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PUMP PERFORMANCE OF THE MARK 40 PUMPJET

CHARACTERISTIC CURVES FOR THE MARK 40 PUMPJET IN NORMAL PUMP
AND RRVERSE TURBINE REGIONS OF OPERATION

Summary

From the results of tests oconducted in the Hydraulic Machinery Iaboutoryl*
at the California Institute of Technology, the pump performance was analyszed
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 effiocliency, whioh is
84.5 + 1.0 per cent at a projectile speed of 80 lmots.

The propulsion unit was tested from sero flow rate point through zero head
point into the reverse turbine range. The performance was found to be very simi-
lar to that of a conventional oentrifugal pump fitted with a Giffuser vane oase
or a volute case.

Introduotion

The Mark 40 Torpedo is to be powered with a turbo-pumpjet. The turbo-pumpjet
is a gas~-turbine-powered centrifugal pump. Water enters the pump through a oy-
lindriocal duot iu the torpedo nose and 1s discharged thriugh eight nossles in the
form of high velooity jets. The reaotion of the jets furnish the thrust neces-
sary to overoome tha projeotile drag.

The oomplete hydraulic propulsion unit, namely, the entrance duct, the pump
impeller, the diffuser oasing and discharge nossles, is referrsd to in this report
the "pumpjet.”

The ob ject of the tests was to find the head, brake horsepower, and efficien-
0y, vs. flow rate relationships for the Mark 40 pumpjet in the normal pumping,
power disaipation, and the reverss turbine regions of operation T
Under normal operating oconditions the ram effeoct on the projectile nose assures
high positive suotion pressure and eliminates the possibility of oavitation. Thus,
in this series of tests, cavitation studies were not mads. R

Test Setup

HEydraulically, the pumpjet wnit used in these tests was an exaot, full soale,
duplicate of the Mark 40 installation. The U. S. Naval Ordnance Test Station, in
Pasadsua, Califormis, furnished ths Laboratory with a Mark 40 nose section and a
pampjes impeller. The nose aection oomtaine, in one casting, the entrance duot
and the diffwser sasing wp S0 the straightener vanes which preceds the discharge
nossles. The Mark 40 nossle section was impractical to use ia she test setuwp,
hense, & st of eighs duplicate nossles end straightensr vanes, mors adaptedle to
Sest purpoecs, was wade in She Iaboratory shop and installed in the Sests wals.

* se¢ Didllogrephy at end of report.
COXFIDRNTIAL
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The test setup 1s shown diagrammatiocally 1in Figs. 6 and 7. The pumpjet was
placed in a closed hydraulic circuit. The entrance duct was fitted vo a con-
tractlon 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 dilscharge 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 efficienocy point. This adjustment was necessary because
the pressure in the dilscharge manifold, unlike that on the aoctual torpedo, was
not everywhere equal. The torus-like discharge manifold merely afforded a con-
venient means of colleoting 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 unit in various stages of completion.

Measurements

The dynamomeler standard torque mechani..n was used to obtain the input torque
for normal pump and power dissipation regions of operation and the output torgue
for the reverse turbine tests. The dynamometer speed was measured and controlled
by the existing standard frequency speed control,

The rate of flow through the unit was measured by the appropriate size venturi-
meter permanently loocated in the Laboretory. 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 suciion slde of the pump the pressure tap was located on a
plezometer 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 & common manifold (Fig. 11) and then to the gage. The
differential head, so detdrmined, did not include the losses incurred in the grids
or the noszles. In preliminary tests the discharge pressure was measured approxi-
mately 1/2 in. downstream from the grids in two nozzles only. The differential
pressure across the pump, in this case, wss of the order of 2 per cent less than
that obtained when the discharge pressure was measured ahsad of the grids.

Operation

The tests were conducted without any mechaniocal difficulties from the pumpjet
with the exception of the o.tboard ball bearing. This bearing, exposed to fresh
water, failed after an estimited operating time of 5+10 hours. It was run at
speeds up to 4000 rpm, the 1ighust test speed. It was found that packing the
bearing in the test unit with oomnmercial automobile water pump grease greatly ex-
tended its life. It is unl-kely that this bearing will fail from this ocause in
the prototype since its tim: of operation is very short.

Test Results
The results of the te its are presented graphically in Figs. 1 through 8
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Discussion of Test Results

The characteristic curves were ohtained for three contiguous regions of oper-
ation, namely, normal pump, power dissipation, and reverse turbine. All three
flows were in the same direction, that is, from the suction nozzle 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 velooity of 80
knots. (See Appendix II). The steady state operating point is marked on the
charscteriatioc ourves in Figs. 1 through 3. ™he steady state operating point in-
dicated in Fig. 1 1s based on an assumed Arag ocoefficient of 0.08., It is seen
that the operating point is ot or very near the point of best effiolency.

The position of the uit operating point of the pumpjet is Aependent upon the
drag coefficient of the projeotile. The term "wnit operating point" refers to the
operating point on the ocharacteristic ourves having coordinates of flow rate per
1000 rpm, head per (1000 m)g and drake horsepower per (1000 rpn)s. A series of
Arag coefflcients from 0,06 to 0.08 was assumed in the caloulations and the pump-
Jet unlt operating point corresponding to easch drag coefficient was found and
plotted in Pig. 2. It is to be noted in Fig. 2 that the position of the wnit
operating point does not vary greatly over the range of drag coeffiocients chosen.
However, Fige. 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
diffiocult and somewhat speculative determination ¢f the correct drag coefficient
is not as oritical a problem in locating the pumpjet unit operating point as
might at first be anticipated.

A ohange in the throat area of the discharge nozzles, and hence the area of
the jets, also changes the pumpjet unit operating point. This effect 1s indicated
iIn Fig. § for the same projesctile 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 noszles used were very close to the optimum for the
given set of operating conditions.

It is of interest to compare the characteristic ourves of the unit tested,
which uses a slightly modified Granby model pump impeller, and the Byron Jaokson
Granby model pump. Comparison shows (Fig., 3) that the conversion from a normal
single volute ocase to the diffuser jet case does not materially alter the general
charactar of the characteristic curves, The faot that the test unit doss not show
as high a peak efficiency as the Granby model pump is not too surprising if it is
noted that the surface area, hance the skin friction loss, of the diffuser jet
case is oconsiderably greater than that found in the single volute ocase.
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Conclusions

1. The ocharacteristie curves of the Mark 40 Pumpjet are very similar to the
characteristisc curves of a modern centrifugal pump.

2. The Mark 40 Pumpjet operating point is at or very near the point of maxi-
mm efficlenoy. There are no instabllities in the characteristioc curves
near the anticipated operating point.

3. The Mark 40 Pumpjet pump effioclency and propulsion efficiency are rela-
tively insensitive to variation of projectile drag over the range of
drag coefflolents from 0.08 to 0.08.

4. The present total jet area (0.0431 sq. ft) is very satisfactory as far
as the overall effioiency of the Mark 40 Pumpjet 1s conocerned,

For detailed information as to the procedure employed in ocaloulating the
pump head, flow rate, brake horsepower, and effiolency from the test data, refer-
ence should be made to Appendix I which preasents, in outline form, complcte sample
caloulations 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.
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APPENDIX I

SAMPIE CAICULATIONS OF PUMPJET CHARACTEZRIJTICS
FROM TEST DATA

Run N=58-123-15, Point Number 27

The test data taken from the shove run is introduced
in the astep of the caloulations to which it pertains.

I. Pump Speed, N, rpm

Speed presst at 2200 rpm

Note: The speed is controlled by setting the
speed control gear dox to the nearest

0.5 rpm.
II. Torque
Torque = dynamometer lower torque reading = 00,00
+ " upper " " = 5‘.99
+ zero + windege + friction = =05.70

Total torque = 49,20 ft 1lbs

Note: Windage and friction losses inolude
pump jet no-load bearing frioction
but not the Jolm Crane seal friction.

III. Brake Horsepower, BHP

Total BHP input to pump
BHP = speed x torque x constant
BHP = 2200 X 49.29 X gpipen
BHP = 20.84

Unit brake horsepower, bhplooo, bhp per (1000 rpm)s

D5 000 = %9?;.?3. = 1,84 bhy (1000 rpm)>

1000
BHP for speed n 1is

BEP, = 1.9%4 (ﬁ)a

IV. PFlow Rate, Q, ofs

Total Q
Qu od AI‘ 33 x h x .m_ -l
144 dBg0

-
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Q = flow rate, ofs

Cd = ocoefficlent of Aischarge of meter = 1,0

Ay = area of entrance end of meter = 26,0 in.?

Ap = throat area of meter = 11.23 m.z

Aq = differential head across meter, ft Hg

gﬁﬁ = vratlio sp. wt. Hg to sp. wt,. Eéo = 13.68
Hzo

g = gravitational acceleration = 32.2 rtz/nsee2

For the sbove test

4q =~ 1,008 ft Hg
Q -'\/6.05 x Aq
Q = 2.47 ofs

Unit flow rate, 23000’ ofs per 1000 rpm

2.47
q = = 1,12 ofs/1000 rpm
1000 ™ 5o50 |

Flow rate at speed, r,
Q, = 1.2 n_\ors
1000/

Head Generated by Pump, H, ft of water
Total H
2
W4 (Py-Pg) vi-v2
4 2g

144 (Py~ Py) Q? [ 1 1 :l

Ha=a or, in terms of Q,

H2—x t=— |- -7
2g | Ay A8

where subsoript 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.)

Py=Py = AP, Aifferential pressure across pump
+ gage oorrection, psi.

O'= sp. wb. of fresh water = 62.4 1ba/rt>
For the above example

83.4
H = 60.8 £t

CONFIDENTIAL
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Unit head, hygny, £t per (1000 rpm)?
£9:8_ . 12.56 14/(1000 rpm)?
" e’
Head at speesd, n,
2
H = 12,56 (—n—)
n 1000

Vi. Pump Efficiency, 7 per oent
7p = Eg

WHP = water horsepower

100

np = =

. = (62.4) (3.47) (60,8) (100)
P (850) (20.64)

7)p = 88.7 per ocent

VII. Results

BEP = 20,64
bhpioo, = 1494 Dy (1000 rpm)®

Q = 2.47 ofs
E = 80,8 £t
Bygop = 18+88 ££/(1000 rpm)®

7p = 82.7 per oent
N = 8200 rpm

APPENDIX II

DETRERMINATION OF THE MARK 40 PUMPJET OPERATING PoINTS

I. Data

4 = projectile dia. = 81 in.

4, = dlscharge notsle throat dia. = jet dla. = 0.984 in.
Q¥ = inolination of jJets to axis of projectile = 18° .
¥; = projectile velooity = 80 Imots or 135 £t/ss0.

CONFIDEWTIAL
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II. Projectile Drag, D, lbs

where

D-CDfox

Ap = frontal oross sectional area of projectile

2
=085 (85) = 2440 £t2,

(0= mass density of fluid (fresh water)

- 52:4 1b-sec?
32.8 £t

V, = projectile velooity = 136 f£t/se0

Cp = drag coefficient. Assumed values are:
0.08, 0,07, 0,08,

These dreg coeffisients were ohosen in
lieu of drag studies in progress in the
ynamics Laboratory water tunnel, .
In Ref. (2) CR = 0,049 was used in
preliminary ociloulations.

2
62,4\ (136) .
D = (0.08)(2.40) (‘-g-,) 2
D = 3390 1bs for Cp = 0,08
D = 2970 1bs for Op = 0407
D = 9640 1bs for Cp = 0.06

Cp= 0.08 1s ussd in the following oalculations.

III. Punpjet flow rate, Q, ofs

e
My steady state oparetion the axial thrust
;ln‘ -n,n'l. 1is equal % $he dreg of the pro-
o0 s Ve

CONFIDENTIAL
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From momentum considerations
T = 0Q EI‘ cosa - vl] where
T = thrust, lbs
[ = mass density, fresh water
Q = flow rate, ofs
V4 = Jot velooity, ft per seo
@ = inolination of nogzles to projeotile axis
Vy = free stream veloocity, £t per zeo
In terms of Q

T=0Q [-%:OOIQ—VJZI » OF

T« g3 [%-‘;ﬁ%lag-luq]

T e 43.5Q% - 263 Q

Por T =D = 3590 lbs
Q-lﬂ.boﬂ

Pumpjet head, H, £t

p. .8 P, V.2
Be |:7!+-Bi-+z~{|- [—}+;z—+zg:l
where ;- static pressure, ft

3
%. = velooity heed, ft
8

Z = slevation, f¢

Assume

Ram efficiency = 100 per ocent
Discharge nossle efficiency = 100 per cent

LN

To sstimate Py, the pressure sbout the eiroumfer-
ontial surface of the projectile in the vutum‘
of the discharge noazle porsvs, ro‘nrmo was

% the experimsntel work by lLyons® inm ehiich the
reatie of ths pressure 4drop dbetween & point in the

CONPIDENTIAL
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free stream, P., and a point on the body éurrnce,
P4, to the rre} stream velocity head, /ovl/a,

P, -P P
/_:;;E/f' - —— (Lyons' designation)
b

was determined for various points along the
profile of a body denoted as "Model A". The
geometrical shape of the "lModel A" nose section
matohes the profile ¢f the Mark 40 torpsdo nose
section. From tabuleted data in Table 8,0n
plgo 26, of the above reference, the average
value of 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 sbout the test "Model A" and the
pattern about the XMark 40 torpedo with jets in
operation, 1s not exactly similar. However,
as may be sesn from the exgreuion in the next
step, a 50 per cent variation (=0.,08 or -=0,24
instead of -0,16) in the selected value intro-
duces only a + 2.5 per oent varlation in the
pump head under the given conditions., The
above procedure is introduced as an indication
of the proper procedure and 1is aw jeot to
modification as more applicable experimental
data are made available.

Inserting in the previous expression for H,

P ) 4
-’—‘-—l u—=0,18 gives,

,ovl/a
v,2 v, 2
Hae-4- 1,28 3 or, in terms of Q,
8g 2g
2 2
Be S0 338)° . g,360% - 320
38‘4 2g

For Q = 18,3 ofs
HE = 937 £t

Water horsepower, WHP

wer » ZNE
880

mnw
880

WHP = 1308

CONFIDENTIAL
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Vi. Thrust horsepower, THP

THP = QTSR X pro eotile velooit
880

Ep o (3300)(136)
880

THP = 838

VII, Pump speed to satisfy items III and 1V, N, rpm
milt flow rate _ flow rate, ofs _ 18,3 _ 0.401
V\m:lt head thd, ¢ '\/93’7
On the performance curves, Fig. 2, the ratio

unit flow rate 4is plotted against unit capacity
unit head
for various points oa the pump hd ourve. Entering

this plot at it flow rate . , 407 ynascates the
V\n!.t head

corresponding unit oapanity
Q3000 = 1385 ofe/1000 rpm

Thus
X =283 . o283 rpm

%g

VIII. Pump operating point on unit HR ourve

Step VII above automatiocally locates the desired
po!.nt.

Thus from performance curves
hiooo ™ 10.88 £4/ (1000 rpn)

BEpygeo = 1491 BhY/ (1000 rpm)®
Dp *® 84.5 per cent

It is interesting to cheock blO and bhp&oeo
against the H and BHP values provio\uly mined.

E = (10.05)(%) = 938 ft
BEP = (1.01) (%)a = 1508 i

CONFIDENTIAL
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IX. Propulsion efficiency 7),. per oent

5, = TEPXI00 (833) (100)
J WHP 1308

773§ = 83,7 per oent

X. Overall effiolency,7, per cent

n = g x :% = 7,z py = (84:5)(68.7)

7) = 83,8 per oent

XI. Specifio speed of pump

¥VY . 9180 ViS.3

s T g% (937)™

n, = 190 (Q in ofs)

n, = 4030 (Q in gpa)
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n,. 8 - In the center of the dlischarge manifold, right

oreground, may be seen the nossle ring whioch oontains

the -‘mwmr vanes eand affords a mounting for
the jet nosales. Some of the flow udnhun; valves
are z:.luenmulomy manifold. The dynamome-
tor is the ocenter daokground. :

Pig. © - The Mark 40 diffuser jet pump oase seoured to the
nossle ring.
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Pig. 10 - View from the drive end of the wgoe. The

nossle ring with the Aischarge nossles beir throat
seotions are visible dehind ths flow regulating valves.
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Pig. 11 - Note the drive shaft in place
and ths pressure line installation.
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= Isboratory utut for teating full soale pump
he pumpjes propulsion wnit for the Mk 40 Torpedo.
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