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PUMP PERFORMANCE OF THE MARK 40 PUNPJET

CHARACTERISTIC CURVES FOR THE MARK 40 PUHPJZT IN NORMAL PUMP

AND REVERSE TURBINE REGIONS OF OPERATION

Summary

From the results of tests conducted in the Hydraulic Machinery Laboratory 1

at the California Institute of Teobnology, -the pump porformance was analysed

and found to be satisfactory for the pumpjet installation in the Mark 40 Torpedo.

The pump will operate at or very near the point of best effiolency, whioh is

84o5 + 1.0 per cent at a projectile speed of 80 knots.

The propulsion unit was tested from sero flow rate point through sero head

point into the reverse turbine range. The performanoe was found to be very simi-

lar to that of a conventional centrifugal pump fitted with a diffuser vane oase

or a volute case.

Introduction

The Mark 40 Torpedo is to be powered with a turbo-pumpjet. The tusto-pumpjet
is a gas-turbine-powered centrifugal p]nup. Water enters the pump through a cy-

lindrioal duet in the torpedo nose and is discharged thresuh eight nossles in the

form of high velocity jets. The reaotion of the jets furnish the thrust neoes-

sary to overcome the projectile drag.

The complete hydraulic propulsion umit, namly, the entrance duct, the pump
impellers the diffuser casing and discharge noszles, Is referred to in this report

Sas he "pumpjet."

The object of the tests was to find the head, brake horsepower, and effioien-

oy, vs. flow rate relationships for the Mark 40 pumpjet in the normal pumping,

power dissipation, and the reverse turbine regions of operation~e.-&-u5--r-
Under normal operating conditions the ram effect on the projectile nose assures

high positive suction pressure and eliminates the possibility of cavitation. Thus,
in this series of tests, cavitation studies were not made.

Test Setup

Kydraulically, the pumpjet imit used in these tests was an exact, full scale,
duplieate of the Mak 40 Installation. The U. S. Naval Ordnanee Test Statioc, in

PAeadema, Cal.1emsla, furnished the Laboratorsy wil a Mark 40 nose seotion end a
p"Jet Impeller. the nose seetion Goetaine, In one easting, the entranee duet

-- the diert r easUS vp to the stratenu vanes afthi preeede the Gisderhp
moasles. The " 40 Woale seetife was iagraetieal to use ft the test setup,
hene, a et f eofo d elatee asalee MA strahener vanes*, me adaemble to
test pwpoeo, was rAde in the Z •ratory shop and finsalled in the test =it.

a See bablograle at end of repot*.

0097ZDOUEZL



2 CONFIDENTIAL

The test setup is shown diagramatically in Figs. 6 and 7. The pumpjet was

placed in a closed hydraulic circuit. The entrance duct was fitted to a con-

traction nozzle designed to deliver a uniform energy flow to the impeller which

is the condition that would be experienced by the prototype. Preceding the

nozzle was a long, straight length of 12 In. pipe. The eight discharge nozzles

were each followed by a needle type regulating valve which was used to equalize

the flow in all nozzles. The regulating valves were adjusted with the pumpjet

operating at the best efficiency point. This adjustment was necessary because

the pressure in the discharge manifold, unlike that on the actual torpedo, was

not everywhere equal. The torus-like discharge manifold merely afforded a con-

venient means of collecting the flow from the various jets.

The pumpjet was powered by the Laboratory dynamometer through a direct drive.

Figs. 8 through 12 show the test unm!t in various stages of completion.

Measurements

The dynamometer standard torque mechanl,, was used to obtain the input torque

for normal pump and power dissipation regions of operation and the output torque

for the reverse turbine tests. The dynsimometer speed was measured and controlled

by the existifng standard frequency apeed control.

The rate of flow through the unit was measured by the appropriate size venturi-

meter permanently located in the laboratory. The meters were located in the pump

discharge line.

The differential head generated by the pump was measured by a differential

pressure gage. On the suo61on side of 1he pump the pressure tap was located on a

piezometer slot in the inlet duct. On the discharge side of the pump a pressure

tap was located at a point just ahead of the grid straightener vanes in each of

the discharge nozzle passages (Fig. 7). The discharge pressure lines from the

eight nozzles were led to a commnon manifold (Fig. 11) and then to the gage. The

differential head, so detbrmined, did not include the losses incurred in the grids

or the nozzles. In preliminary tests the discharge pressure was measured approxi-

mately 1/2 in. downstream from the grids Ln two nozzles only. The differential

pressure across the pump, in this case, was of the order of 2 per cent less than

that obtained when the discharge pressure was measured ahesa of the grids.

Operation

The tests were conducted without any mechanical difficulties from the pumpjet

with the exception of the ovtboard ball bearing. This bearing, exposed to fresh

water, failed after an estimkted operating time of 5-10 hours. It was rum at

speeds up to 4000 rpm, the zighvst test speed. It was found that packing the

bearing in the test unit witti oomarolal autoawbile water pum grease greatly ex-

tended Its life. It is wil-kely that this bearing will fail from this cause in

the prototype since its tini of operation is very short*

Test Results

The results of the to its are presented graphically in Figs. 1 through 5

CON IAL
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Discussion of Test Results

The characteristic curves were obtained for three contiguous regions of oper-
ation, namely, normal pump, power dissipation, and reverse turbine. All three

flows were In the sase direction, that is, from the suction nozsle to the discharge.

The normal pump region of characteristic curves was used to obtain the steady state

operating conditions of the pumpjet for the proposed projectile velocity of 80

knots. (See Appendix II). The steady state operating point is marked on the

characteristic curves in Figs. 1 through 3. 'he steady state operating point in-

dicated in Fig. I is based on an assumed drag coefficient of 0.08. It is seen

that the operating point is at or very near the point of best efficiency.

The position of the uzit operating point of the pumpjet is dependent upon the

drag coefficient of the projectile. The term "unit operating point" refers to the

operating point on the oharaoteristic curves having coordinates of flow rate per

1000 rpm, head per (1000 rpm)2 and brake horsepower per (1000 rpm) 3 . A series of

drag coefficients from 0.06 to 0.08 was assumed in the calonlations and the pump-

jet unit operating point corresponding to each drag coefficient was found and

plotted in Pig. 2. It is to be noted in Fig. 2 that the position of the uMit

operating point does not vary greatly over the range of drag coefficients chosen.

However, Fig. 4 shows that the pumpjet speed, flow rate, head, and brake horse-

power do vary widely over the range of drag coefficients chosen. Thus the

difficult and somewhat speculative determination of the correct drag coefficient

is not as critical a problem in locating the puwpjet unit operating point as

might at first be anticipated.

A change in the throat area of the discharge nozzles, and hence the area of

the jets, also changes the pumpjet unit operating point. This effect is indicated

in Fig. 5 for the same projectile speed of 80 knots and for various drag coef-

ficients. The total throat area of the nozzles tested, denoted in this report as

the standard jet area, was 0.0431 sq. ft on a diameter of 0.994 in. It can be con-

cluded from Fig. 5 that the nozsles used were very close to the optimum for the

given set of operating conditions.

It is of interest to compare the characteristic curves of the unit bested,

which uses a slightly modified Granby model pump impeller, and the Byron Jackson

Granby model pump. Comparison shows (Fig. 3) that the conversion from a normal
single volute case to the diffuser jet case does not materially alter the general

character of the characteristic curves. The fact that the teat umit does not show

as high a peak efficiency as the Granby model pump Is not too surprising if it is

noted that the surface areas hence the skin friction lose, of the diffuser jet

ease is considerably greater then that found In the single volute oases

COBFIDTVIAL



CONFIDENTIAL
9

Conclusions

1. The charaoteristic curves of the Mark 40 Puapjet are very similar to the

characteristic curves of a modern centrifugal pump.

2. The Mark 40 Pimpjet operating point is at or very near the point of maxi-

mum efficienoy. There are no instabilities in the characteristic curves

near the anticipated operating point.

5. The Mark 40 Pupjet pump efficiency and propulsion efficiency are rela-

tively insensitive to variation of projectile drag over the range of

drag coefficients from 0.06 to 0.06.

4. The present total jet area (0.0431 sq. ft) is very satisfactory as far

as the overall efficiency of the Mark 40 Pwupjet is concerned.

For detailed information as to the procedure employed in oaloulating the

pt&p head, flow rate, brake horsepower, and effiioency from the test data, refer-

ence should be made to Appendix I which presents, in outline form, complote sample

calculations of these quantities. In Appendix II is outlined the method used in

estimating the pumpjet operating point for the proposed projectile speed of 80

knots.

COUWI~MIAL



10 C04FITDEXTIAL

RGLATiN B
VALVE

DISQSOGN
MANIFOLDD

Fig. aj COIFD UISC L



CONFI1)VNT IA L II

APPENDIX I

SAMPLE CALCULATIONS OF PUMPJET CHARACTERISTICS

FROM TEST DATA

Run N-56-123-15, Point Number 27

The test data taken from the above run is introduced

in the step of the calculations to which it pertains.

I. Pump Speed, N, rpm

Speed preset at 2200 rpm

Note: The speed is controlled by setting the
speed control gear box to the nearest
0.5 rpm.

I. Torque

Torque = dynamometer lower torque reading - 00.00

+ upper " " 54.99

+ zero + windage + friotion = -06.70

Total torque = 49.29 ft The

Note: Windage and friction losses include
pumpJet no-load bearing friction
but not the John Crane seal friction.

Ill. Brake Horsepower, BHP

Total BHP input to pump

BRP = speed x torque x constant

BHP a 2200 x 49.29 x

BRP a 20.64

Unit brake horsepower, bhPo 0 0 0 , bhp per (1000 rpm) 3

bbPlo0 a 9064 1.94 bhp/(lO00 rpm)5

21000

BHP for speed n is

BHPn " 1.94 13

IV. Plow Rate, Q, ofs

Total Q

Sd A;, as xAq a

CONWDIDUTIAL
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Q = flow rate, ofs

Cd = coefficient of discharge of meter = 1.0

AL = area of entrance end of meter = 26.0 in. 2

AT = throat area of meter a 11.23 in. 2

Aq = differential head across meter, ft Hg

= ratio sp. wt. Hg to ap. wt. B20 = 13.6
6H2

g = gravitational acceleration = 32.2 ft/sec2

For the above test

Aq n 1.008 ft Hg

Q .- 6.05 x Aq
Q = 2.47 ofs

Unit flow rate, q1000, ofs per 1000 rpm

qlO00 = W7 - 1.12 ofa/1000 rpm

2200

Flow rate at speed, ri,

%ul.12 ~-&, o

V. Head Oenerated by Pump, H, ft of water

Total H
__3__ - 2 or, in terms of Q,

r s2g

144(P 3 -P 2 ) Q2 Fl 11

where subscript 2 refers to the pump suction
and 3 to a point just ahead of the straightener
vanes in the nozzle passages.\ (See Fig. 7 and page 14.)

P3 - P2 = AP, differential pressure across pump
+ gage oorreotion, psi.

6- op. wt. of fresh water a 62.4 lbe/ft 3

For the above example

H - 1"(260i + 006) - (0.80)
62.4

R W 60.8 ft

CONIMTIAL
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Unit bead, h1 0 0 0 , ft per (1000 rpm) 2

b:60O 0-.8 12.35 ft/(1000 rpm)2

Head at speed, ni,

Vi. Pump Ifficiency, 7pper oent

WEP a water horsepower

47Q 60. 100

- (650) (20.64)

7) 83.7 per oent

VII. Results

DIP a 90.64
bhp1 000 a 1.94 bhW/(1000 rpm)5

q m 2.4'7 of.
q10 1.12 cfa/(1000 rym)

I 60.6 ft

h 100 - 12.56 f%/(1000 rpm)3

Ia 83.7 per cent

N a 2200 rp.

APPDIX 11

MTt?3KNA!I0 OF TOl UMA 40 PUNPJN¶D OPBRATING POINT 2

1. Data

a a projectile ais.. a 331 In.
dt a dsaba~rge nonale throat dia. a Set dia. 0*9O4 In.

Q' a IntelinatIou of Sets to ezis of projectile a 15*
V1. a projeettle velocity a S0 knots or 135 ft/seo.

0O1FID"fIAL
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II. Projectile Drag, D, lb3

Via 80 K

D = WD x Af x where
2

Af- frontal orone seotional area of projeotile

- 0.785 (n) M 2.40 ft

0 mas density of fluid (fresh water)

62.4 2b-seo4

V1 , projeotile velooity - 135 ft/see

CD - drag coefficient. Assumed values are:

0.06, 0.07, 0.08.

These drag coeffinients were chosen In
lieu of drag stui1ee in progress In the
Hydrodynatos raboratory water tunnel.
In Ref. (2) C, - 0.049 was used In
preliminary clloulat ions.

62 (135) 2

D a (0.08) (940)(4)132

D 3 •90 lbs for CD - 04008

D - 2970 lbs for 0D = 0,07

D O H540 lbs for CD - 0.06

CD- 0.08 is used In the following calculations.

III. Pumpjet flow rate, Q, ofe

"nM SWAM

P" Steady state operatuom t" sazi thrust of
the! Tost eq~u1 to th~e drag at the pro-

OOUPIDIYTIAL
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From moment=m oonsiderations

T a /0Q [v4 ooa a - V where

T -thrust, Thu

- mass density, fresh water

Q = flow rate, ofe

V4 - jet velocity, ft per sea

a - inolination of nozzles to projectile axls

V1 n free stream velocity, ft per ea0

In term. of Q

T,"/OQ[•.-•e. s•-vIL , or

T 43.5Q 9 - I Q

For T a D =3390 2b

Q 3. of@

IV. 1vnVJet head, 9, ft

3 M [4 1.!A!*ziJ. [4 + Vh1 +Z2J

whre -a statie pressure, ft

is- a velocity head, ft

Z U elevation, ft

Alsuom

Ram efficiency a 100 per cent

Dischbarge nosmle efficiency 1 100 per cent

to estimte 14, the pressure about the eircutefr-
e"Lal urfasoe of the proseetile in the vietniLt
ot the discehge nozzle Porte, reterence wa made

the seisrmntal week b• " "qa in d ieh the
rat*. ot the pWeeeee drop between a point in the

OONPIDZWIAL
J41
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free stream, P , and a point on the body purface,
P4, to the frei stream velocity head, /OVI/2,

P 4 P I P
- - (Lyons' designation)

q

was determined for various points along the
profile of a body denoted as "Model A". The
geometrical shape of the "Model A" nose section
matches the profile cf the Mark 40 torpedo nose
section. From tabulated data in Table 8,on
pale 96 of the above reference, the average
value ok the ratio may be taken as -0.16. It
is realised that this absolute value may be
somewhat In error. The relatively undisturbed
flow pattern about the test "Model A" and the
pattern about the Mark 40 torpedo with jets in
operation, Is not exactly similar. However,
as may be seen from the expression in the next
step, a 50 per cent variation (-0.08 or -0.24
instead of -0.16) In the selected value intro-
duoes only a + 2.5 per cent variation in the
pump head widir the given conditions. The
above procedure is introduced as an indication
of the proper procedure and is subject to
modification as more applicable experimental
data are made available.

Inserting in the previous expression for H,

P4 -Pi -- 0.18 gives,
/O UP

V 2  V a
w aU- - 1*16 U- or, in term of Q,

H- - 1.16 aw362 6*36Q2 - 328
2SA4  asg

For Q - 12.3 oes

H u 937 ft

V. Water horsepower, WH?

860

1W31'',1806

WIP =A

CONVIDUIAL
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VI. Thrust horsepower, TVP

TIP , d8as projectile velocity
5850

TV (3390)235~)
550

TIP - 838

VII. Pun speed to satisfy items III and IV, N, rpm

unit flow rate , flow rate, of. 0 124 , 0.401
V7nit head Vyead, ft 97

On the performance curves, Fig. 2, the ratio

unit flow rate Is plotted against unit capacity
-Ilt head

for various points on the pump W curves Entering

this plot at nit Iflow rate , 0.401 Indicates the
Vit head

corresponding unit eapailty

q1000 - 1.595 ofe/l000 rpm

Thus
N - 9283 rpm

VIII. Pump operating point on unilt HQ curve

Step VII above automatically looates the desired
point.

Thus from performanee curves
h10 se 10.85 fVt/(lo00 rpm)2

bhp 1 00 - 1.91 bhW/(lO00 rpm) 3

Vp "4.5 per cent

It is interesting to check h 1 000 and bhplo0
against the R and BEP values previously &e 0irnined.

N a (10S) [NMI a 9w ft

HBP - (1.91) a- 1N6

COIIDI•TIAL
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IX. Pvop•.elon effiolonfo7)j, per oent

II? 1308

7)J - 63.7 per sent

X. Overall effioleney,7 7, per cent

Ez .W x T--• . 7p z • e.)e.,

BEP WUP (

5- 63.8 per sent

I1. Specific speed of p

ne 11M .9180 Aii-
3 4 (93'7)*k

n a 190 (Q In ofs)

ne - 4030 (Q In Vi)

a1
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71 Int~he eember' of the disobarge mumlfo2A, right
L1SegroUm1 my be seen the inosse ring whIah soutains

the si4 wui feer Twoes and aftords a urnrtInX for
the Jet UOaSUe. Sam of the flow regulat~ns valves
afte Favlase an the disoehags mitelA T he dynam~m-
ter 9 Is 9thbe seater baokgwoin.

Fig* 0 - 2he Nui 40 diffuser jet pmp ease assured to bhe
nossle ring.
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Fig. 10 - View fom the driv ad of the lp jlett The
nossle ring with the dlsohbage nosals& and thewr throat
seotlons are visible behind the flow regulating valves.

ar .

j 0~~01h1'IDZ'AL
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Fig. 11 -Note the drive shaft In Plaea
andA the pressure line Installation.

j O~ONPIDEUAL
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pi •- IS - bow-tory @stop fr toeting tull sca pump
t pmpJet polsion t for tho 1k 40 Toredo.
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