height ofl' a4 columnil

of' t he liquid punipe1td orf fie height it) Which tihe fluid could hie lite0d h)- this pumpiling .1ct ionl,

Ift.' 110Conversion Into pressure Were it) 111li plave o tanil efficiency il,11 101)e thle actual h1010ht 1)( 1,11t

hiead" It it) w~hich lith, pump Coll lift thle fluid (with ow II furthor lousssuh as plilv hllil on losses) is

I'lre ish 1Called the "hydratulic efflit ency.," it Is Solmewhat higher than thle overall 0111001C). 11 of tile pumlp

because it expressiv, tily hydrodynamic losses and not ialtasitic tortiue changes whicht art included in ilhe

definition of' tile overall efficiency 11,

The ICuler turhoinachinery head equation (hiquafioon (3.8) or (3.9)) lies been) derived for one elementary

part of ilha now through lthe machine. In most cases, one would want this head or energy hinput to tile

fluid to tie uniform across thea entire streami that passes through fihe machine, This mevan, that lthe , unner

head II, must hie thle Salle Uslong all coohial Stloam surf'aces that pass through thle runner, and (aCcording tn

Equation (3,8)) the samne must he true for F V 1 I' U I This constitutes a design requirement for tilt

runnor Valle systelm

For a development of a cylindrical se~tion at lthe runnor inlet (Point C) and a iconical section at thea

dischar~ge (Point 1)), Figure 8 shows the velocity vector diagrams which should ho drawvn in space tangentially

to the stream su~rface,(&. r'wvolution that describes ithe mertidional flow, The first upproxintation of lthe

required vane shalle would be to mtake lthe ends of' this particular vane section parallel to the relative

walocitics %%Iand V%.2. 'hils Is at poor approximation for pumps at the discharge vane edge but It is fairly

good at the inlet, provided anl allowance is made for vane thickness so that thle flow cross section between

thle vanies satisties thle condition of, continuity with respect to the relative velocity sv.

An additional correctioni is needed at the discharge of pumip vane systems as illustrAted in Figure 9. If

it Is assumed thal t,2 satisfies the condition of' continiuity at the discharge cross section between the vanes,.

then thle real peripheral component Vu of the absolute flow at discharge is less thin VU ' corresponding in

tile diagram to sv2* (both velocities mnarked by * are fictitious). Surprisingly, a fair approximation of thea

real flow V 2 can be obtained by assuming that I' U2 I " 2 0.8, so long as thle vane length C' is sub-

stantially larger than lthe circumferential vane spacing to at the discharge diameter. This approximation

applies also to the development of a conical section that approximates the mieridional stream surface in the

discharge region of thle vanies.

Other approximations are available for wider vane spacing e Ito~ < 1); however, these do not fall

within the scope of this presentation.
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A 1111a1 item concerns basic ilttilarity relations for turbomnachinery, In, general, nuid niechanics,

sintltarity tehltstios are truly sionifitnllt only It th1 flow delwres froil a i'rictiottleta. incompressible flow or if
it invol vos the inflhencte of gravity (or anothter acceleration of the hysten as a whole), Without such

departures from Ideal flow, the similarity statement is nearly trivial since the flow will he similar for goo.

metrically similar flow boundaries and similar ipprouaching flow relative to these boundaries, for example, fhe

same an1l1 of attack on geometrically similar airfoils, In the field o1' turboitalchinery, however, very signifi.

canit similarity relations are in order under the most simple ideal flow conditions because there are two ilde.

pendent vlocities, the vmlocities of flow V and the circuumferential velocities of solid parts of the machine U.

Since flow velocities as well as circumferential velocities form essantial parts of the velocity vector diagrams

(as thown, for example, Iln Figure 8), it is apparent that similarity of flow In turbomachinery is possible only

if fluid velocities I- and circumferential velocities U have the same ratio to each other at geonmetrical points

similarly located in simIl ar machines, (Similarity or velocity vector diagrams at similarly located points may

be regarded as a dofInition of "similarity of flow.")

Evidently

V' a constant x , and U - constant 11 x D (3.10)
D 2,

where D is any representative linear dimension of the machine (say, an impeller diameter) and n is the number

of revolutions per second of the rotating solid parts, the impellers.

Hence the aforementioned "kinematic condition of similarity of flow iin turbomachines" may be ex-

pressed by the "flow coefficient:"

- 0- constant or - constant (3.11)
U nD 3

With respect to V/U, "constant" means the same at similar locations in similar machines; with respect to

QunD3 it means the same for similar machines. V/U = constant applied only to similarly located points in

these machines, For an incomprcssible 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 proportional to p V2 or to p U2 . This means that

g0 11 g0 H
- = constant and - = constant (3.12)
U2 v2

at similarly located points in similar machines under similar flow conditions. The ratio goH/U2 or 2goH/U2

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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9o H go HD 4+

-- W constant and - = constant (3.13)
n 2 D 2  Q2

which applies to the entire machines compared.

Figure 10 compares the head, efficiency, 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 Q 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= D2 :

22
Q , n, HI n,2

-and (3.14)
Q2  n2  H2 n22

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 I 1 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. It is evident from Figure 11 thal under these conditions, the similarity relations expressed by

Equations (3.11), (3.12), and (3.13) hold .vithin 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 n cover a very wide-indeed infinite-range

of actual operating conditions. It is thus reasonable to ask which range of operating conditions n, Q, 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

S°n Q
Q constant

D2 2 (g0I)3(22

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:

n Q112

(3.15)
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RATE OF VOLUME FLOW

Figure 10 - Characteristic Curves of a Centrifugal Pump at Two Different
Speeds of Rotation n1 and n2
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Figure I I Dimenulonleu Head-Capacity Curve of an Axiai.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

QD'i2D 1, D ) andUo =rDon

it is easy to find

it Q /2 - __,_ 02]~ r3 V1 1/2 [1 3/2 Ih

___L LJT 1J LI L
(3.16)

For axial-flow machines, obviously Di = Do and U = U. Thus:

= 1 ,Q1 12 u- L -~ 3/4 i- 1~/2 Dh-1/2 (.7
nis I _-S• - - (3.17)

{AXo/f 3/4 21/4 V /2 2 J U i

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 (see 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 Vm/ UI,= constant and U0
2 . 12goH =

constant. Evidently U0 /2goHl = (UI0 i /2golt) x (Do/D 0  )2. Figure 14 shows impeller profiles derived

under the same assumptions for axial-flow runners by using Equation (3.17). (The values for n., and n.4

were calculated with the root head coefficient 2goH/U.2 = I 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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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 miht 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 specific 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 expressions for specific speed, (nQI/2/(g0H)/3/4), flow coefficient (Q/nD 3),

and head coefficient (goH/n2 D2 or g0 HD4 /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 n in revolutions per minute

(rpm), flow rate Q in gallons per minute (gpm), and head H in feet and to completely omit the acceleration

of gravity (go). The relationship between the dimensionless form of specific speed and the form customarily

used in the United States is given below:

Specific Speed (U.S. Practice) = 17170 (gallons)1/ 2  (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 efficiency (compared with specific speeds above 0.1) at

ns = 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 liquid. 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 (h.) 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 HV.

The oldest and most simple way to make Hsv dimensionless is to divide it by the total head H of the

machine. The resulting ratio is called the "Thoma parameter:"

a H (3.19)

Obviously it should be constant for similar flow and cavitation conditions in similar machines. Like Hv (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 H5 v-and thereby of OH-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 uH should therefore be constant under similar flow

conditions in similar machines (i.e., for Q/nD3 = constant) irrespective of the absolute speed n or absolute

size D of the machine.

The existence of cavitation can also be established by observing 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 oH* 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 HS 0o: aH 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 Hn

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 HIV or uH 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 oa gives numerical values to HIV or Of. It has been

stated that HIV and aH follow the same laws that apply to the pump head H. Thus the similarity relations

that apply to H also apply to Hv. In particular, there is a "suction specific speed"

s ~~Q112  
- I ( U2  34(,\/2 V,,\ 1/2 (3.20

(gos,,) 3 /4  21/ 4
r1/2]2 goHsv/ L--z; U-/ 1 (

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

specific speed n.. It is known tOat 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

S nQ112 I 3/4 v /2( lD2
-I 2114t0/ 2 (-g0 H ) (L)( / (3.21)

Evidently. this can be simplified to the form

n Q112 2 ,,, 4 U, h2/3

_ __=_ = 2 g o H, ] D )2 (3 .22)
(gO H~ v) 3/4 2 1/4 7r 1/2 2

Another very useful form of the suction specific speed is:

38



[2~~]3/4 1/~u)'2  
i. 2\1/2

WiU 
i 

h

I !

2 -2 + - +U]
u; ¼-1 (3.23)

Equations (3.20), (3.22), and (3.23) are evaluated in Figure 15 for VU. = 0 (zero "prerotation").

Equation (3.23) is derived from Equation (3.22) by means of the relation

vi1 2 Wi 2

if," =C 1  - +OP - (3.24)
2g 0  2g 0

where C1 is a constant (slightly greater than 1.0) used to account for nonuniformities in the "absolute" inlet

velocity and wi is the relative velocity at the inlet.

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

Pi - PV
iO- ---- (3.25)

PW,2

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, It is prac,.cally impossible to operate free from cavitation for values of q 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.free operation can be achieved at OP 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/ 2/min 31/ 2 ft3 / 4 in

dimensional form, assuming the most favorable case of zero hub diameter (D/IDAI 0), Even (YP - 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 o0 of a sharp-edged

roughness as a function of the height of the roughness h divided by the local boundary layer thickness 6. In

the Holl investigation, the roughness was placed on a flat plate with a cavitation number of zero. It is seen
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that A (Aimullnesa only olttw-oftieti, as high as thle thickness of the local boundary layer canl have a cavitation

ti1101 (ti ', 0,40, II' such a iouhltinos is plaed oil a cuUved •cIltour aI a place whera its pressure roduction

it It p IC 011/, without any ltoUhllllless, thIen the resulting cavitation number ot' ihl curved contour

with 10t1#u1hln011 (10felt d to (lr0011t14 tt conditlionA) is

U (ft (I 4 + ( I2t*)

For exallipll, if lthl omooth Vonlout privsre coeffc'tient wo•w C 0,3 and thl cavitation numbor of the

tbtlhttQlesS alkine were oil 4 0)4, 1t101 lthe curved contlour Withi roughness would have a cavitation number

Ota0,3 f 1.11 'k 0A4 r 0,92, io,, 1,7 litrtle that of thia contour without roughiness, Since the boundary

layer thickness Ai near lthe loading edite of' a vane tosy lie quite smlall, over) a very smlall roughness can have
hutch anil offec

The meost inmtxiant conclusion is thatl truly eavitation-frev operation requires the use of very con.
wivatlib suction specific spoldi, say, lower than 0,4 (tir 7000 ialI 2/llni lt 114 Ili dimensional fIormt), i,•,,

vonlsidelably lowet 114%hlan h Vornineircial standards of thia Iydiraulic Institute. Of course truly cavilation-fieo
op!ratllon is not always requtred, The most ihtpot tant caw wore ift Is required is operation at very high ab.

:hlult fluid velocities (substantially higher than in coimmercial practice) since triltatiott dtaolrr Is known to

incrlede very lapidly wilh iho velocity (if flow, It I•s& hbeen estimated lo invrease as fast o' faster than the

sixlth power of tha velovily of flow, An increase il this velocity by a l'actor of only 1.5 (lor example) will

inrease tilhe rate of, cavitation dalllago by a eil a it' lof•mow than tell, Thus even a sn14malllamount of cavitation

(ac'eplable at lower vVILIcities) mliay lead it Intolerable cavitarioin damage at increased velocities,

h11V situation is quite different at either very low fluid velocities, for exampI•e, as used with commer-ial

Condensate .pUtiips, or for wry short olieration with cavitation, as iln ilth case of pumps '(.r liquid iockets, Il

such cases suction specific speeds its hli•h as 2 (.14,000 gaIM/Ilil)13•In t '/4 in diloljý%joinal formu) can be used

reliably, lipovided very special designs are used art the ilet to h flit rst stage (inducers"I, Figure 15 shows

that very low flow coefficients I'm /V. are essential at ver, high itiction ,pecilc speeds, With thens go very

lowv cavitation paraml•trs o , indicaling dclarly that cavitatllon.ree operationm is I101 expected, To achlieve

such lo• •p values without a complete breakdown of operation, it is necessary to use very thin and sharp

leadingi vane edges, very slight curvature of the leading portions of' thie vanes, and yet somewhat larger cross-

secliomil areas between hile valines at the title[) than lirescrilith lby thie condition of continuity with respect to

the relative velocity of the flow approacl'hog the vane system., This inducer design practice differs sub.

stantiially from that for pumps with more coniservative suction specific speeds and involves certain sacrifices

in officlency. It i' n tit pe in'i l a itlimvrn fn.• e/•-Ire oper 'ti e at ietrv lhw suctior spec'if' speeds. T'his

problem will he discussed further itt Section 3.3 because it Is of particular importance for propulsion pumps.

A few words are ttecessary willi respect to the operatt•on of several pumps itt parallel, it, particular tile

effect of tile widely used "double-suction" arratigemenlt ult the cavitation perfoirmance 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

S n (3.27)

(g0 Hsv)
3/4

cannot be applied to an entire double-suction pump. If so, this suction specific speed will be higher by a

factor of N/T than the suction specific speed calculated according to Figure 1 5 for only one side of a double-

suction pump. Similarly, if N single-suction pumps are operated in parallel, the suction specific speed of the

aggregate of the N pumps would be V*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 n is also given, calculate the basic specific speed (ait nQ1/2/1t ol{)MI) and
the suction specific speed (S = nQ1 l 2 /(gOH,,) 314 ).

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 1 2/min 3 /2 ft314 in dimensional

form) permit prolonged operation at commercially customary fluid velocities.

Lower limits than S = 0.5 are required for prolonged operation at velocities that are substantially higher

than commercially customary fluid velocities.

Substai tially higher limits of S, say, S = 2 (34,400 galI/ 2/rnin 3/2 ft3/4 ) are permissible If operation

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 ,)' rotation (or fluid velocity) is set by the mechanical stresses In

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

SI r 2 1  ,. /2 ( fl (, LJ' i)

a ,_,,,, L J;. L i \ ' , ,
S (u/p)314  [14 i 2 20j 700 VU-1  Di 2

(3.28)

The centrifugal-stress coefficient Ps U0
2/2 0c 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.110
2/2 oc lies between I and

2.

3. With the suction specific speed and basic specific speed determined according to the foregoing (Items I 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 i, = 0.1 (1720 gal11 2/min 312 ft3 /4 ),

increasing sacrifices in efficiency are unavoidable for sinIglu.-•iage units. Multistage units avoid this because

the resulting reduction in the head per stage leads to an increased basic specific speed per stage, A related

choice must be made, for example, between a single-stage, radial-flow pump and a 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) range is narrower at constant speed of

rotation.
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Furthermote, a design choice must be made between single- and double-suction pumps as shown in

Figure I, Single.suction pumps are simpler, but double.suction pumps have a higher suction specific speed

(and thereby a higher speed of rotation) referred to the total capacity. The same choise also applies to (more

than two) punmps In paralll (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). iowever, 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 I. 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 waerways next to the runner. A

"design choice" must still be nmade 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 Vm./U, and the head

coefficient 2gol1/U0
2 determine the velocity vector diagrams at any desired point of the inlet and discharge

vane edges of the impeller. It follows from the Euler equation (3.9) that

2goH Vu2 Vu I r, 2

- 2-/h (3.29)
U22

with the notations defined as in Figure 8. This equation, together with the flow coefficient V, /Up, the

"prerotation" ratio V /Up, and the condition of continuity in the simplified form Vm /V.. I Am mA2,
1' 2 1

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 w2, 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 mechaidcallv consistent

overall structure.

The stationary vanes or passages adjacent to the runner are determined by the absolute velocities V1

and V2 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 (see Section 3.1.2 and
Figure 15) leads to a rather high inlet relative velocity since a low Vm requires a relatively large inlet

diameter. For a given discharge velocity 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 W2/Wl or V2/V1 is kept above the limit of 0.6, mentioned above, it is

still necessary to properly select the vane length-to-spacing ratio (elt) 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 pfgoHs,. A very crude but simple approximation (applicable primarily to axial-flow

pumps) would be
H, t

Hy P >H tort or > (3.30)
H

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

VU 2 to ri VatI
CL, - 2 1 (3.31)

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 to is the circumferential vane spacing at the outer periphery.

C,, should not be much larger than I 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 C1 and velocity vector diagrams, Equation (3.31) permits the calculation of the "solidity of

the vane system" F/tT.

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

The variables to be satisfied by a marine propuision unit are primarily a certain thrust T and the speed

or speeds of travel V0 at which this thrust is to be developed.

The thrust T is that for one propulsion unit, i.e., a propulsor connected with one intake. Evidently

T pQ A V (3.32)
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where A V is the velocity increase through the unit, i.e., A V = V. - VO. Here V0 is the relative approach

ke/ma1iy offlow, corresponding to velocity of travel, and V is the jet velocity relative to the craft. (V. and

Vo are assumed to have the same direction relative to the craft.)

The rate of volume flow Q is given directly by Equation (3.32), assuming that AV/V0 is given by con-

siderations of propulsive efficiency presented in Chapter 2.

The required pump head is

v7 0o Vol
H= + K -- + Ah. (3.33)

2 go 2g 0

where K is the inlet and duct-loss coefficient 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.= V0+AVand V2 = V0
2 +2VoAV+ AV 2 , Equation (3.33) assumes the form:

j 0

02 AV zv AV•2go Ahi'
H= - [2 - + +K+ 23.33a)

2go Vo Vo v0

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

The total pump inlet head above the vapor pressure is

Hv - -K -- + (ho - h) - Ah12go 2 go

where h. is the atmospheric pressure and hv is the vapor pressure; both are expressed as a "head" in feet of

water. Ah. the elevation of the pump inlet above the free water surface; it is negative for a pump inlet be-

low the free water surface.

Designating (ha - hl) by hsv, one may write

V022 _go + (/'SV -- Ahj)

HsK tl -K) 2g

Considering also Equation (3.33a), the Thoma cavitation parameter is:
2go

HaY Vo2

V H+ (-2 2g(Ahj (3.35)

'.o VO Vo 0 v2
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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:

ns = S - 0143/4 (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 A VIVO, the foregoing

determination of the specific speed can apply only to operating conditions for which A V/V0 can be selected

on a rational basis. This is true only for the cruising condition becau:" 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 basic specific speed, apply only to the cruising condition.

3.3 SPECIFIC SPEED OF THE PROPtULSION
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

(see Figure 21). The hump speed is the speed at which the craft changes from displacement-craft behavior

to that of the intended behavior at cruising speed, i.e., f'uilborne 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 i/,,, i.e. (1ho - hj). is approximately constant; this happens to be about equal to the dynamic part

(1 -- K) !,.2/2#0 at a reduced speed of 25 knots and is therefore substantially less than (I - K) Vo2 /2g 0 at

speeds twice or three times higher than the reduced speed. Evidently HI,, depends heavily on (I - K)

V0
2[2g1 and will decrease substantially with decreasing speed of travel Vt). 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 diminishing speed of travel at constant speed of

rotation (or constant power) of the propulsor. This (second) consideration will be explored first under the

simple asumption that ,ump - ucrulso and/hump " Hcrul, It should be understood that this assumption

can be correct only if the propulsor has a variable discharge (nozzle) area.

Iquation (3,13) can he written in the form:

2 x() (1- A/i1 ) 0 2 + ( K] (3.37)
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aI>ew h cacoatieot indiem IWI hati t'4Icgnn t a CMiM tetmp q hiii it eItmie aod pihIi int tout tohe ieh

qmetid ci.'ilitdlt ilO s i.~ht Is abo t i0 Clivi t less1141 tha d tInd ted IlkI Figine' 22 (of mli adimlt t ce d ilCt'i lev k1111111.

This littst Ile cititsideted Whein appillyit these, ýkl te.

'The fo regonght) ItomideratIions est 41' lish t he itlat not I Weevl like 'hit nipl iped ' all ilt hecinii Wt! 1,100J

I* as intdicated il it tutrc 2LI 01' Comic, V 1~14tv he i ý' tht'r 011101 Pltt1i~ '/If O Njlt 1 of ut JIqNtI' 1v .jgq toll

spetV j Ilnaici n. The next &tell is klbiouiIl tot dotetitlitle thle Iitw-seted 111t41 111101 head 11 litt te~clato lto

the nle hea li crisin slttl11 bcal'uthis w~ill pelint t ile it d 1 1t1e 1 iiatn'll k 1Selectioni) of tilt
suct ion qupedi 1kSpoeds at botho i o bm' ''ed andti viil siit conld tit it.l

Accondittn it) Equatioin (3.34)

I-kime th riu ii) olw ih totl inl httil ahove vapor, preunte at low apeed (10121ipt111 41111 at ci IISWMI

(Subscript c) Conlditionts is



..z ...... ..

PtN

1,11il % A w~Am iltwA3U Wi' Pave



I I -

I, I tAh

h~ime iltm uvt~i oail l'isuitl 1111, oiii utim lilt %0, tin mnipl100 ýIlol mpi o id the lutilipitil th~ jifll
1lhed Aid ' a .prjItan puuim ulnc tho itfil l~iwi It% 3 wt 2 Recal l itha tiv r~~ui tted Will kIIIIIIII0 sotiu~t' Ilt th

kli~ldinot the cruisin w~tti tion tlihat i critic11 title tepctil 11tow baillt ilnTe ki .,at'iec IuvN kinkol lotsr 2341 lf

arlswof thit priliohle' because some knlowledge of tile 111C li suctionl spievifll speed Withi docrashitg spred tii'

travel permlits a rational estinliate ill thle suction specific speed milder Ci nise condiktionls.

It should hie nloted that here tile low speed of travel I' is only Midleclyrlaed to tile "Iumpil speed ."

Basically, V I is simply the It lsiespt %Iwe il) troay 1 1014,01i uhe p, 'pillsol is expectedi to) o)J~ll*(l at 1110.01111110

sp~sie (if, irot~aiol, (Ir at tile sanme speed of rotationt used under crulise coiiditi.vns, There is a strong temptation

ito specify' that l~ , it) defined. lyrst lie very low inl order to accelerate the craft from stanld-still ito crulso

spleed withinl a minlimuml lengithl (if ltime. The curves il Figure 23 show the effect of such a spiecification onl

thle designl of thle propulsionl plant, F~or example, assume that tile full speed or rolatloit is spcified as

applicable doiwn it) onle.tcntlt of thle ci nise speed of travel, Thle S-ratiol curves show that this will call for ant
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oifose4 ill huolon AIWOM iv ped 4y a f~~o between 2,3 andi h, depenlding onl the0 Uruis lived of travel,
Snme the ..tvirnem suctionl Asptile alc spd Is limiteod by vavitation anti dvaag~t vonsiderationa, thle suction
Allviflc 41peed at crie ii" odItlaIiums nwte quitil low for this stwci~alatun Atvordino to Elquation 0..36).
it is OVident1 that a lolw S~ vahlu will lead tot a vorrospoindtitgy low value or tile basic spiflw sivest ##, becauseo

ON 1 Nd by 0iven olvratingl ionditions Andthi Ow ne1ral loaloatiol (11ei1ht) ol, the propullsionl pump11 ($140
lhpsa'iot (X~,M~), A low value of it# is known to load ito an increase in thle sisvo and weight ot lthe

prlopullsion pimip and its directly couplod driver (low.hspe~d turbine or geal box), TisM disadvantage of a low
specific speed will always exist regarldless of the measures tokoii to incease lthe spoonl of rotation (e,g, 'hit
olWt tofsveral pump111 inlets Io, ~ ~ see Section 3,5) because atich metasures can bv applied to hish as well

*4to low AIWcifi 1peeds, To illu4t1ate this factl, considert a definite OXantpleW

Assilme that atwoidins ito Section M (Figur il) the propulsoir velocity ratio A~ 17/lU', 0,7, has% been

selected atid that the@ duc~t andi Intake loss coefliclent has been stnimated as Xa 0*4 It should ho nioted that

thouse W101:t10t11 (oretit ates)1141 are quito indepeindent of the* specific speved or lthe pump.np which was not con.

sidored in Sectionl tiutwrqrassume that lthe volocity~ndepondont head values are ho*b _* a 2,05 ft

and ah I-. 7 ft., (it will b1V fouind that mloderate slnd reasonlable variatiolls in h8 ahi md lin Ali have

Very little Offeton thel re1 sults obtained,) Filially, asulten that lthe cruise sived V'C is 60 knots or 101,4 ft/

we, tdnn to"V -qution A3,,

I~ 0,4+

"N) - '0 324
1,41 + 0,414 + 0,41 +

160

ThIis value obviously applies ito the cruise condition,

11' at this point, a deffinite suction specific speed is assumed fo~r lthe cruise comndition, (fie specific speed

call inimediately be calculated According to Eiquation (3,36), For example, ifia fairly conservative suction

specific speed of 0,407 (7000 pal '1 /min 3' I ft31'4 iii dimeonsional forni) is Assumed, Equation (3,36) yields:

isU0,407 x 0.324-1/4 a 0,1745

or 31000 gal I/m2 ,id-" 2 t13/4 in difiensional form.l 1 hIs is a very reasonable value for a propulsion pumtip.

mnd colls for a radial to mni~xed.flow impeller (wee Figure 13),

h1owever, thle above assumptionl for lthe cruise suction specific speed was somewhat arbitrary and

requires flurther Justification on the basis of the low-speed condition, At this point one must Assume a speed
reductioni ratio ' /y Two assumptions will be considered: 17,11 - 0.4 (whichm is reasonable for thle

hump speed of a hydrofoil craft) And Vt /V V- 0.1,

For V,/;'c n 0.4, the 60'*knot curve lin Figure 23 gives S, /SC a 2,3. For thel assutmed cruise suction

sitecilic speed of 0,407 (7000O gal ti 2/inin3/2 ft 3 /4 in dimiensional formi), lthe suction specific speed at the



low sived V1 a 0,41 V~ Would Ne SI a 0ý936 (16,000 gal 'h/mn"', 1`111/ it dimensional form) which is
hligh bilt may he considered IV Acceptable for all impeller that Is still fairly standard although especially
dosifined. Ihowever, If full speed of rmis Ion were specified down to V1 a 0. 10 Pthe ratio of' fin in
suction speiiccil speed would he S, /S a~ 31S, bringing thia suction specific speed at low speed or t ravel it) a
value ol' S, a 1.28i (22,00() gill I 12/m1inl 1 ) 3/ in dhimensional formi). This would definitely reqjuire

either a vot sriechil Impeller as %loed fin condensate pumps or an ,sIducer" as used fin the rocket pumip

Attention musm now be called to thia ract (first pointed out In Section 1.1.21) thiat high suction
specific speceds require a different impeller Inlet design than do moderate suction &pecil'iv speeds, Wheni a
piump thit Is designed f'or high soction slwcific speed is used at a much ~.wwr suictioti %p~"f(Ole speed (say, at
crutise condthions). it may not opeate completely free of' %'avitation A t:;&~ good pokmp designed for that
lower suction speciflc specd (say, S v 0A4) may (it so, Furthoroior; m.: '.acrifices In vrn~cncy arv Alto
entailed when a pumlp despined for high suction specific speeds Is operated at very low sucotion speciflc

slvods,
Thle foregoing Argumtent canl ho given more dcfnitu form Iin terms of thea design nlow coeffcient 1"l/1

by uishin Figfure is,

For S -10,407, tile opthimum desigin now coefficient is 0,37 (for a small Inlet huh dianmetr Waiol),
For S "0,.4ti, thle opitimum design flow coefficient is 0, 1) and for S 1 .M82 it is 0. 145,

01f course tite does not have ito use exactly thle optimum nlow coefficent, When designing for
S,-0.407 and S, 0,936, one mlay obtain acceptable performance When designing for and operating at an1

inlerinediate flow coelficiciut. swy, I'"l WO. -0,25. It is much more problemilatIical whether such a compromise
design will still be acceptable with S1, - 0.407 and Sý1.-182 Iin view of thle fact that (as already Indicated
Iin Section 3,1,2) high suction specific spoods require thin leading vane edges.

One answfor to this problem would lie ito select lower values Imr hoth suction speciflc speeds SC and] t
Ior examnple, Imt Se thle value 0.25 (4300 gal1 I2Im1illu3/ 1,1314 in dimlensional form) and, correspondingly,
for S, =.3,15 -Se 0,788 (1 3,530) gal / 2 /m1in 3' 11 ft3/ in dimensional fot to). This assumes that full speced
ot rotation is required or spccified down to 11' 0,10 1' C Since the optinmum flow coefficient for S -0.788
is about m'~/I~ 0-23, a comopromjise valuc of' 0.30 would probably lie quite acceptable. Ini this case one
pia: i IoM specifying full rpm operation down to 1/1 VW. = 0.10 by anl increase Iin volume and weight of thle
totating propulsion machinery approximately in thie ratio 0.407/0.25 -1,63, ixe., by u 60 percent increase in
rotating niachinci y volume andt weight. Although this estimate of' tilie increase is quite crude, some increase
is u navoidabtle, and, For thle values used in this example, (his increase is probably not negligible unless one
is concernied with craft for very long ranges of travel where the entire weight of' thle propulsion plant may he
negligible compared to the fuel weight (see Section 2.3).

It should hc evident f'rom Figure 23 that the relation between the cruising and low-spced conditions
rapidly worsens as the absolute cruising speed is increased, Thle curves drawn for thle I 0O-knot cruising



spved dl(IQfitlfl11n r hi l v I' tfmU 11 son i|a s obviously that tilhe knl pall of tI1I total inlet llhad, i.e,

h/y Alh, has on CITOVI M'lti1y to tile cruise vwlucily h•ed lC2.1/tu, This rl0alive OfThct, therefort,

decreaws ralpidly wilh lIl•axiait if. ' Thus the problemos poilnled out before inc•,1atl rapidly with inclreasiln

%:luikV %peed tit trawel,

rTable I rloresetlts all 1101111 it) stilitiiarit@ varit)us conduisions from lie princedailt examlpla. It Ill.

Cludes soime results her it I(Oknlot cruise speed'. Ill this calie, tile kalvullationas are based oil a uniformi #.wXifir"

sliuolln specifli Speed Oat m11inilllUllm velocity sl'oilfed to ule mllaximuml speed of rolalltl) ,I , I,0 (l 7.170

igil I 1/111'1,/ l 1t4 in dimusional form), In thle opilnion of the author, this value is close to tho maximuX11u

sutionll sllecific speed that Call he used without Significantly com1ipromlilsila cruise perl'ormance at low suction

%pecLific speeds,
T'he Tholla cavttiiion number €I //,II1/ is 'irst calculated for both cruising velocities according to

lituitlion 0.-5,.I. The tipmlullm desigl flow coeffitienlt 10 'orrAlolun~ng to an aslumed am1aximum1 value of

S, I,0 Is read (1om Figlure 15 and listed fur comI•Um•som' puIposes only since It Is not expected to be usd

Ill the actual design.

The Stra•io curves in FI•ure .23, Flquaions (.1,40) and (.441) give the ratio of the assumed maximum

slluionll slicific speed SI " 1,0 (I 7,100 gall/ 2/minl 1 -1 f.1/4) to the suction specific speed at cruise con.

ditions, This ratio leads to various cruise suction spe'ific speeds SI under tile assumption that Q, - QC, and

Ill'= 1c (also #it - Pic), This arssumptlion of similar flow at cruise and low-speed conditions requires thut ithe

discharge opening he slightly adjustable, rThe optimum flow coefficients for those (lower) suction specific

speeds are listed ems read from Figure 15. A comparison oft' these flow coefficients with the optimum flow

coefficient for SI = 1,0 ( I'm 111i 0 0,18) permits compromise Ilow coefficients to be estimated for tile

various conditions listed, The conpromnise values are estimated from the corresponding suction head co-

efficients 240lsill".M I as will be shown in Section 3.4, As mentioned before, the compromise flow

coeffici'nts determine tlue 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 cavitation

since two widely differing conditions (suction specific speeds) hiave to be met,

Furthermore, according to Equation (3,36), the cruise values of tile Thioma cavitation number a.

1i,, /11 and the cruise suction specific speeds permit the calculation of the basic specific speed which applies
C

to the cruise as well as to the low-speed-of-travel condition because of the assumed similarity of flow in the

pump. It thus determines, after certain "design choices," the design of the propulsion 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 tl~e 100-knot propulsion plant specified to permit full speed of rotation down to one-

tenth of cruising speed of travel. The resulting low specific speed can still be met by a single-stage centri-

fugal pump but riot without some sacrifices in efficiency (about 5 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.
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TABLE I -PROPULSION SYSTEM CHARACTERISTICS AT TWO SHIP SPEEDS

(Aasutiiplinsnt Propulsion Volocily ratio 41117V 0,7 (Section 2,2)1
111101 and %lu.t-Ioss ~oeIffiieint K %C0.40, "Iss, 0 32 rt at free water surface, Ah, - Ah I -7 ft,

sinple ista oxme~pt whore noted, sin*le flow In pariallel),

INlivtig Chat arifililis is Cruiset Stood of TravelReak
60 Knots 10 Kn1otsRmak

I Cavigniom Noimtor J/.2 /11 0.324 0.285 At ctuise conditions

2 Minimum Slifed at Maximunt 0.4 0.1 0.4 0.1 Section 2.1 and Figure 21
Speeno of Rat ationl I'l/ I

1~ Sucioll St)Oific Speed Ratio 2.273 3.16 2.99 5.84 Equations 3.40 and 3.41
N1 /s Figure 23

4 Atiturnid Maximumtn S Value 1.00 1.00 1.00 1.00 17,170 pal 1 /2/mim3 /2 ft0/ 4

in dimensional form

b Opitimumn Flow Coefficient Vi /i,',, F 0.18 0.15 0.19.18 1~ja ;5
at Minlimilm Velocity of

ri avrl

i1. Couitp Stictt'oi Spevcific Speed SC 0.440 0.3166 0,346 0. 17 13 Lines S and 4 above
I Dllotasinflel Value of "1 ~ 7,640 5.445 6,950 1,947 E1,,stiun (3.118)

R Opetoimm Flow Coefficient I'M W, 0.35 0.42 0.40 >0.5 Fijure 15

9 Con~trm Flow roipfficiertt 0.22 0.23 0.23 doubtful See Section 3.4

Ili Hittic Specific Spe.wrl111i 0.1888 0.1356 0.1351 0.0668 Equation (3.36)
Lines I and 6

11, Dimensional Valie of ii, 3,748 2,335 2,312 1,149

12 Do-iqii Conclusion 1 St. Mix.* I St. Rod. * 1 St. Red1.- Equation (3.16) end Figure 13

Ia. Volmiim. And Weight Ratio if, (0.4) ns,(0.4)
11 .0. 1 vpisiis 0.4 1.9- 2.02

v-ill %Iqi" i ix ooi f~~riIlow itot id he lwn~ of ifirep sti~iije aial liwc see Figure 191.

.9.rqli' ,i.iqi. fmikii filow (cooiritlie ui , kiti'o four hitqi. axial flow. see Figure 19).

Srrrqpii iot yin sage rairlrio flow or niu~lotinqP isral flow
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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 been made the operating conditions

of a propulsion pump are sufficient to determine its basic specific spee( .1nd 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 minimum 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 I, 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

1/2 )314 ( VM 1/2 3/ 1 D 2 )1/2

S(god3/ 4  -)2
1/4 112  2 )oH (2) , (i3

and the suction specific speed is

I /)m23/4 t ( Dh2<1'

_____ -11Q122l 3/4 (j,)( 2)1/2 (3.22)
(goll,1) 3 /4  21/411/2 2gollýv ) (3.) D

Other equivalent relations between the specific speeds and various design parameters will be used and derived

later in this section.

The design process will he illustrated hy means of the example given in Table 1, particularly the values

in the second and third column: 60 knots with V,/VP = 0.1 and 100 knots with VI/V¢ = 0.4. Accordingly,

the maximum suction specific speed is assumed to be S, = 1.0 (17,170 gall/ 2 /mi1 31/ 2 ft3 /4 ) and the basic

specific speed ns = 0.135 which is the same for cruise and low.speed inditions.

The estimated compromise flow coefficient Vm /Uj is determined from the maximum suction specific

speed S = 1,0 according to Equation (3.22). The suction head coefficient 2 golIv/ V2 Is calculated for a
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number of estimated flow coefficients. Assuming DhIDi = 0.3, so that 1 - Dh2 /D,.2  0.91, one finds the

following values for 2goH5 v/ Vm. 2 and Vm !/U'"
/ I

Výi /Ui 2goH,,ll Vý IV

0.27 1.99

0.25 2.205

0.23 2.464

0.22 2.610

0.18 3.44

From 'hese results, m ./Ui = 0.23 was selected as the design flow coefficient. This coefficient should be as

high as possible in order to have acceptable performance at cruise speed. Yet at low speed 2goysv/m.2

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 gall/ 2 /min 3/2 ft 3/4 in dimensional form), a head coefficient

2goH11/U0
2 = 1.0 should lead to good efficiency; this is an empirical fact that cannot be substantiated theo-

retically. With this value and Vm./U, = 0.23, DhID, = 0.3, Equation (3.16) gives DoIDi = 1.37.

Since the maximum suction 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

w21w! is unknown.

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

inlet velocity is = - Ur. At the discharge, this component is:

W0 = ýO u=U ° (Výo/U° - 1)

For zero rotation at the inlet, 2goH1/U 0
2 - 2 ih VUo/U 0 (according to the Euler equation (3.9)).

Assuming 17h = 0.92 and using 2goH/Uo2 = 1, one finds V, /U0 = 0.544 and wuo = U0 (0.544 - 1)=-

0.456 Uo. Hence

Wu0 0.456 U0  Do
- 0.456 = 0.456 x 1.37 = 0.624wvu/ Ui D,

This may be considered as dangerously low because existing knowledge on radial- or mixed-flow impellers is

Inferior to that on axlal.flow impellers. With radial impellers therefore, it is prudent to use more con-

servative (i.e., higher) values for w 1w,/i than the suggested minimum of 0.60.
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The impeller diameter at the outer shroud may well be selected to be larger than the minimum outside

diameter Do. Assuming D0 max 1.45 D,, one finds by the same reasoning as used above that Wuo/Wu=

0.746. This appears to be safe. (In checking this calculation, consider that 2goH/U 0 = 0.893 and that

V uo/U 0  at the outer shroud is 0.485.) Iux

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:

vu0  to u0  7rD 0
CL 2  =2

w, w_ N

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. = 1, Vuo/= 2/3, P = D0 /2, one finds N = 8 r/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 b0 of the impeller at its outer periphery can be determined by the condition of

continuity:

X 
- i ( I

D0  Vm 4 D2 )

Do V. 0 4D02 D 1 2

It is common practice with radial-flow pump impellers to retard the meridional flow so that Vmo < Vm.

Assuming Vm /Vmi = 0.667, then

b00
bo I I
= x x 0.91 = 0.182

Do 0.667 4 x 1.876

The ratios D Omin/D = 1.37, Do maxID = 1.45, bo/Do0 in = 0.182 and the assumed hub ratio Dh/ID

= 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 to 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 ove.r 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 arrangemchlt 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 A th, is calculated as

follows: Evidently

Vth x Ath M Di 2 1 (3.42); 4 D,2

where Vth is the average fluid velocity in the throat. By the law of constant angular momentum, Vh = Vuo

x DoIDth. Here Dr, is twice the average distance of the throat area froni the axis of rotation, Hence:

Vu( Do m1  Dfir D Dh2

At -- (3.43)iTO U Dth U0 4 D2 ,-(.3

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

%1 2golI (3.44)
Uo 2 7h U02

Substituting this, with U/tUo a D,/DO, into Equation (3.43):

A tVaD t 01 .1ý - 1 , (2_)D 3 . 5-, K- - 3s

D,7'ir/4 Do rh 2g37 V, D4 D52

With 1h a 0.92, 2goH1/U 0
2 _ 1. Vmi/Ui / 0.23, Do/D, = 1.37, and D0 /D, - 0.3. one obtains:
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th 1)) #bilk

ki if # 4 , I 41%4

It JA .ti

SOwl gelot weithh •. 1N I I' l lh I i t I I Al ll I }I. At oi t t to I 111.111oll I

I ' 'hli I. I'

"-.'II .1 , 1 ..Ii

W.t t I t.t) Au 0 1 A I id 0 ".42g I ti

--- 1.4 1 tV411 f OA4 0.015 .ý 44

Rcef~~~i 'g tit tile uuttuummml tunp1elelki dt. if e diallieI.
I\ll Ic ic 11 hA' ll il I' I'll I. II,• ' -I 1 7I 1• B/I 111 ki.ll JI• I I k If4

/4

0I 1' 01 I 7 5I I)
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41 I./it )0 , I' /Il , 2, /0,5O 0,46 -O I/I. )/( I II9d ), ThenII*I¢) *Ht) ,)I

-/1 11 0A 1 and Iinc, /Doa0,1.
1111 antIvv I Vt

If Ithe giniuther III stagoX Is desiglatllod lI A', the hmid per MOO is 4111hv06sly II -/I1N, II will noIw IIe

ISImlitd lh the, hle d cdi ýoe ivpch lll • .n•lt/I " h/1 the Ilie \1alue (iev, I.0) as assudlll previously (or tile

radtldflow 11i11100peli ats 11 $niimuuet mit sde dinthnitete, prtvido oLi Is ovahlpled at the root diameter of the Iw.

Iilkl dischargze, ie,,

j2 / 2,%/i
I An~

The subscript rad refers t) the previously described radial.flow pl11).l Consider that U Uad tierelore

tad itia

2i2 0.7625]SL ',"d "J?

Assuming N 3, [tie head 2oefficient qj at the discharge root diameter of the axial stages would be

U2

2gof/IN 2g(Il1/ 0rad I 3.23

- - - - 1.076

U 2 U 2  U22  N 3

h rad 2h

12owever, (2giH/NU )U 1.076 2 77h (A V IU Assuming rnh 0.90,

AV

tVý
2h 1.076

-- - = 0.598
U2h 1.8
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'1hi1 value, topethor willh I'M 1/11,+ V' 0,' or Vin /1/ a ( III, /.n) x (VlVAn/1 ) w 0,656, determines the eoot

velotlty digralvi as shown In igIurt 3 1 under the assumlption of iero rotation ofl tile absolute flow at the

runner inlet, This dianram shows that the retardation ratio of' tie relative flow through the runner Is

it-, h N ) 0,042 at the tool sect ion (sublscript h) which is acceptable, The retardation in the stator vane

system (returning flow It the axial direction) is I'V / V, w 0.747 which is more conservative. The fore-"M2 JA
gtoinp. assutmption of the flow •oefficient I'm W/V v 0.50 willh the resulting hub-to-tip diameter ratio of

O,76i5 (except at (the inlet t) the first stage) aund three stages has therefore lead to a satisfactory result. Of

cours•e these assumptions cVa he altered. For example, a hub-to.tip diameter ratio slightly larger than

0..725 wmuld reduce the head coeMcient 0 and thereby A I'U 2h h. This would give a more conservative

retardation of' the flow. Alternately a "symmetrical" velocity diagram as shown in Figure 32 could have been

selected. This would also lead to a (slightly) more conservative retardation ratio (0.061). Retardation in the

stator would also be 0,061.

The outlines of the radial-flow pumps 1previously calculated and shown in Figures 24 and 25 are

Indicated on Figure 30 by dashed lines. It is fairly evident that without being longer than the radial-flow

pump willt axial discharge, the three-stage, axial-flow pump is considerably smaller in diameter than the

rudial.flow machines designed for tie same operating conditions. Thus the multistage, axial-flow pump is

probably lighter than corresponding radial-flow machines, and this may be of considerable value in the

propulsion field. t'his 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-flow pump would be less expensive than

radial-flow mnachines 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 marim.c propulsion field than in other fields since propulsion pumps usually do not have

to operate ,cry far away from their design conditions. It does appear that the multistage axial-flow pump

requires serious consideration (I) because of its lower weight and size (for tile 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 field. 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 (rototable)

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:

2g 01 -K+ - (hv- Ahi)

H'- = I 2 AV 5AV 2 - K I2g0 Ah1  (3.35)

Vo \Vo ]v0

Recall that according to Chapter 2 (Figures 4 and 5), A V/VO and K are very closely related for optimum

conditions and that hV - Ahi and Ah. (elevation of inlet and discharge of the propulsion pump) change

very little compared with V0
2 /2go. Thus it should be possible to represent aH as a function of AV/V0 and

V0 (the speed of travel). This evaluation of Equation (3.35) was carried out (see Figure 33) for an intake

drag coefficient of Kr = 0.05 and the following assumption about the relationship between A V/VO and K

(based on Figure 5 in Section 2.2:

A V/V 0  K

0.5 0.1

0.6 0.2

0.7 0.3

0.8 0.4

0.9 0.5

1.0 0.6

The relationship between a. and the specific speed is given by Equation (3.36):

, = X 3/4 = SI 314 (3.36)

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 VI/Vc of one-tenth the suction specific

speed ratio, SI/S, ranges from 3 (at slightly less than 60 knots) to 6 (at slightly over 100 knots). At a

speed ratio V, /Vr = 0.4, the ratio S, ISc ranges from 2 to 3 with varying speed of travel. Thus the total

range of Si/Sc to be considered is from 2 to 6; however, the most probable range of this variable is much

smaller. A range from 2.5 to 5 was assumed, with a mean value of 3.5.

For the maximum suction specific speed Sp, the same value of 1 (17,170 gall 2/min 3 /2 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 S,. With the aforementioned range of the

suction specific speed ratios St /S0 . 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 n5.
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The basic specific speeds so obtained are also plotted in Figure 33 as a function of 0, = HsiIH.

However, it is not necessary to read the aH value since one can go directly from the AVIV 0 versus the a,

curves to the SISý versus ns curves as indicated. Thus one can directly relate the range of A V/eV to a

corresponding range in basic specific speed. 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 (is --

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.

It must be remembered that Figure 33 does not by any means cover all possible design conditions.

This will be illustrated by comparison with the design examples given in Table I.. In that table the propulsor

velocity ratio A ti/Vo = 0.7 was coupled with a duct-loss coefficient K = 0.4 whereas in Figure 33 the ratio

A 11`0 = 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, Act is the difference

in uH between results for K = 0.3 and 0.4 (the lower uH applies to K = 0.4). The corresponding difference

in basic specific speed Ans is about 100 gall/ 2/min31 2 ft 3/4 in dimensional form; this is not major but

neither is it completely negligible. Other variations should be considered: the most important is a variation

in the maximum suction specific speed S, . Higher values than S1 = 1.0 ( 7,170 gal1 / 2/[nin3 /2 ft 3/ 4 ) should

certainly be considered and may be found feasible. All basic specific speeds could then be increased pro-

portionally to S,. On the other hand, lower values may be found desirable to ensure long life relative to

cavitation damage. A maximum suction specific speed of S, = 1.0 is merely a convenient and plausible

reference value which the author believes 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 ass'.med constant although the actual relation between weight

and Volume must be pressure dependent.

It has been shown3 that for dimensional reasons, the weight W' of a rotating machine is in first approxi-

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

IV = constant M (3.48)

where the constant of proportionality has the dimension: weight per unit volume divided by stress [(F/L 3 )

F/IL2) h I/LI, which renders Equation (3.48) dimensionally (and physically) consistent. 1, is realized that

such consistency alone does not prove general validity, but it is sufficient for the following comparisons.
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Consider tse 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 D 2 L, where w is the weight per unit

volume. The torque is M = constant r D 3 where r is the shear stress.

Assuming geometric similarity, so that L = constant x D, then, R.H= constant, w D. With M = constant

x r x D3, one finds

W = constant (w/r) M (3.49)

which agrees with Equation (3.48).

If, on the other hand, one assumes L = constant (changes in diameter only), then:

W = constant M 213  (3.50)

where the constant of proportionality is dimensionally quite complex.

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

(3.48) and (3.49):

constant
W =(3.51)

whereas from Equation (3.50):

constant
W 23 (3.52)

n2/3

In the case of radial-flow pumps, it is evident that for the same head and the same peripheral velocity

UO), the impeller diameter is D = constant/n. However, the overall pump diameter DP is not proportional

to the impeller diameter since the passages outside the impeller have approximately constant dimensions (AD

and axial width b). The volume and weight of the pump is W constant (D + AD) 2b where b and AD are

constants. Hence:

I (D+ AD) 2  [ D AD ] 2

WO (D + AD) 2  
0 +AD DO + AD

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

case be characterized by Do = 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 ns 0.135.

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

W D +

For the same head and capacity; DID0  n In5 . Hence
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14 I F o
-. .. . + (3.53)1v0j 4 L n

[ S'

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/

ns 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 ns/ns = 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 = constant/n.

The last approximation to be considered is the effect of speed of rotation on weight, assuming that the

variation in speed of rotation or speciftc speed( is achiemled bYn 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: (I) Wa proportional to the number of stages N, i.e., W constant N. and (2) Wb the inlet

and discharge part which is independent of the revolutions per second and the inumbcr of stages. The

reference condition, described by subscript 0 and depicted approximately in Figure 30, is characterized by

14I /b. In other words, at this specific speed (nso), the head and the part of tihe weight (Wb) that isa,, b'

independent of the ulnumber of stages is equal to the speed and the part of the weight (Wa = N W'!) that is

dependent on the number of stages. With N stages, W = N x W, + IVb where Wl, and Wb are constants.

However, for the same diameter and stage-head coefficient (41 2goll /U 2 ), N x 1: 2 = constant x H =

constant. iten e N = constant/n2 and W constant/n2

Thus, with respect to the reference weight 14<:

V ' (1 + IVb/Wa) "lt" 11 1 11
Kl = 4ý ( 1 + -V !ý 0
w e., and 1 4//1) 1, 21'1,

w H = ai-/n 0 was used. HIence:wer ,b IV< and aioit

S~2

. .1) (3.54)i Wo /I Its " n

This curve is also plotted in Figure 34: there it departs somewhat more (but in the samle direction)

from the similarity curve IV = constant/n5 than the curve previously derived for radial-flow pumps.

It may thus be concluded that for moderate steps in speed, the similarity relation

constant constant 2

#1 2i
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imalct Wilit Itw 1111111 111nt 1114n 0 if) a lal ike h 1 I t' 1n1tte10 lvthlao ttbl u o' J04101 $thown In
1101110 35i ill Conliparision Withi ait 1 le10snct cionl puntgtp 1'ho weiffil adivalitaeoo aci n 116Atwo hiack~l'llci~ 1111

lihilets 1gi1o oneo VA'isng Should ho obviottu

l1011108 16 and 17 show three doheic ikit puntp. i&e, *IN puien Ofalvv in I arlle4itil plavedr tittol one

caslill Thtsis IS itflw deslitn and would requiro at sweiald dovoiopilnegtt ofloet, Theaoriwtoie comtplex

inlet and thisdiaige Jklo sytM1801 is 1111 guat) Owt o h siitg in 0.n at ee0tti't to 111111111110 f il AisavatageII40

of' litnilp in p14alall, It is Of aseVN the0 diliantelm (0ani speeti) atlv4aniag It' like "nImilisl reamIn" pump is h \Ct
14s under ilt, Osuttit11omg of' file s14111 lnhiokinlmliot I1100 di 41141 tall[ both pumps11V compamred. 'The flow

design is Vo' mupared ill FHgw .1 frito It 11ngle0,00ioll radiOal'tWlow pump 01o1ken 11tes) Wiit lthe 114me1 ba1sic

speciflle speed fund aucton specific speed) as onvilh tlf (if the illpehlli oti the Illuhnsueiail puntp.l
Willh double auction anld mluiti [utrenc one# will be temptetd it) use a someowhAt lower sucetioni specific

speed for every' "mtren" th4anWll whtitle sigesc o smgesie~t ut.For I'lis reason Figures 33-37

sllow at sionewhat lowor bAsil 1veific spoed fund suio specific Speed) I'm evety stieani than was cont.

stderod Ill th10 precedilli hecltiols filli~d~ucit pumlps. IHowover, (tot 3pe1001V speeds of tile itleutit

Pumps &fhown in 11i1ure1 35 and .46 arfe thle saitt here as I'm evlry stream (if' tile dolihle-suct lonl otd 111w

nwhtlistrearn pumlps Inl older to achieve a Clear Contpalrisonl of' sloc.

It is, of Course, not n0cessary to Comhinte a nituhtisirealn arrangemelint fill)toitle casingi, Two moru or

less sellitrae douhtle -svc Iion punips; in pMarllel htave been used successfully in (tit least) ono imtportiit project,

Inl such cases1, the externtal Iotultist reaett ihct ing mlust be considered inl weight and effi1ciency comtparisons,

The required arMangements will be discussed fit Chapter 4.
The comiparisons shown Inl IFixture 35 and .16 betweenl silitglest feamt undt tlul.te itt or mutistreanli

untitps must hie a little diuappolintint; to thfe reado(, as indeed it was to tile author, 'The comparison will he
Ilitititd here lthe pumpt~s alone, Thee advanitage %.h' 4 directly coupleld driver or tronsiteisloit (gcar box) was

covered previously by tile speed of torque ratio, insofar as general principles permitted,

It is somewhat difficult to estimate thfe weight advantage of' lthe itouble-suclion piump over the single.

suction pumip shown at the samte scale lit Figure 35. It is expe~cted that (ftor the saine hoad and rate of flow)

thle weight of' thle slower runtning single-suction pumtp will be greater thtan thant of the equivalent double-

ituctiort puntp. However, detailed studies oft' botht forins of design are atecossary iii order ito determine whtether

or not this weight Advantage conformis to thle ratio of ,/2 previously derived by very simple similarity con-

side rat ions.

Otte might hope thtat at clearer antswer canl be obtained front a more drastic step sucht as depicted inl

Figures 36 and 37. To achieve such a comparison, thle lengthts and average diameters are shtown, Thte average

diameter D. of thle single.suctiort. single-impeller pump is about 1 .5 times that of thle multistreain puttip.

Onl tite other 'land, thie length of the pump alone (11ot counting tlto discharge nozzle whticht is the same for

both types of pumps) f'or lthe single-suction, single-impeller puitip is only 0.8 times titat of the multistrearn pump.
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Figure 36 Thr cc I~ C-Su til PUMP ru illi Parallel ill Onle Cosinig
I See~ Figure .7 tkr Sectiorns A-A,'' and X-X. The dashed lines are for ul ingle.suction radial-flow puminp wil Ii Ihe same ba sic anrd sulcti on spec ilkspeedi a% vcucl hair oh thie imnpellers ol ihic inuthtireaii pumlp)
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hIcIce tile weight of' the shigle-suctioln sihie-ihllpeller puntp may he estimated to be 0,8 x 1.52 1.8 tinies

that (If' te 1uht1llstre'li pomp. 'rhis stimnate falls short of' the estimatt based oi similarity considerations

which, according it) liqualion (0.57), gives a rtlio of've/)," 2.145.

011c must en teluht, - t hat the eCoiplex dtlucting (iecessa ry with any doubl e or mlut 1streatin arrangenment)

is respolusible ltot the tact tlhat the weiL'glt savings for doulile.suchion or mull 1stlreat purmps is not as great as

predictld onl lhiort.llcal grounds, This dutcing was incorporated into the lpump casing for the examples

presented io Figures 35.37 and should mninimize the weightl penulty. As will he discussed in Chapter 4, tile

weight o• the extellial dlueling must, of' course, alsto count against the weight advantage of' puimips in parallel.

It is indeed doubtl'ul whether a 45.per'ent nrduction in pumlp weight is sufficient to justify the compli.

catloh' oi' the mullistream arrangement slown in Figures 36 and 37. One should also tinclude in this compari.

!:on tihe Iultistage, axial-flow design form discussed in Section 3,4 ( Figure 30). The single-strean, multistage,

'': ial flow pu11tl P would plmobi•m bly lito be heavier than the muhtistreami, radial-flow pu mitlp shownt in Figiure 36,

seve.al ituhluistage. axialflo.w pillips in uirill/h'l might show a weight advantage over one puItip of this type.

Il auty event, it -seems doubtful whether the weight savings achievable by using punips or punllt streams in

parallel justify hlie resulting comtplicat ions unless the weight saved by driver(s) or transinission(s) turns out to

lie very significant,

The mttu ltistrcam ithip presented in Figure 36 is shown in connectio'n with a disctharge nozzle that is

adjustable over a total range of' 30 deg in directiot (plus and tinus 15 deg). however, this feature has

nothing to do with the itlultistream arrangemtntt ol' this puntp, and would also be applicable to (ti single-

Suli)•lt puiti• shown in Figure 24 or by the dashed lines itt Figure 36. Similarly, the adjustment of' the dis-

charge nozz.l arv'a shown in iFigure 2,1 would also be applicable to aniy o tiher propulsion pm mip, for cxample,

that indicated ill Figure 30.

A cotibinaation of' adjustability of' file jet (iirection (Figure 36) and adjustability of' thie nozzhe area

(Figure 24) might be unreasonably complicated unless adju),tability of jet direction is achieved by rotation of

tile pu nmtp or pump casing as indicated itt Figures 28 and 29.

3.6 EFFECT OF CONSTANT DISCHARGE NOZZLE
AREA ON OPERATION AT GREATLY REDUCED
SPEEDS OF TRAVEL

It has been inentiommed repeatedly that thte prolplsor thrust versus speed.of-travel curves in Figures 21

and 22, together with Equation (3.38) f'ron 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 11 are the same at

cruising speed of travel (subscript c) and at any reduced speed of travel (subscript I ), ix., that

Q, = QC' tl/ =I. at 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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Ii was also stated that lEquations (3,59) can be satisfied only if the discharge nozzle area is (slightly)

adjustable.

It is the purpose of this section to show how Q and II 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-

tained here by a process of successive approximations although a more elegant, closed solution may be

possible.

As a first approximation, assume that i/1 = //C and determine tile relation between Q, and Q. on the

basis ot' tile condition of continuity with a constant nozzle discharge area Ai, i.e.:

A, = constant (3.60)
.I 1 , "

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

V= I/ + AV= V I + - ) (3.61)

canl be calculated 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:

1( AV), + /AJ !- 24.~' CV [2( V
Sk72 c, + Lv - K1  (3,62)

which can be solved for (A V/VO) 1 if an assumption is made for the duct-loss coefficient Ki, for example,
liat K, = Kc. (Recall that K, had to be assumed or estimated from the duct geometry in order to determine

(A VIVO), from Figures 4 or 5).

The approximation of (A V/ 1V), obtained from Equation (3.62) for thie low speed-of-travel condition

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

charge jet nozzle according to Equation (3.60) with the notation V - Vo , Vo = Vo (A VIV) = A VI/

Vol , and (A V/IVO), A V/IVo . Thus,

V1 + AV, I + (AVIVo) 1  V1

( 1 =C VC +AV +(AVIVo)c x (3.63)
+ A; CI+(A/C0ý P

and from this, a first approximation for the thrust at reduced speed is:

T1  PQ A V (3.64)

and
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T1 Q , V1- = - x (3.65)

where

Q, I + (A V/Vo) 1  V1
= VV 0  x (3.66)Ic + ( A V/Vo)C CV

and

- x, x V (3.67)
A Vc 1O c ,

A V
-o I can be determined from Equation (3.62).

-- " 0 I

To obtain a better approximation than that based on Il1 = IIt, now calculate the change in pump head

resulting from a change in rate of flow from Qr to Q,. If it is assumed that in this small range of flow rate,

the pump operates near its puint 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 red'uced speed of travel. The

change in the meridional velocity Vm corresponding to the change from QC to Q, is

AVm = Vm - V (3.68)
c I

and the corresponding change in the peripheral fluid velocity Vý is

AV = V = V W - wu (3.69)
U 1C V u WI u l

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

Figure 38, it foliows that:

A• w,, U U u - Vý ,A VU Av,
AVm V V 'U-V V

(3.70)
~Vm ~v~

V
U
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which applies to both subscripts I and c.

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

side of the impeller, i.e., for V = 0:
U,

go1I Vu

g0 11 = Th V u U: or = -2 (3.71)

Hence Equation (3.70) can be written in the form:

AVA V
A u I

(3.72)

II
Imc c C t u2

go//

According to Equations (3 6)) and (3.71). one can write with b= conistant, and 1I, Uc U:

A' = I (3.73)
I" I" I; !1

C C C

Furthermiore fhe meridional velocity is obviously pr•portional to thie rate of flow, so that

Al' Ir I'

I'"m mC I I m( QI
- = =1 (3.74)Im,,, I', I',,O

C c C

Substituting Equations (3.73) aind (.1.74) into I'quation (3.72) leads to:

I) (I ~)= ((3,75)

thus p'mnutting 111C to be calcuk :ttCd as a 11.111AlLtl of ,.Q11' Q and (, :i , 1 .: 1/11I2 . This

head coeie'cient and the "hydraulht C.'fiicJenCy" 71h Ult given or calllw Ii :.; .tnd design

0I the punlp. It is .fuil approxilmlalJn fur •talndard centllfugal powS It ;. 2 forh0

ln average discharge d o.,w f t tile imlpellel this call be iaid to determine the Slopc (d tihle head.capacity

curve. With t114% approtximation, jquation (3.75) redoces to tile simple rehltio•n:

' 11 i-c 37,



The approximation for QIQ, obtained under the assumption H, = Hc (Equation (3.66)) can now be used

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

for QI/Qc and accordingly, f r the thrust ratio TI/Tc (see Equation (3.65)) in the following mariner.

According to.Equation (3.37):

2- - 2(v+ 2-Ki
H --,AhiI -j7--j2 \
H- Ahi A = 11C I ( Ao )l (3.77)

-. 2A V + I + K
%V 1  \ Vo~/o

which can be solved for (A V/V)1 since H1 I/ic is known from the opproximation expressed by Equation

(3.75' or (3.76) and ill other variables are given from the initial design conditions. However, the result is

not as general as obtained under the first approximation becaus' the ratio AhI 1H, depends on thr absolute

velocity of travel.

The new value of (A V/VO) 1 can now be used in Equation (3.66) to obtain a second approximation

for the rate-of-flow ratio Q/IQ, which, by Equations (3.67) and (3.05), leads to a second approximation for

the thrust ratio T1 I/T,.

The second approximation for QI/Q may be used in Equation (3.75) or (3.76) to obtain a third

approximation for I/IIe. This, ii, turn, rnay be substituted into Equation (3.77) to find a better approxi-

mation lor (A V/Vo1 )) and thereby (by Equation (3.66)) for ')I IQ,, and so on.

The process described above will now be illustrated by cah:,lating successive approximations of the

thrust versus speed.of'-travel curves for the design example discussed in Section 3.3 and presented in Table I.

Specifically, the following design values will be u:ed:

Propulsion velocity ratio (A V/V))c = 0.7

Inlet and duct loss coefficient K = 0.4; KA - Kc

EhNvation of the jet Ali/ i 7 fIt

Velocity of travel (when needed) Vo = 60 knots = 101.4 ft/sec

The calculations will be carried out for i',1/ 1 values tfi 0.1, 0. , 0.4, and 0.6.

With (4 VI VI)c ý 0,7 anti Kc 0.4, the following ep.pre;sion in Equations (3.62) and (3.77) assumes the

constant valuc:

ficnte from Equation (3,37):



V 0 2

1! - 2.29+7 =366+ 7= 373 ft,S 2g 0

A 7
Al- 7 0.019. i.e., the effect of Ail is very smail, and
Hý 373

I -- AhIII 0.981.

Tile actual calculations are carried o" 'iccording to Table 2, and the results are plotted in Figure 39

as functions of the speed-of-travel ratio VI/Vc. It should be noted that in this figure, the ratios ! /Hi and

(2;/Qe are plotted at twice the scale of the thrust ratio F'/FC
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%ioliltt Ii~~t Ile K I, I t eat %1 lIIkMl l to No" It A Itlwo ik Al th k %,Oitlt ('t Ithe dill11 0 )"t ooeiinupe tI It# ~itgtivil 11

0.40 411414ot li l Al~~ t~ti 'l-ml It Itt tit 1 of foiil Iio III filde Iv'lijilk il 111 1110 d ii t I Ia itt h omwol 1110 lh iw ihitil oo

llwit t 0~~ %log Olw wl 1ene,,ti ol #tit 4iiitt liol, Itil 1411111 %%ft~ iltil IMIM1i tue In %11411a attd IAIMr tI 41Vtlei

ln ivi ,~q it 1411111 W~lli vo44 de4 %hll 1%%a nio lio 40-400 n 0110 111 Ow ek Iinol I li 1110 ttnimilliti o flo 1,1iit
%AkhI kJ1 ti~il'it, 4ol' ttes I hil %%f~lntill thoe 'nioli '01kd initheg it 111 1thilsolli~n 4i14 mii neil 4110011111 1)
in I hapillkit, 4 110ita' ii tog ci iied l Ivi i t ie l 11k k'e -lt llitn IIIe lilt, he 1,o i Ihlta Iilikniml ittI i%% Ii h0 0 it0I0

J1110 Ilk Ill aitt i i4 i JVP i liel et% 1411111N~ 11iiIe lie Itililiieti' 0 Im i io he o I pn inp it *toIlet oljie i 410 CIo 114111%:111l

if% t honim 4h eniaC , 11~ i~ 1i ohmthl %%illt at1 oltheil pump tinpt11 lle.I lilt' puol~dotihle mo'lmoll i I ~lle itl 1141 wil

IIV ol4 M i't~ l ie 1114 11111 tlllt' I..k kkVl

.Id loo i lt, 0\1.4 ( a l Illuitedo 114tilt, I lnal hi, file .'ll 111wS ti, loko etv la

%o m ltil 1k lO tlVI'OeiAIth, I- lit4\11111111 0lv i.15 ?)

It is olstolluli todigi %lop i %mll lllal iI'lp ( ali ~de% of tile 11114) aml /,.1', ewen. ,t 4,

whele I fitle nIleridiomil th11d velocito, enieliln il e impeller.01 Withi 2,u1111st,' "to 31,5, tite obtlains hy

- Ift4 3.80)

i~e.. tile Intake velocity mlust lie reitarded hy a I , clor ot ah'iuit 2 before tile stream etiets thle impeller. It'
tile la milIim -inclIuded Colic a migI" ill' 7 deg is a sminivd, Ii is mlemi s that thle le ngth i' aita coniiicalI inlet diffl sol

will lie about twice tife diameter ill' thle intake. Avitiully this length has it) be 'somnwkliat greater it)

acommodiltIlaIte changes ill directioin and Inl tile shapec ilt thle cross section. Onl this hasis tihe required length of
tile hinlt dittiusot does not coinstituite u problem, I lowever thie total rat io of retardation is a problem since it

may load ito a rather nonunifoarm velocit) distribution at thle impeller inlet, with poussibly detrimental effects

onl cavitation pert fr ila lce and efficiency.
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It is obvious front Figure t5 that this ratio is nol acceptable; It would lead to a very low suction

specific speed tol givelr li hipeller Mlade characteristics as expressed by the coefficient aAI In that figmre. It can

li e0t1i6nn0ed that it value as low as IL,1t3 for 2,v, /I/I,/ l*I"i would lead to a reduction in suction specific

speed by a factor of 2 or more I.vldently the situation would be even worse if the speed.ot travel ratio

were less than 0.4. say, 0.1 as investigated ill Ion 3.3. The mallet will therefore be explored here only
f Im ' / ' V , / V 1- 1.4 , I

To correct the uinacceptable ratio 1.363 to a higher value, it is necessary to reduce the

Impeller inlet velocity V, " Assume that the ratio 2goll, ..2 ,, a. reduced speed of travel (V1 = 0.4 VC)

has dhc value of 3.5 (as isstined previously for the cruising-speed conditions). This means that the meridional

impeller inlet velocity of flow should be reduced by tile ratio V"4'-363.5 = 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 ofy/I-/0y6-24 = 1.266).

The old velocity cedtiction ratio of I), /Vo = 1/2.15 at cruising speed was previously described as

serious with respect to the 'npelklo inlet velocity distribution. Accordingly, a velocity reduction ratio of

1/3.45 may be considertd as unacceptabie, 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 0H v/V 2 than is conventional

for reduced speeds of travel, where the cavitation i-equirements are most severe.
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xtead ikl ilthe 0,0N leviously calcklatod I'M :2qj//j1W~! I J3,q at I 'IW / 0* (.,At cruising 5j1L'td, the. new
Maill 0,81 leads it) a rotardatlio friom Intake it) impeller ilelt by a factor olt 0),82611.,1 m I /2.b Althoughh

this is still a severe retardationi, 11 is a great deal less severe than the factor of 1/3,45 pteviously calculated

onl the balis of' .181113/1'. 3 It can theiefOre bie concluded that a millctoni in the rwiii' 2Ittil / 2

belowe its o.oim)hii )uhie' tit mffictV speedl is in effir':it'e tivt' /Op the pnunpo dIesgkmep to' hlep ease thee inlet-

deftit retvaratiopt jimhkin,

It should be notoed that under the sanme assumptions used above and u speced-or-t ravel reduction ritllo of

V, I' mI I 1, one arrives at a required hilet flow velocity reduction at cruise speed ofl P'.Vm i ao 113.16, this

asiuties that at the reduced speed, 2gjj1 /,I'" 2 - 2. This is a very severe velocity reduction for lthe inlet
ductand ay nt heachivabl wh accepteble overall effilciencies, Ilcnce thee restilting required retarr-latioi

ofth 1/Uimmciipig flow atf cru~ise sIc'ed-ioJ-travel is an addiitional reason whY i/w tunnimuin spet\1 of travel

Specijiell to- I~ss' full sps'e(d of rotatfim (ancl po wer) should] not be lower than tfl~lt ttweessar). This spced is

usually dictated by thie "hump" in the drag versus speed-of-ravel curve of the vehicle.

Ani additional way in which lthe pump designer can help to alleviate the problem of inlet flow retardation

at cruise conditions is by adding to the mecridional impeller inlet velocity Vmi a circumferential velocity

component tV. in thc direction of lthe impeller rotation.

Intuitively one is inclined to overestimate the effectiveness of this step because positive "prerotation"

Vireduces (lie inlet velocity 1`V. 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 thiF derivation.

With

v, 2 =Vm2 +V; 2 and WV.2= Vm2 +W, 2 =V 2 + (U._V )I,

one can derive from Equation (3.24)

2gOH,,,u CV,+C V p V, + p 1ý p ,jV u. p 2.

and 4
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Substitution into E~quation (3,,) lWad6 to

v U l ' 3 v4
F1/4 I/3 + + a I 3,

Lf I [a PO P 2 ,up riV

I( , ,;i 1. MilJ

The dimensionless evaluation of the last equation is shown in Figure 40, where So denotes tile
corresponding suction Rpecific speed for zero prerotation (V, ,a 0). The relation between SIS0 and the

prerotation ratio Vu /VMi is shown for three different considerations:

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

2. fhe middle, broken curve is for reduced speed (moderately hish S).

3. The lower dash and dot curve is for still lower speed (high S) and 2geHtYt/Vm 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 Vu/Vm as high as I could, e
i i

used. This would increase the resultant impeller inlet velocity V. by a factor of'X/ 2 , which would be quite

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

let velocity, as discussed before) restricts prerotation to about V / Vmi 0.5. This would increase the

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 Vi / Vm is about 50 percent greater than shown in

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 automatleally adjustable inlet guide vane system in front of the impeller inlet.

Thc amount of this adjustment could not be great (in view of the resultant change in the angle of attack at
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Even with all improvements of the inlet duct discussed here and in Chapters 4 and 5, this study would

be incomplete without consideting whether it is truly necessary to locate the propulsion pump above tile

free watel surface,

Perhaps the most significant contribution the pump engineer could make to the propulsion of high-

speed surface vehicles would be to arrange tile pump in such a fashion that it could be placed below tile

water surface but be easy to drive from a power plant above that surface, Il)wever. recall that the mechanical

complication of an aingle drive was largely responsible for placing the propulsion pump above the water sur-

face in the first place. It follows that the principal reason for such placement would probably be eliminated

by a propulsion purnp with its impeller shaft approximately at right angles to the direction of the flow

through the purap.

Since a marine propeller with this characteristic is available, it is natural to ask whether the principle

of the Schneider.Voith propeller could not be used for pumps. The author is not aware of any promising

attempt to do so. It should also be 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 pump 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 shaft.

This is the familiar "double-suction pump" 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 hie 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 all

extensive redesign of existing double-suction pump casings would be required, together with 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 t 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-shaft 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 efficient, 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 turning

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. Figure 42 shows a submerged single-suction propulsion pump with its shaft

inclined by 45 deg against the horizontal and vertical direction. The frontal area of the nacelle would 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 complex because in no sense is axial symmetry connected

with this casing. Every vane 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 incliped 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 needed 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. It should be sufficient to com.

pare their jet efficiencies corrected for duct losses and external 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 a corrected i-i efficiency (at optimum A V/ V(l) of 61.5 ptercent) for zero intake drag and an

efficiency of 57 petrel) fI'M an intake and strut drag coefficient K.. = 0.1.

For a nacelle and strut drag coefficielt KA T 0.1, the submerged propulsion pump has a corrected jet

efficiency of' 64.5 percent for a duct-loss coefficient A - 0 and an efficiency of 62 peicent for A - 0.05.

The diffrrence in Kr comnp;ired with that for the above-surface pump results from the fact that this co.

efficient Is refeired ti the area of the intake opening, and thus its magnitude reflects the increased tital

frontal area of the submerged pump. In either case. Kr represents only the Inrease in drag due to the

piesence of tfe propulsor,

Thuos it to sen that submerging the propulsion punip may lead to an improvement of three to five

Jxmits on the cmtected jet efficiency scale, I.e., an Improvement of 5 to 8 percent. Hewever, if an improved
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inlet duct ( see Chapter 4) cauu redtcte the duct'tliss c•oll'litll '' 'Ct the putilmp above tile woloft hirl're)

f'ro11 0A,4 to, say., 0.3, the corrected let efficiency would he W4, porc'nft I'mo! A & 0 and W,4 i ,tlet fmI'm

K7 . I 0,1, approximnately maltching the sui•i1iciged pump ariangeiwnt., l)uct-sloA voUo'd•llntl tf 1kl t1t1it

K' 0.3 givw, the propulsion puimp ahove the water surf'ace a diillithe 6dvt1000,

3.8 SUMMARY OF PROPULSION PUMP
DESIGN CONSIDERATIONS

The most iniportant considerations presented lii Chapter 3 for propulsion putimp dosipn may he slmumlod

Up as follows:

I. Definite relationships exit between the operatin g conditions of hydrody11itnlt putips and a iiinumber otf

important design parameter.s or characteristics of' the i)pmplS, The operating co;onditions are- exprsoed ill

dimension less form by the specific spceds, The relation between the basic specific speed ii, and deollan

parameters is given (for example) by Equation (3.16), and the relation between the suction specific speed S

and desigv parameters by Equation (3.22) and Figure IS,
2. Deft ,te relationships exist between the operating conditions of a hydrodynuamic propulsor and the usual

open uing conditions of a hlydrodynamic punip:

a. For propulsor thrust T, rate of' flow Q, iind change in velocity generated by the propulsor (A V •
I/ - 0), this relation (Equation (3.32)) Is:

T= pQAI'

b. For the pumnp head // and the inlet and discharge fluid velocities V'0 and V1. of' the propulsor, this

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

v 2  1 v 2  1/2
/ ()0 0 V'Al11= +K" -- +A/,.= -- -- + +" +A/

2g0 2ggo V0  \ I/

c. Foi the total inlet head of the pump (Hey = NPSH) and an intake velocity that equals the negative

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

1/02
// V = (I - K) ,-g- +h11n,- A'h;

2g 0  Ai

d. The variables Q, H, and H,. together with the speed )f' rotation it determine the basic specific speed

and the suction specific speed (or vice versa) 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.e., it does not follow dynamic similarity relations. Hence the pump design is based on two speeds

of travel;
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Figure 33),
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8. Retardation of the inlet duct flow Is serious at full (cruising) speed because of the cavitation design

requirements at low speed ot' travel, This problem canl be alleviated by:

a. Reduction of the impeller inlet coefficient 1go I11v/I2 at low speed of travel from its (cavitation.
wiso) optimum value between o~ and 4 to a (practical) minimunt of ahout 26, Le.e~ by designing for a higher

meridional impeller Intle velocity than the optimum at low speed of travel.

b. By keeping the minimium speed of travel ratio V11V0 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', to the flow

entering tile impeller, This "prerotation" is limited to values of Vi / Vm Ibetween 0.5 and 1.0 by its
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CHAPTER 4, DUCT DESIGN AND OVIRALL ARRANGEMENT

OF PROPULSION PUMPS

4,1 INTRODUCTION

This chaplet bltioy 1tvitewo lhe mIol Important Wffl#WMM1 pA•)hsz of waterjel propultion, It

alllnpli it) pillptint thow problems that art judlged ito laIl within the general scope of' the report and

litleinal duct flow lows and iliae e•xivial dilt oi' lthe intakv strulture and of thl submerged and

so Itrace.-10.1eci paints o the dueling Ira the prinoipal reasons why waterjel propulsion Is relatively leos
e110i111 thell •otllplotely slubmelgd poplsuors used lt conneclton with displacement surface craft and sub.

owietd swsels, This was pointed out in Chapter 2 and demnstrated by Figures 4 and 5. Chapter 3 dis.
cussed the design of the propulsion pump aind tihi variations il pump design that may 4e Important fo imn.

provigl the overall propulsion plant,

The present chapler discusses ile duc•in# and intake structures Inslofar as these fall within the scope of

this report, In other words, tli disconlon Is primarily concerned with the internal flow problems of intake

and duchlig, Ilte external drolt of intake and ducting systems Is considered outside the scope of this report.

Thereforo, lhei control of external cavitation or ventilation and lhe reduction of friction drag, wave drag,

and Induced drag of submeroed and surfice-piercing parts connected with the pump flow will not be dis-
lussed here, Their effects are of major Inlportance and have been Included in the thrust Increase AT that can

be attributed to the propulsion plant (see Chapter 2).

The necessity of an adjustable intake for any hydrodynamic propulsor intended for use with hydrofoil

and captured air-cushion craft constitutes a major practical problem primarily because of the reliability
asp~ects of the aldjusting mechanism. The© solution of this problem will be discus~sed here only in pricinple

and from a hydrodynamic point of view. An adequate presentation of the entire subject of intake adjust.

nnen (like that of external drag) is a major undertaking. It certainly could not be covered in a report whose

plimary concern iA 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. Evidently any change in thedi-rection 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, additional 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 particular arrangement can be considered as optimum in

irin'ipl' is an entirely different matter.

The TUCUMCARI uses a single turbine placed along the central plane of symmetry of the craft. Its

shaft is appioximately 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 hydrofbils. 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. It must therefore be deflected once more by 90 deg toward the aft end of the craft.

Outside 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 I 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 TUCUMCARI. 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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was probably not available for TUCLIM('ARI, However these must be made available If slgnli'lcant in.

provenients are to be achieved in the efficiency of waterjet propulsion.

Figure 44 shows two driving gas turbines. If these two turbines are coupled, this arrangement avoids

the familiar risk of relying on a single-engine craft. With onu turbine out of service, the propulsion power

would, of course, be cut to less than one-half (because of the aerodynamic drag of the idling turbine), hut

operation in the drag-trough after the "hump" (Figures 3 and 21) may still he possible. If the single-turbine

arrangement is desired, there is, of course, no difficulty in retaimring 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.e., 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.

1tuppert 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 45a-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,

:ipecifically for captured air-cushion craft where such an intake can advantageously be arranged in the side

kirts 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 component 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 0 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 preventing or minimizing cavitation inside the duct. The variation in the intake area 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 alternate solution of this problem, namely, an adjust-

able vane system in the intake. The vane shape indicates the higi degree of attention that must be paid to

the cavitation characteristics of such a system. On the assumption that it is possible to avoid the admission

of atmospheric air ("ventilation"), the cavitation number (2(p-pv)/p V0o
2 ) 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 cpreful 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 Vui/Vmi Vu/Va 3 (approximately) which, according to

Figure 40 would reduce the suction specific speed to less than one-half of what it would be with zero pre-

rotation, even if the impeller inlet were designed for this prcsotation. 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 sytem 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 sfr: -eliability risks) c,.cept 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 -,articularly important to experimentally determine the flow that leaves the axial volute in front

of this vane system because it may depart substantially from the frictionless flow pattern, i.e., from the

flow of radially constant angular momentum.

Figure 48 shows a right-angle discharge from a vertical, axial-flow pump. Tile 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 45c 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 tile rotation of the pump.

4.4 INCLINED PROPULSION PUMP ARRANGEMENT

Except 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 Figure 48 except that the elbow has a much smaller angle of deflection, a factor which should provide

an advantage in efficiency. Steering is accomplished by rotating the pump and Itb elbow by fairly small

angles (may, 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

jet against a deflector located on the side of the craft.
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Figure 47 Prerotation Vane System with Axial Inlet Volute
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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 sufficient

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 varies.

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

designed.

4.6 SUMMARY AND CONCLUSIONS

I. 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 efficient 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 departure

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-line arrangement.

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

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

position (Figures 45a-45c 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 probably 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. If 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 lb)

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 LID curve

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

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

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 requirement whereas that through the 48-knot point exceeds this requirement confortably.

The thrust curves shown in Figure 53 have been drawn first tinder the assumption that A V/VO = 0.65.

It will be seen that A V/1t0 - 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

corresponding 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.

Furthermorc, 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 rolatio increases proportionally to the speed of traiel. 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 of the maximum speed of' travel. These comparatively high ratios ease 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 discussed, it seems 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

partflularly 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 original engineering effort appiitd 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 a!so 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 r.ccomplish. The answer is twofold. It can and must demonstrate the application o,' the principles out-

lined in the previous chapters to a particular design example. It 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 problems 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-

eluded 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, ind it is then that either fatal mistakes or con-

structive and fruitful decisions are formulated which later, necessary refinements can neither correct nor im-

prove 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
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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. Three possible propulsion 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-

nments 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 5 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 arrmngcments shown in Figures 26

and 44 cannot be decided on the basis of the technical specifications given. !n 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-icale 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 D, are considered in the present section.

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

Speed of Travel Drag/Lift Drag
knots ft/sec _ _ lb

20 33.8 0.0909 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 he assumed 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 D1 ) at 40 knots is therefore:

V- 0.85 Vo z 0.85 x 67.6 ft/sec - 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 tl'e 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 retarded before reochingl the

Internal cross section with diameter D2 immediately in front of the vane System that turns the flow

vertically upward. This means that the velocity in this cross section is 31,8 ft/,sec ot 20 knots,

For a fixed discharge nozzle area (as will be asumned here), the rate of flow Q a,) at 20 knots is (according

to Figure 39) approximately:

Q20 = 0,145 Q40(,.2)

where Q4o is the rate of flow at the cruise velocity of 40 knots. 4ence:

D2
D 7 r D2 ff

- x 33.8 ft/sec - 0,945 Q40 = 0,945 -, x 57.46 ft/sec4 4

(5,3)

2 0,09Z x 57.45
- =3,8 1,267

D 33.8

as given in Figure 54.

The length of the conical diffusor from Dl to D2. which is 2.7 D1 , implies an included diffusor angle

arc tan 0.267/2.7 = 5.6 deg, and this is quite reasonable.

Aftsi the turning vane system, the velocity will be the same as in front of' the system, hut the cross

section must fit into a faitly long apd thin support strut of the nacelle and the hydrofoil(s) connected

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, elliptic flow section above the vane system has a major axis:

a = D2/0.4 = 3.168 D,

and a minor axis

D22
b -a =0.4D 2 =0.5 xIDa

In order to account for the boundary layers, the minor axis was actually made 10 percent larger. iLe.,

1.1 b = 0.55 D1. 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

appr..,ximation was obtained by the "mean 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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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 the basis of the relation for irrotational, plane flow:

dV V- + -- =0
dn R

where is Is the coordinate across and normal to the flow. Starting from the mean velocity in cross section

A.LB (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 pre3sures corresponding to the velocities so determined at Points A and B are indicated on

Figure 55a 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 tile overall

vane length was increased,

If tile 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 tile vane system inlet velocity V,. This

gives 33,1 ft/sec at 20 knots, and about 33.8 ft/sec x Q4 0/Q 20 = 35.8 ft/sec at 40 knots.

the inlet velocity to the puump impeller can best be calculated flor tlhc ratio 2giIv/ VM 2 , where Vý

is the mneridional or axial inlet velocity to the impeller. According to Figure 15, the ratio 2 gI'/Vt 2.
should lie between 3 and 4. It should be as low as possible to avoid unnecessary retardation of the

incoming flow. Therefore a value 2gll) I/m 2 = 3 will be assumed here for the 20-knot condition which is

kllown to be the more severe with respect to cavitation.

The total inlet head of the pump impeller lIV may be estimated according to Equation (3.34):

/l$V = I .- K) 2g+ hSV Ahli (3.34)V2g

The duct loss coefficient K will be calculated below tt) be about 0.42 at 20 knots. The static intake

head hSV is about 31 It' in sea water, and according to Figure 51, Ahi may be assumed to be not over 6 ft.

At 20 knots, Y/•/2g 1 = 17.8 ft. Hence:

/l1" 0.58 x 17.8 ft + 25 ft = 35,3 ft (5.4)

and with 2goll/(n/Vl = 3,
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Vm= •2goHsv[3 = 27.5 ft/sec (5.5)

Therefore. there is only a slight retardation from V2 = 33.8 ft/sec to the impeller inlet. !t 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 c&rcular 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 hL 0.06 V 2 /2g. For well-designed turning vane systems such

as considered here, a head loss hL.2 = 0.16 V2
2/2g has been measured, where for the 20-knot condition V2

=V0.

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:

h..3 = 10 x 0.02 V2
2I2g = 0.2 V0

212g

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) V2/2g

= 0.42 V0/2g (5.6)

The factor 0.42 is obviously the duct-loss cot ficient K as appearing in Figures 4 and 5 (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 efficiency 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 D2 (after the intake diffusor but in front of the turning vane system) is

D2 D2 57.45 ft/secV2 = V5 - = - 35.82 ft/sec (5.7)D2
2  

1.2662

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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h.l = 0.06 V '1
2 g = 0.06 V '/2g (V 2/ V0

2 )

ht2 = 0.20 V2
2 /2g = 0.20 V0

2 /2g (1V2
2/V0

2 )

IL = 0.20 V2
2/2 g = 0.20 V 2/2g (V 2

2IV 0
2 )

The loss coefficient 0.2 for the vane system accounts for the nonuniformity in V2 distribution at its inlet

(a result of the diffusion in front of it- rnlet).

Since VI 2/V02 = 0.852 = 0.724 and V2
2 /V0

2 = (35.8/67.6)2 = 0.2808, one obtains for the total head

loss from intake to pump:

tt = (0.04345 + 2 x 0.05616) V0212g = 0.156 V0212g (5.8)

i.e., the K factor in Figures 4 and 5 is 0.156 at 40 knots and V1 /V0  0.85.

5.4 SELECTION OF THE JET VELOCITY RATIO
a V/V0 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 A hi = 7 ft (according to Figure 51), and the nacelle drag coefficient K. (yet to

be determined) establish the jet efficiency tT as a function of the jet velocity ratio A VIV (V•. Vo)/V 0 .
1qj4

In this determination one can use Figure 5 and replace K in that figure by K + 2go Ah1 /Vo2 . It can be

immediately read from Figure 7 that at 40 knots, 2goAhI/V0 2 0.1. On the other hand, the nacelle drag

coefficient K. 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 + 2goAhi/Vo2 0 0.256, Equation (2.15)

assumes the form:

- 0.1 V7/2At
14 A=/V (5.9)

1 + + 0.256 -
2V 0  2,A V

which, of course, does not include pump and gear box losses. The evaluation of this equation is shown in

Figure 56 as a brok-n line marked 0.256. The figure also includes other 774 curves for nearby values of

K + 2goAtJ/V02. This diagram is obviously an enlarged view of part of Figure 5 for K. 0.10.
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The maximum value for t7/4 occurs with K - 2go Ah 1/Vo2 = 0.256, evidently at slightly less than

A V/V 0 = 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 t/% varies between A V/V 0 = 0.57 and A V/V 0 = 0.75 only

from 0.604 to 0.6065 indicates that the maximum of such a flat curve a!one is a fairly poor criterion for

choosing a value of A V/VO. 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 LID curve). Over

the A V/V 0 range just mentioned, the changes in 774 for constant K. may well be smallar than chang s that

result in Kr because of the fairly large changes in A V/V 0 considered.

For the rate of flow calculated with A V/VO = 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 ft2

for one strut (7-ft length x 5-ft depth x 2). When the strut is also used as intake nacelle and duct, the area

increase is therefore about 120 ft2 for A VIV 0 = 0.65.

To maintain a desired thrust, the rate of flow is inversely proportional to A V/V 0 (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 A V/V 0 = 0.65 to A V/V 0 = 0.75, the strut surface area changes to 60 ft2 x (0.65/
0,75)1/2-- 55.8 ft 2; the nacelle surface area also changes to 130 ft2 x 0.65/0.75 112.7 ft2. This gives a

total of 168.5 ft2 or an excess of approximately 100 ft 2 over the minimum strut area (70 ft2).

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 C. may be expected to be reduced

proportionally to the "excess" surface area, i.e,, in the ratio 100 to 120. Since a 0.1 difference in drag

coefficient Cr changes the efficiency ni by about 0.05 of its scale (see Figure 5), a change in CT by the

ratio of 100/120 = 0.833 should increase 21. by 0.84 percent points of its scale, for example, from 60.4 to
714

61.2 percent at A V/V 0 = 0.75, as shown by the arrow in Figure 56. This implies that the actual jet

efficiency would be higher at A V/V 0 = 0.75 than at 0.65. In fact, there is no reason to assume that

A V/V0 = 0.75 would lead to an optimum in 17i4 since even higher values of A V/Vo might give better

efficiencies. However, in agreement with the aforementioned specification, there is no reason to assume that

the above simple reasoning would apply to larger changes in A V/VO.

In view of the foregoing considerations, it is reasonable to conclude that A V/V 0 = 0.65 does not

constitute a true optimum value of this ratio, and that A VIVO = 0.75 is closer to such an optimum. As a

consequence, A V/V 0 = 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 A V/VO, 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 surface. On the other hand, the h.ct fricdon losses might increase

because the ratio of' duct length to the "hydraulic diameter" increases with A V/VO, 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/VO 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 A VIVO. This clearly exceeds the scope of the present investigation. This is probably the

reason why a constant LID 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 A V/VO = 0.75 is more ad-

vantageous.

With A V/V 0 = 0.75 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 V0 = 40 knots

67.6 ft/sec. Therefore, with A VIVO = 0.75, A V = 50.7 ft/sec and according to Equations (1.1) and (3.32),

and the data derived from the specifications (see page 183),

26,800 = 264.2 ft 3/sec (5.10)
t40 = 2 x 50.7 ft 3/sec

where p = 2 slugs/ft3 is the standard value used in this report for the mass per cubic foot of sea water.

The volume flow per intake or per pump is

Qtot4o/2 = Q4o = 132.1 ft3 /sec (5.11)

From Equation (3.33a) as the pump head is calculated

H= - 2 V (AV \ 2 +K+ g hiI02
[2o -O -VOl ) ~hnIo

At 40 knots, Vo/22g = 71.1 ft and 2g, A/, V0
2 

- 0.10 according to Figure 51 and Figure 7. Section 5.3

gave the duct-loss coefficient K as 0.156. Hence:

H = 71.1 ft 11.5 + 0.563 + 0.156 + 0.101 = 164.9 ft (5.12)

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

D127t D I2IT 132.1 ft 2
-x V Q 4 0 ;or - =2.3ft2

4 4 57.45
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and

D x 2.3 ft2  = 1.71 ft (5.13)

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

It will be assumed that the propulsion pump has a fixed discharge nozzle area. As a consequence, the

rate of flow at 20 knots (Q2 0 ) is not the same as at 40 knots, neither is the pump head at 20 knots (1120)

the same as at 40 knots. The new values Q20 and 1120 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 Q20 and H20 from the QI/QC and HI/HC curves in Figure 39. The method of calculation is

approximate only and the difference between AVIVO = 0.7, as used in that figure, and A V/V 0 = 0,75, as

employed in this example, can hardly be very significan-t.

From Figure 39 and with V20 /V040 = 0.50, Q20 /Q4 0 = 0.945 and H20 /1H4 0 = 1,060. Therefore,

Q20 - 0.945 x 132.1 ft3 /sec = 124.8 ft3 /sec, and H2 , = 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 V2 to the vane

system in the nacelle. The definition of V2 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 V2 20 = 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 D22 7r/4 =

124.8 ft 3 /sec/33.8 ft/sec = 3.692 ft2, and D12 = 21165 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 ft2 This is

formed by an ellipse with (according to Section 5.3) a major axis 3.166 D1 = 3,166 x 1.71 ft = 5.414 ft

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. Its 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 assumption that

2gO H,/Vm2 = 3. The data derived there for 20 knots are listed here for convenience:

Total head drop from intake to pump: hL20 = 0.42 Vo 2/2g

Total pump inlet head at 20 knots (according to Equation (3.34) and Figure 51): H,120 = 35.3 ft
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Meridional (axial) inlet velocity to the pump impeller: Vm 20 2goHs 1/3 = 27.5 ft/sec.
'20 ~ 20

According to the last value, the impeller inlet area is D,2 r/4 = 124.7 ft 3/sec/27.5 ft/sec = 4.535 ft2 and the

inlet diameter is D. = 2.4 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 v.alocity than Vm. and to

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 section), then

(axbxl"•r 124.7 ft3

4 = 5.67 ft2

~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 !zction of tile diffusing inlet duct is 4.06 ft 2, and the corresponding diameter

/4.06 ft 2 x 4/i" = 2.274 ft. The maximum equivalent diffusor diameter is -/5.67 ft 2 x 4/ir = 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 at the free water level outside the strut is of particular interest because it determines

the strut section that is responsible for the wave drag of the strut. If the cross section increase along tile

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 tile diffusion from the free.stream velocity

V0 to the duct velocity. This pressure increase must be calculated for the maximum velocity of travel

(48 knots) and is approximately (81.12 - 282) ft2 /sec 2 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 must 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 -a 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 'he 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 Di = 2.4 ft which is also the discharge

diameter of the vertical inlet duct. This diameter was calculated from Vm = 27.5 ft/sec, derived by

2gollIV_2 = 3, and Q20 124.7 ft 3/sec. The rate of flow Q2 0 and mi apply to thle 20-kno con-

ldition which is critical with respect to cavitation.

The NPSII was established as tlSV = 35.3 ft at 20 knots. and (at the end of Section 5.4) the pump

head was found to be //,0 = 174.3 ft at the same velocity of travel. Therefore, the Thoma cavitation

parameter is:

tlv 35.3
o -. . . =0.2026

II 174.3

Somewhat arbitrarily, the maximum suction specific speed at 20 knots will be assumed to be 0.70 (in

contrast to the value S = 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:

1s = S x 03/4 = 0.70 x 0.?0263/4 = 0.2106 (5.14)
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Mionitnun dia1hariti dialmeter/of( Il. 1I,380 D* 2,73 ft

Maximhunm discharge diameter DOIla\ 1,.0, Pj 3,127 ft

,.itscharte width ho a, D,13 - 0,80 Ii

I57 DESIGN OF THE PROPULSION PUMP
CASING

111e propulsion pimip cali ino is Inteaded to be a volutit casing withoult vaties as shown in Figure 21

vaule this forin ol cavting must he expected to lead tIl tha hillwest pump effti•iency. particularly as thr .1i:

after the maximum radial section through tile volute (adjUamo t to tile "spilitter" or "tongue") is act- -..

So fiar as it i& open towardi the impeller, the flow 1i1 th1e volute must follow tile law of radially ilt.iorni

anglular inonmentilill to expose tIle impeller to a circumlfereotially uniform static preaure,

The radial votle sectilon ateas will he calculated for the cruise condition at 40 knots hecauise maximuml

fficit'iicy Is desired under these conditions, According to the Elder turbomachinery equation (tljuation
I ,tj)),

ll4(1 a 170.4 ht - x Vo x 1o/0/ (5,28)

sincLe it is missumed dhat tile flow does not have a Peripheral velocity cuomponent at tile impeller Itelt,

At)u re.O, It(I1\ - 1,303 Vi . 123., It,'ýc. elance

IU0 0 N ttII/•h Vi,. - 4Y.35 It/sec (5,2y)

Bly a process of trial and error, one can estimate the distance of the maximum volute area ("throat"), i.e.,

its center, 'rom the axis of rotation to he r I I 18 DOra, /2 so Ihat, according to the law of C'onstanit

angular momlenltull, the volute dhroat velocity is:

49,35 ft/see
V 4il t -e 27A4 It/sec (5.30)

hlence, witli Q4 0 - 132.25 ft 3/sec, the volute throat area is A, - 132.25 ft/sec/27.4 ft/sec - 4.82 1t2

The maximum volute section indicated in Figure 60 has approximately this area. Tile section is

rather 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

the volute, Moreover this construction minimizes tihe maximum outside radii's of the volute part of the

casing. 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 thicknesse• shown in Figure 60,
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It is hoped that Figure 60 is reasonably self.explanatory with reference to Figures 28 and 57. The size

and approximate location of tile discharge nozzle are indicated by a circle in the volute cross sections. The jet

velocity is V+= V0  + = 118.3 ft/sec at 40 knots and about 142 ft/sec at 48 knots. The jet area is

therefore

A 132.1 ft 3/sec/1 18.3 ft/sec = 1.12 ft 2

with a jet diameter of 1.194 ft.

At 40 knots, the jet thrust is T4 0 = PQ4 0 V.40 31,250 lb. At 48 knots, it is T48 = 45,200 lb and must

be coui.teracted by tile 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 H4 0 = 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 40 knots is

H140 x Q4 0 x (64.4 Ib/ft3 ) = 164.5 ft x 132.1 ft 3 /sec x 64.4 lb/ft3 = 1,399,000 ft-lb/sec

The power input to tile gear box is therefore:

1,399,000 ft-lb/sec
= 1,604,000 ft-lb/sec = 2916 hp

0.89 x 0.98

for each of two propulsion units.

Under the assumption of the same efficiencies, the power required at 48 knots is

48 0.088
2916 lip 4 x 0,06=4670 hp per unit

It is, of course, desirable to install gas turbines with slightly greater power.
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A t,'ntative 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, tile study presented in this chapter at best merely lays the foundation

for additional preliminary design studies.

It should he clear from Section 5.2 that the general arrangement selected for this study is by no means

the only arrangement that deserves seriotoN 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 pumep head and the pump inlet 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 thie conventional suction specific speeds of stationary, commercial pumps.

The resulting specific speed of the propulsion puIMps turned out to be quite high for radial-f'low pumps.

Inspection of Figure 60 suggests that a somewhat lower specific speed might not increase the pump weight

substantially. Aim 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

with Figure 34 since the basic specific speed nS considered here is substantially higher than that used in

deriving the "radial" and "axial" curves in Figure 34. If in the present case, it were found that the pump

weight does not increase significantly with decreasing specific speed, the only significant weight increase

would come from the reduction gear. That increase should follow the similarity curve in Figure 34, i.e.,

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, therefore 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 tile

propulsor velocity ratio A V/IVO. 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. It will be recalled that the previously selected ratio A V/V 0 = 0.75 was

determined on the basis of hydrodynamic considerations only because these arc thie only considerations

available within the scr.ope 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 A V/V 0 values than 0.75. Even

without going into detais of weight considerations, an arbitrary increase in A V/V 0" t" values in the neigh-

borhood of unity or more is therefore of distinct practical interest. The present study indicates that the

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 serve to broaden the scope and significance of this investigation.
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