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The thrust delivering device per von~eS yrs

Inc. Drawing No. WS1i f1leD- has a vertical prcelhX i§ 
tD.

of' 9 -40 diameter operating in a 9'-1." diameter tube. Yur

is pumped up to tine four-branch tee and ist ej- sctoc o~r

eith er one or up to four nozzles t l- 2:Ldi 
f r n i e t ci i e 90 d reestu 

t I o a n d by m e t m e hat r a i: Cc :r1:

the lift on the prop ller blades not br~ut&uc

combined magnitude arnd direction of' tk.e thzt 2&" . . _.

by the gate--valvez located in each e;:n .-i2

assembly driving motor, 2200 Pp at SW 1?' C&'m

situated above and the pump is d=c: y T

through a variable reduction gear ofy Then 
Iyte to 7c e i~1 1

This paper sinucs an analytical xm

the maximu thrust and out-1-i es a £

suitable pitch anzle off th propl w

revolutions.

EmupirIcal dat a ere c'Gno tvo1slI

pensate for the ideal case treat-di zrc

required data wera not available 6.oe~

from the pubolishc nour c-s w, ere uM'

40 1 --
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The treatment Is quite sim.pleanlge era. This method
i a, thereore, In principle applicable to all pre lisninary

desigra problems dealinS with pumpaet propulsion. With

better design data, especially those on Inlet and nozzles

the method could be gratly Imprved,
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WETHOD O? ANMALYSS

Consider an icealized systlem s hom 4n I .2 zt±

apply the concept of average velocity and Adiso

momentum equation. Quantity of' water, 2 r:t 3/nec) ,

ptsuped via the inlot (subscript 1)1 energy is af.tid by t

pumpJ and water s ejected through a oncz " h :( zrb c:';

in the form of a jet. Total bead loss ;f iet mt'

system is designated as hL DefInitions of? thne tnimiz zt

given In the appendix A.r

Between control planes 1 anid 2

i) Continuity Equation

Q = ~vl' A2Frn constant ........... ae.;..o..L

2) Bernoulli'°s Equation

E:Pl/t v/2g +z rPp 4 ,r2 -

where subscript p designates the 1ower sI-C:2n o

pump plane.

Bernoulli o a equation in this simple o-i ?cm w_+ . ,. emno b_ :

the pump plane. A similar equation fos Ar CA3 dc 0~ v:

may be written, however.
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Othe Flg 2 are, shown energy g de line of 'he syst&em,

The figure Is seltmexplanatozry, but a few comments mary be,
In orders The e'er tarried away-by the jet and the energy

lost in~ the System Must be supplied b the pump alone. Since
the kinetic -enem term in the unitorm pipe section Is

Constant except at the vicinity of the inlet and the nozzlaev
the energy supplied by the pump must be in the form of
pressure increase at the pump plane. The function of a

nozzle 1s to convert the pressure 'energy po kinetic energy,
which gives the contribution to the thrust. The. kinetic
eniem contained in the jet is eventually lost " It can be

futer noted that the friction lams in the systemi must

be minimized.
3) Momentum Equation

~Eteal forces :Q(1

where VT, 7 are the forces exerted on the
fluid by the pipe and by the discr propeller
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With a 90o bend in the flow, (3) may be reduced to:

S p1A +gSQVl

h QV2

where F and P are the vertical and horizontal

components respectively, In this case also note

that the control plane 1 has been placed aft of

propeller plane, and hence the thrust term does

not appear. Fh is the horizontal component of

force without considering n,, which is the force

on the fluid due to the nozzle. The thrust wll

beT .5r1 -5 P. See Fig. 3.

4) Energy Equations

The rate of work-done is defined to be the product of

horizontal component of force Ph and the rate at which the

fluid moves at the pump, i.e.

W $Q72'V1 --------- (e4)

Between the control planes 1 and 2, the rate of

change in energy or the hydraulic power in

is given by:
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Q 2 2 F WO+ LL q. m 4 - msoaww 4 m -~ (5)

5) Efiiciency

The jet- efficiency Is defined as the ratio of

the rate of ork-done to the rate of energy change in the

water, i.e.

The hydraulic power Q

(6)

~2

Lft mlb? is the rate of change in energyin the water, With
see

a given power at the pump only a portion of its power is
actually transmitted Into the water, which is to say tk at

the pump Is operating at a certain efficiency 'P o

From the driving motor a certain portion of power tos lost

in the transmission system suxch as shafting and recution

gearss We will designate the transmission efficiency as
and We now have

2 2
V-VI+

bBliP at the engine " 

4M MW -.- - - m -- (7)®
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therefore,
$W2 f1SQ~e~i. . . . . . . . . . .(8)

SBHp x Xmp

which becomes:

The term on the right hand side is the ratio of the rate

of work done to the horsepower input at the engine, which we will

define as the overall system efficiency.

overall m 'mpump UP .- - - * . - - - . *(10)

Written in this form, the above equation idicates that

the system must not only be efficient in converting the power

into thrust (jet efficiency), but also it must be able to

absorb the given power efficiently (pump efficiency). The

transmission efficiency may be taken close to 95%.

In order to carry out a simple explanation, (6) is

non-dimensionalized as follows.

2(Y 2/yV1 )

(3221.0 - hL/(V /2g) . . . . . . .(11)

where hL/(VY/2g) is nondlmensionalized loss in the

system.

A plot of equation (11) is shown in Fig. 4. It is noted that:
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1) The term jet efficiency is somewhat misleading.

It is quite evident that there is really no work done

as a system, and W in (4) is defined so only for our

convenience, "Jet efficiency", therefore, is a fic-

titious term which gives us a measure of judgement.

It is not an efficiency used in normal sense which

varies from 0% to 100%.

For example, in Eq. (11) when hL 0 and V2 VI,

we note that the becomes infinity. In actual case,

however, we cannot think of a system with a finite

velocity and no loss. Loss term in reality is large

enough to offset the values in denominater.. Also V2

is always greater than V1 due to the "vena contracta".

2) With an actual system with finite loss, the attain-

able maximum efficiency is far less than the ideal

efficiency.

3) With a given value of loss, there is a corresponding

optimum v 2/ 1 . This v 2 /v 1 may not be easily found

since any change in v2/v 1 must be accompanied by the

corresponding change in loss. But for a practical

system, it is quite evident that the system should have

a throttle or a reducing nozzle. An actual experiment
(3)

carried out by NACA proves this. Although the

said1 experiment was for the compressible gas, at low

Mach numbers the result is qualitatively applicable to
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the case of incompressible fluid.

The major portion of current investigation includes the

steps of finding the best nozzle diameter. The method of

analysis is summarised as follows:

1). Assume a number of flow velocities v or quantity

flows Q. Assume a number of throttling nozzles

either in terms of area ratio or diameter ratio.

2). For each of these combinations, calculate thrust

from (3)', hydraulic power from (5), Jet efficiency

from (6),head increase at the pump plane which is

equal to the total change in Bernoulli head in the

system from (2), and the specific speed of the pump.

3). Select the pump from pump curves with thespecific

speed calculated. Net positive suction head must

be calculated and the possibility of cavitation must

be checked at some stage of this process. A curve

such as given in Ref. 10, p. 221, is used.

). From the product of pump efficiency and the Jet

efficiency and with the available brake horsepower,

or Q, v 2 /v 1 and nozzle diameter giving the best

system efficiency are selected. System efficiency

is calculated from (10). The transmission efficiency

may be considered independent of these combinations.

5). Final result is interpolated for the v2/v and nozzle

dimension.
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6). Pitch distribution of propeller pump is from:

V
tan - . . *..... .. (12)

2 n r

If a bisynmetrical section is used it is desirable to

increase the angle slightly. Then, the geometric

pitch angle % is:

o a h(Ow4K3.0)O . . ... (13)

The above is based on the one-dimensional analysis.

To consider the non-uniformity of velocity distribu-

tion, the pitch may be slightly reduced toward the tip.

and increased toward the center so as to conform to

the velocity profile for the axisymetric case at the

given Reynolds number.

In the above, by far the most important and laborious item

to analyze is various losses due to friction in the system.

The success of the method presented here depends much on how

well the losses for each segment are evaluated.

The following shows how these estimates were made for the

present problem. We will follow step by step from the inlet to

the nozzle.
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LOSSES IN TEE SYSTEM

The losses may be expressed in either length hL or pressure

drop A p. If hL is used it is to be added to the actual length

of the pipe. In order to better estimate the losses, Fig. 1

is reproduced as follows. Subscripts 1, 2,... designate the

approximate locations in the diagram as shown. See Pig. 5.

A. Inlet

The point 0 is far away from the inlet but the elevation

from the datum line is assumed to be the same as that of point 1.

Apply the Bernoulli's equation between 0 and I (See Fig. 6).

H 1 t1/2g p + 2g . . . .. . . . .(l1)

But v = 0. If the datum line is taken at the free surface

level, p is the hydrostatic pressure, and we can calculate

the inlet pressure p1 at the point L.
Inlet loss may be expressed by the following Darcy's

(4)
formulas:

AhL1 £'LA v22feg[ft).l

2 *~~ * * S * * 0 0 0 *9 (5Sftv ,. m
~p =--- - psf

1 D2g L

f(L/D) is sometimes expressed b K and are shown in Fig. 7 for

various mouth configurations. For the ease we have, K may be

taken as approximately equal to 0.15. If a batter estimate is

desired the following method is suggested.

The general discharge equation through an orifice is

given by:
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2g p
Q"=CoA( ). .. . . . .0. ... 16)

where Ap is the 'pressure drop across the contraction

and C is the orifice coefficient.
0

The orifice coefficient is also tie ratio of the actual die-

charge to the theoreticali discharge. It is a function of

geometry and Reynolds number. (It increases with increasing

Reynolds number. Theoretical as well as empirical data are
(5,6,7).

available. Figure 8 is reproduced from the references

to be used for the present analysis.

For the loss calculation equation (13) is converted to read

the pressure drop as follow?.

Q2 xj
AP :=., pet . ... .. ... . (17)

2g x A xC C

The results from (12) and (14) check well with each other for

the present problem.

B. Net Positive Suction Read

Besides the pressure drop calculated by (17) we must add

the pressure drop due to the friction in the straight pipe

and the pressure drop due to the change in elevation. The

pressure drop in the straight pipe is calculated from (15)

using a roughness factor of A)/= 0.000001. The friction fac-

tor f is read from Woody diagram as a function of Reynolds

number. The sum of the above is the NSH (Net Positive Suction

Head). In order to avoid cavitation we must not allow the

pressure at the suction side of the pump to become lower than

the vapor pressure of the water. A a matter of precaution we

will further allow some 25% to the calculated NPSH.
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C., Pressure Increase at the Pum

Energy delivered by the pump must appear as an increase in
FN(1)

pressure since the fluid velocity remains the same. This

pressure increase must' be such that it would cancel the pressure

losses prior to and aft: of the pump, and that at the Jet

"vena contracta", the pressure aust become the ambient pressure.

The pressure increase multiplied by the total area is equal to

the force on the diso, or the thrust. The propeller design

may be carried out by knowing the pressure increase,the flow

velocity and the revolutions.

D. Four-Branch Tee

The equivalent length of "Tee" section with cross-flow

may be estimated from the extrapolated data such as shown in
(8)

Pig. 9. The data were available up to 241" diameter, but

they can be plotted as a straight line on a log-log paper.

Hence, the extrapolation may be justified.

Shafting and other obstructions are taken into considera-

tion by allowing 15% to the above. Another 10% is added

to account for four-branch "Tee" since the available data is

good only for two-branch "Tee".

PN(1) The continuity equation for the axially symmetrical case
is given by:

Yr component after a while will disappear to become pressure
head. The axial velocity V2 is actually smaller in the pump
plane then what one-dimensional analysis would indicate.
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E. Gate-Valve

The equivalent length of a gate-valve when fully open

my 4e taken as 3.2 ft, irrespective of the size. No attempt

was made to estimate the pressure drop when one of the other

valves is half-open. It is expected that data on square orifices

Would apply to the latter.

F. Elevation

use the centerline dimensions.

. Throttling ~Nozzie

As has already been discussed, the optimum. nozzle will not

be a straight pipe. In order to find the optimum nozzle to tube

diameter atio, we will simply take several different combinations

and carry through the calculations previously outlined. Presently

we have talcen:

1) straight nozzle d/b 1.0; m "1.0

2) reducing nozzle d/)= 0.92; a.: .85

$) d/b o.805;ma .65

4) d/ a 0.706; .m = .50

5). dd =0.547; a = .30

where d is the nozzle diameter.

For each of these nozzles, the pressure drop is calculated from

(17). In using (17) the discharge coefficient for an outlet is
.(9)

found from the data given in Fig. 10 AS$1ES standard nozzle data

were used. This type of nozzle is not of the optimum shape. A

good nozzle avoids a sudden reduction. Data for gradually reduced

nozzles with smll cone-BTngles are not available at present.
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Since the ambient pressure outside of the nozzle is known, we

are able to find the pressure inside the nozzle.

For a jet ejected, the point where the streamlines are

perfectly parallel to the centerline of the nozzle is slightly

beyond the exit end of the nozzle. This point, as previously

refered, is called "vena contracta". Cross-sectional area is

normally slightly smaller at this point compared to the nozzle

cross-sectional area and the pressures inside and outside of

jet must necessarily become the same. In using momentum theory

we must use the velocity at this "vena contracta". It poses

certain difficulties, however, since area is unknown and, hence,

the velocity is also unknown. In actual flow, nozzle geometry

and viscosity play roles but the orifice coefficient empiri-

cally determined takes account of the combined effect of these

two. In general the effect of viscosity is predominant, and

when the data is insufficient the cross-sectional area of

"vena contracts" due to geometry alone may be taken as approx-
(9)

tely 0.98 to 1.0 times the nozzle outlet area. Reduc-

tion in flow area due to the boundary layer thickness may be

analytically calculated. Exit velocity is obtained from the

following formulas:

Between three points 5, 6 and 7,

1) Continuity equation

2) Bernoulli s equation

P5 -p9 1-2*.** ()
'-. (v2 -v 5 ) .. (9



Introduce a "v4ena contracts"t contraction factor such that

A7 aA 6

and a friction and viscosity factor such that
47 * * 0 6 * * 0 0 0 0 * 1

With these, the volumetric rate of flow is expressed as

= %A6 r(P5 P)

where Cd is the discharge coefficient defined and

as given in Fig. 10, and mn Ad/AS.

From equation (19) we have:

Also from (15),

V7 a A6VdAT.2?

Substituting (20) Into (15), we obtain:

7=(vd1c (1 p *

Since =vv , solving for 7-9
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RESULTS

The result of caluclations are presented in graphical forms.

Calculations pertaining to these are found in Appendix B.

1) Fig. 11.....Thrust vs.. flow velocity for various

nozzle area ratios. The arrows indicate the obtain-

able thrust with 2200 hp @ 3} to 1 gear ratio.

2) Fig. 12... .Hydraulic horsepower vs. flow velocity for

various nozzle area ratios.

3) Fig. 13.....Get efficiency vs. flow velocity for

various nozzle area ratios.

4) Fig. 14.....Efficiency of comercial pumps (Extra-

polated data used for the study) vs. Pu-nt Specifie

Speed.

5) Fig. 15.....Specific speeds of pump propellers vs, flow

velocity for various nozzle area ratios.

6) Fig. 16.....Estimated System efficiency

7) Fig. 17.....Brakehorsepower required at the propeller

pump vs. area ratio and flow velocity. The arrows

indicate the flow velocities obtainable with 2200 BHP

@ 3* to 1 gear ratio and im 0.95.

Entering Fig. 17 with an available horsepower at the pip,

we obtain the attainable flow velocity for given nozzle area ratios.

With these flow velocities the obtainable thrusts are read off

from Fig. 11. Other pertinent results are interpreted in a

similar manner.



The result obtained in the above is correct only for non-

cavitating conditions. When cavitation is considered the

flow velocity should not exceed about 12 ft/see at 250 revolutions

as indicated on Fig. 15. The propeller revolutions, therefore,

must be reduced to overcome the cavitation. The attainable

velocities are now imposed by two-lines, the maximum horsepower

line (horizontal line at 2100 hp) and the cavitation limit

line as indicated on Fig. 17.

With the above considerations the following table has been

constructed for convenience.

Table I Summary of Result

m-.50 m-.65 m-.85 m-1.0

v 1( ft/sec3 11.00 12.3 12.5 12.5

Q Crt 3/sec) 700 783 795 795

HHP 1500 1100 1000 1000

Thrust [ibsi 19000 25800 26500 27500

.44 .66 .63 .63

.71- .69 .66 .66

.95 .95 .95 .95

.30 .43 .40 .40

No 22500 25500 30000 30000

Force obs 49000 42000 34000 34000

F £ 1bsJ 17000 20000 22000 22000

Heaving Force 32000 22000 12000 12000
(Down) (lbs)

3.7r 74350 Engine Hp Curve Needed to
Calculate (3 and .0

% @.7r appr, 90
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DISCUSSION ON RESULTS

The result indicates that the present system could generate

approximately from 26,000 to 27,000 pounds lateral thrust. The

optimum nozzle area ratio according to the result in Fig. 11

is a straight nozzle. This is contrary to what was expected

on the basis of preliminary studies which made use of extrapolated

discharge coefficients,

In estimating the outlet velocity from the nozzle the dis-

charge coefficient as given in Fig. 10 was used. Data are

available in the '.literature for the range of m = .20~.65.

These were% = .85 and a 1,00. The extrapolation was based

on another data source which gave the discharge coefficient for
(3) have

the case of a 1-.0. 'The values used may perhaps overestimated

the exit velocity and, hence, influeneel the final result in

favor of the straight nozzle. Had we used the other extreme

case (indicated by the "trend of data" on Fig. 10) the result

would have shown the optimum case to be close to m = .65.

We believe with some reason that the true discharge coefficients

lie in between these two extreme cases, and that the reducing
(3)nozzle would improve the thrust in the actual system, althou. ih

the present analsis indicates otherwise.

It would, however, be doubtful whether the obtainable

thrust would be noticeably changed one way or the other. For the

proposed system the maximum obtaitnble thrust is expected to lie

in the range of 26,000-27,000 lbs.



The specific speeds of the iropeller pumps are much greater

than what are available commercially. The pump efficiencies

and the cavitation criteria used in the present study have

been reasonably extrapolated from the available data. (N420, 000).

For a better analysis the pump manufacturer should be able to

supply much more concrete data on this criteria. It is, however,

reasonable to assume that the system is very susceptable to

cavitation (the depth to pump was taken as 45'0" below the

free surfact). The pitch angle is extremely semall (for

normal open propellers it would be almost three times as great),

that is, the propeller revolutions are high compared to the

opti inflow velocity at the pump plane, It would seem logical

to decrease the propeller revolutions such that the advance angle

is more reasonable. The strength of the propeller shafting

then would have to be increased for the latter

mit the same horsepower.

The force on the disc area is some 40,000

The propeller blade thickness would have to be

withstand this force.

A force of approximately 20,000 pounds is

direction of submerging the ship (for m=.65).

acceptable to the ship is not known presently,

to be accounted for.

case to trans-

pounds for m .65.

designed to

exerted in the

Whether this is

but it is a force

Finally, the total thrust of some 26,000 pounds must be

borne by the opposite gate-valve arrangement. The gate-valve



mechanism must withstand this large force and the force due the

dynamic fluctuations. It appears from the drawings that the

mechanism- Is underdesigned. The same opinion is given for the

laterally restraining eye-'bolts arrangement for the propeller.

It will be interesting to compare the present system

with some -other form of propulsion devices. Kort nozzle

propeller would seem to be desirable. Bcause of the angle-

drive which must be installed for obtaiing multi-directional

thrust, a large hub must be needed. For such a large hub the

data is not readily available. We may,t herefore, reduce the

thrust by a certain fraction from calculated values.
(11)

Using van nen's data , we obtain, for a BA4 55

propeller in nozzle no. 7 at 3= 0, as f'ollows.

Assume N a 200 R.P.M., S.W., 9'" digeter and

we calculate from the available horsepower at the propeller:

Torque coefficient K . 0408,p. W.

With this value we obtain from the curves

Pitch Diameter Ratio = 1.00

Hence: Thrust Coefficient K 5 .*500, F.W.

Thrust = 72,600 lbs.

We will reduce this to 80% for large hub to accommodate

the gearing. Thus,

Thrust = 58,000 lbs.

It gives about 220% greater thrust than the 1r asent system.
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RE0MINDTIONS

The present analysis is limited in many respects.

What we have presented is a method by which a reasonable

engineering estimate can be made. The recomnendations in the

following, therefore, must not be construed as final.

1) Use Kort nozzle or some other arrangement for aximm

thrust.

2) If ]) is not acceptable

a) Analyze the system with lower propeller revolutions,

thereby lowering specific speed and therefore improve

cavitation characteristics of the system.

b) Analyze and design the structure.

c) Design the propeller using inflow velocity and

the pressure increase at the propeller plane

based on the present data and data from the

Reconmendation 2),a).

3) On the basis of the present study.

a) Install a nozzle with a area ratio of approximately

70%. The reduction should be as gradual as possible

to minimize the losses.

b) Reduce the propeller revolutions appreciably to

reduce the chance of cavitation.

o) Redesign the structures.
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A. Notations

A: Sectional area (ift 2)

Cd: ' Nozzle discharge coefficient

Co: Orifice coefficient

D: Pipe diameter tt

d: Nozzle outlet di ter (yt3
d/D Diameter ratio for reducing nozzle

6 /D: Pipe rughness factor , ,Oo oo aa±

Ir: Vector force exerte on the fluid by the pipe [1 3

OVti-Vru-cal and h~~na on on enL of ~rewpeetively

f; Pipe friction coefficient~

Imp: Hydraulic- Horsepower .,:..

gi Gravitational eonstantp 32.2 ft/8ec 2 ]

hL: HRead loses t or s

hi/(v/2 Wndimensal 10s8

K: Ka (

m: Area ratio for reducing nozzle

N: rpsuof pm
p: Static pressure Iib/t 2}
Isp:"Preure dOWit rop PBE
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T vector force exerted on the fluid by the propeller pump Lb

v, v flow velocity Cft/sec]

Vr radial component of fluid velocity in 2-D flow

Yz axial component of fluid velocity in 2-PD flow
*t

W rate of work done W g 'e vI tb

z elevation from datum line £t)

advance angle [OARC)

specific weight 1lb/ft3]

~~ "venaa contracta" area contration factor

"vena contracta" friction and viscosity factor

jet efficiency

transmission efficiencies

pump pump efficiency

overall, 7S : overall system efficiency

kinematic viscosity, 1.2817 x 10-5 ft 2 /sec2

mass density, 1.9905 lbsec2/ft4
pitch angle [ARCs

cavitation number NPSH/H



e. Caloulation Sheets (Appendix)

C. cacuation Fobma (Appendix)
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