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ABSTRACT

Full scale dynamometer tests were run on a series of
unshrouded propellers in the range of propeller diameters con-
sidered practical for use on the side propulsion units of the
research submarine ALVIN, Measurements taken included static
thrust, torque, and RPM for various values of hydraulic power
input to the driving motor.

In other tests, propellers having 14 inch diameter and
20 inch pitch (the present ALVIN configuration) were compared
for static thrust as follows: conventional blade shape, un-
shrouded; conventional blade shape in ALVIN flow-accelerating
nozzle unit; square-ended blades in ALVIN nozzle unit.

Recommendations are given concerning the proposed new
ALVIN side propulsion units.



II

ITT

Iv

VI

TABLE OF CONTENTS

Introduction and Description of Tests
Results

Discussion

Conclusions and Recommendations
Acknowledgements

References

Appendix A Figures
Appendix B  Nomenclature

Appendix C Data and Calculations

Page

11

12



I INTRODUCTION AND DESCRIPTION OF TESTS

The operators of the deep-diving research submarine DSRV ALVIN have
indicated that the gide propulsion units, as originally installed on the
vehicle, are not capable of producing the desired amount of thrust,
especially during emergency braking or in other high-propeller-load
situations. To improve this aspect of the vehicle'g propulsion system,
it is contemplated that new side units will be designed and constructed in
the near future.

The present series of tests was undertaken as the first step in the
new design, in an effort to determine (a) the optimum size of side pro-
peller for the existing ALVIN pfopulsion plant, and (b) how much advantage
is gained through the use of a flow-accelerating duct or nozzle.

It was decided to do full scale tests for several reasons. First,
direct thrust readings could be obtained and scale factor corrections
would not be necessary. Secondly, readily available full-size propellers
could be used; and finally, full scale testing would permit the use of one
of the present ALVIN'side propulsion units attached to the test dynamometer.

All tests Wére done in one of the WHOI concrete salt water tanks. ’Tank
size is approximately 9 feet X 18 feet X 5 feet. deep. A bridge of heavy
timber was built across the width of the tank at about mid-length, and
clamped in place. The test dynamometer was then supported by trunnions
from this bridge (see Figure 2). The basic parts of the test unit are:
the propeller shaft, which runs in a split Teflon-lined bearing; the pro-
peller, mounted on one end of the shaft; and the ORBIT-A hydraulic motor,

shaft-mounted on the other end. The torque arm, fastened to the motor,
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constrains the housing from rotating and permits measurements of reaction
torque. Load cells consist of tension bars made from strips of sheet steel
to which are fastened electrical resistance strain gages. These load cells
were calibrated in the laboratory prior to the tests, using dead weights.

Hydraulic power was supplied by a Greer hydraulic test stand capable of
supplying pressures up to 3000 p.s.i. and flows up to about 12 G.P.M, The
test motor was connected to the hydraulic pump unit using 1/2 inch I.D.
hydraulic hose. A portable flow meter was located in the return line.

For each propeller selected, three complete tests were made, and the
results were averaged., During each tést, the hydraulic flow was varied over
the range 2 G.P.M. to about 7 or 8 G.P.M., depending on the propeller under
test. 1In general, maximum pressure was held at 1500 p.s.i., the rated
maximum for the ORBIT-A motor, bu£ this value was exceeded in a few cases,
for brief periods of tiﬁe, in order to insure a sufficient number of test
points.

Rotational speed was obtained in the unshrouded tests by means of a
small magnet fastemned to the propeller shaft and a magnetic-reed proximity
switch fixed close to the path of the movihg magnet. Revolutions were read
directly from an electronic counter.

In the tests of the actual ALVIN side propeller unit, readings of torque
and RPM were omitted.

Since time did not permit the construction of Kort-type nozzles for the
various propeller diameters tested, the tests of the ALVIN side propulsion
unit provided the necessary comparison of the unshrouded and ducted conditions
for the 14 inch diameter only., This comparison. was then used to estimate the

- ducted performance of the larger diameter wheels.
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In the ducted tests, two basic blade forms were tested. The first was
the typical rounded-blade shape used almost exclusively in non-ducted ap-
plications (referred to as "conventional" elsewhere in this report). This
-is the blade pattern originally used with the Kort-type nozzle units of
ALVIN. The second form (referred to elsewhere as 'square-ended" or '"square-
tipped") had wide blade tips, not actually square, but machined on a lathe
for close conformity with the inside wall of the nozzle. Tip clearance in
the ALVIN 14 inch duct varied from 1/16 inch to 1/8 inch, owing to a slight

out-of-roundness of the ALVIN units.



IT RESULTS

The results obtained in these tests are presented in tabular form,
Table 1. shows the results of the unshrouded tests of eight different'
propellers, while Table 2. gives the results of the tests of the 14 X 20
diameter-pitch combination presently in use on ALVIN. These results also
are presented graphically, along with predicted values of thrust for
gome other prdpeller-nozzle~combinations, in Figure 6.

Referfing to the computation sheets (Appendix C) it can be seen
that the Thrust/Input Horsepower ratio was not constant for a given pro-
- peller, but rather had relatively high values at low horsepower, then
decreased, and appeared to level off at higher horsepowers.‘ This meant
that comparisons between propellers would Lave to be made at some
particular value of input horsepower. The selection of this value was
based on the fact that;the performance of the side or "1ift" propellers
in the "emergency stop' condition is probably of greatest interest. A
value of 75 amperes of current drain (for each side propulsion unit) was
established as representing this emergency condition. Using average
values of efficiencies of electric motor, variable volume pump, and
hydraulic motor as obtained in tests of these components. done by Litton

(Ref. 1), the value 3.2 input horsepower to the hydraulic motor was

determined as the basis for comparison. Agéee Fiéure 1.)

It should be noted that the usual expression for propeller efficiency
(Ref., 3) involves the speed of advance of the propelled vehicle, and there-
fore cannot be used in the static thrust situation. In the work described

herein, the ratio of static thrust (pounds) to hydraulic horsepower input



to the driving motor is used as a measure of propeller efficiency.



inches
14
16
182
19
19P
20
20

- 21

a - 5 blades
b - 2 blades

Table 1
Performance of Various Unshrouded Propellers

at 3.2 Hydraulic Horsepower
(3 bladed except where noted)

P Pressure Flow Speed
inches _psi _GPM R
20 940 5.83 392
16 920 5.97 395
14 - 960 5.72 385
18 1200 4.57 303
18 1120 4.90 330
14 1000 5.50 | 368
20 1320 4.16 269

25 1480 3.71 216

Thrust

1bs

97

121

125

132

136

117

155

143



Table 2

Performance of 14x20 Propeller in Various Mountings
at 3.2 Hydraulic Horsepower

Unshrouded Kort-Type Blade Tip Pressure Flow Thrust Gain in
Nozzle : Form psi GPM 1bs Thrust
Per Cent
Yes Rounded 940 5.83 97
Yes Rounded* 915 6.00 113 17
Yes Squared 930 5.90 127 31

* Original ALVIN. Propeller



IIT DISCUSSTION

High propeller efficiency is usually associated with large screw
diameter and low rotational speed (Ref. 2). It is therefore not surprising
that, in the unshrouded test series, there was definite trend toward higher
thrusts as the wheel diameter was increased. Of the propellers tested, the
20 X 20 wheel showed the highest-Thrust/Input Horsepower ratio. Although
the number of wheels tested was fairly small, it seems reasonable to assume
that this size is quite close to.being the optimum for the present hydraulic
drive motor. The 21 X 25 wheel showed less efficiency, probably because the
torque required to rotate it caused the hydraulic pressure to go up to and
beyond the rated maximum pressure (1500 p.s.i.) for the ORBIT-A drive motor.
The speed fall-off or slip of the motor uéing this propeller was markedly
greater than it was for the other wheels (See Figure 5).

An important factor to be considered in the selection of a new pro-
peller for the ALVIN 1lift units is physical size. The present 14 X 20

- wheel and its duct make up a unit measuring 19 inches, outside diameter.
Each unit extends beyond the nominal ALVIN hull outline approximately
5 inches (about 3 inches beyond sponsons). Assuming that for any larger
wheel the nozzle will increase the 0.D, of the unit by a proportional
amount, we get, for a 16 inch wheel: 22 inches 0.D., 7 inches minimum
overhang beyond sponsdns; and for a 20 inch wheel: 27 inches 0.D. and

In addition, these nozzles will have an L/D ratio of at least .5 and
possibly more (this is discussed in greater detail below). This means an

axial length L.of at least 8 inches for the 16 inch duct and at least
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10 inches for the 20 inch duct. Since these ducts must be rotated in
azimuth, it must be made certain that there will be clearance for this
rotation. A brief inspection of the drawings has indicated that the duct
for the 16 inch wheel %ould clear if a certain amount of buoyancy material
is removed, but that the duct for the 20 inch wheel would have to be moved
farther out from center, giving more than the 12 inch overhang previously
noted. It is doubtful if a 14-15 inch extension of the side propulsion
units beyond the ALVIN hull could be tolerated. Therefofe, maximum diameter
of the screw will be limited by the space available for its installation.

Concerning the L/D ratio (See Appendix B) for a flow accelerating
nozzle, Van Manen and Oosterveld (Ref. 3) have indicated that a long nozzle
(L/D = 0.7-1.0). is. preferable for higher screw loading (CT> 2) while a
short nozzle (L/D =< 0.5) is better for light loading (Cop <1.0), Since,
in the case of the ALVIN side propellers, primary concern ié for maximum
performarntce during emergency stops and in other situations approaching the
static thrust condition, it is evident that this application is in the cate-
gory of the towing vessel Whéfé; according to Van Manen (Ref. 3) Cr may
equal 6 or greater. This would indicate the desirability of a nozzle L/D
ratio in the range 0.7 to 1;0, The nozzles presently in use on ALVIN have
an L/D ratio of 0.5.

Still another aspect of the flow-accelerating nozzle can have an effect
upon efficiency. This is the nozzle section or profile, i.e., the shape
of the section produced by passing a plame through the axial centerline of
the duct. A considerable amount of work hés been done in the study of
various mnozzle profiles, particularly by researchers at the Netherlands

Ship Model Basin. A nozzle profile is generally a foil shape, and most of



those tested at NSMB were derived from various NACA profiles. NSMB has
adopted as a standard, their profile No. 19a which is based on NACA
profile No. 25015 (Ref. 3).

The present ALVIN side propeller nozzles have a profile which
departs quite noticeably from a typical foil shape. While these ducts
provide an increase in efficiency, as seen in the results of the present
tests, it is felt that a greater improvement can be obtained by the use

of a nozzle profile of proven performance.
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- IV CONCLUSTIONS AND RECOMMENDATIONS

Based on the results of the present series of tests the following
conclusions may be drawn:

1. "At 3.2 hydraulic horsepower input to the ORBIT-A driving motor
(corresponding to a current drain of 75 amp.) the present ALVIN
propeller-nozzle combination provides an increase in thrust of
about 17 percent over the fhrust of a similar unshrouded propeller.
The use of a propeliér having square-ended blades, i.e., wide blade
ends machined to conform closely to the nozzle I.D., provided an ad-
ditional 14 percent increase in thrust. At lower horsepower values
the percentage of increase is even greater.

2. The unshrouded tests indicate that a 20 inch diameter wheel having
a P/D ratio of 1.0 is approximately the optimum size for the present
ORBIT-A driving motor.

3. 1In tests involving 19 inch diameter, 18 inch pitch wheels,‘one having
3 blades, the other having 2 blades, the 2 bladed wheel showed

slightly greater thrust at 3.2 horsepower. (About 3 percent increase.)

The following recommendations are made concerning any future changes
to be made in the side propulsion units:

1. A larger diameter propeller.should be used, to take fuller advantage
of the low-speed, high-torque characteristics:of the ORBIT-A motor.
While the 20 X 20 size appears to be optimum, it may extend too far
beyond the side of the vehicle to be practical. A good compromise

would be a 16 X 20 wheel.
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A new nozzle design should be based on some standard foil profile of
known performance. The NSMB No. 19a profile is suggested.

A nozzle L/D ratio greater than the present 0.5 should improve per-
formance of the units under the heavy loading conditions encountered.
A value of L/D of 0.7 to 1.0 is recommended if space permits.

The propeller should have blade ends which are shaped to conform to
the inside wall of the duct. This can be done by purchasing over-
sized wheels and machining them on a lathe to the desired diameter.
Clearance between the blade tip and the nozzle wall should be about
0.01 times the diameter, remembering that if the nozzle structure

is of solid material, and not free-flooding, some radial contraction
will occur at depth.

It is felt that additional full scale testing should be done for the
side propulsion units, and perhaps for the stern propeller, as well.
Some attention should be given to the effect of overall blade shape
on efficiency. It may be that in the low-speed, low-power domain of

the deep submergence vehicle, the conventional propeller designs

associated with surface craft should be replaced by less conventional,

more effective wheels designed especially for the application. The
effects of blade cross-section (foil vs ogival) also should be
studied. A good beginning point would be to investigate the stern

propeller design proposed by Professor Fejer (Ref. 4).
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APPENDIX A - Figures
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THRUST — POUNDS
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Figure 3

2 3 4 5 6 7
INPUT HYDRAULIC HORSEPOWER

Thrust-Horsepower Characteristics of Various
Unshrouded Propellers




THRUST — POUNDS

180 |- /
(a]

160 |-

140 |-

A
120
o
100
80 |-
N
60 |-
o o
PROP DIAMETER : 14 INCHES
PITCH . 20 INCHES
BLADES 3
o ROUNDED TIPS , UNSHROUDED
O ROUNDED TIPS , KORT TYPE NOZZLE
A SQUARE TIPS , KORT TYPE NOZZLE
| l ] i i |
1 2 3 4 5 6

INPUT HYDRAULIC HORSEPOWER

Figure 4 Thrust-Horsepower Characteristics of 14 Inch
Diameter, 20 Inch Pitch Propeller
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ALVIN Side Propulsion Unit Mounted

Figure 9

on Test Apparatus



APPENDIX B - Nomenclature

thrust coefficient =

- diameter of propeller or

axial length of nozzle

propeller thrust

velocity of advance

mass density of medium

.
Lo Vi n*
zr D

nozzle




APPENDIX C - Data and Calculations




Propeller Diam /%/

Date
pitch A7
Blades J? /aé/
Blade Shape Ci&y’{ Ducted Vo
Test No. 1 2 3 4 5 ) 7
GPM - Setting
Gallons
Time - sec.
GPM ~ Actual 25 |4/ (¢6 | 7
Pressure - psig 253 |57 |//p /5’@
RPM /7 277 (%77 | 577
Thrust:
Indicator Rdg
Ibs. at gage
Ibs. at prop. /5/7 575 /23 /73
Torque:
Indicator Rdg
Force = Lbs.
Torque = Ft.-Lbs.
Ratid: Thrust/Torque
Input H.P.=.000583 pv 37 | /35 | 427 |¢6./7
Ratio: Thrust/Inp.H.P. w347 A%/ | 262
Shaft H.P.=TN/5250
Motor Eef.—prStE R




PROPELLER TEST DATA SHEET

Propeller Diam /%/ Date /¢¢7{ Aﬁ',@%&ﬁ
pitch Z7
Blades .3 /7//
Blade Shape équK' Ducted /M?
Test No. 1 2 3 4 5 G L
GPM - Setting
Gallons
Time - sec.
GPM - Actual Z s | & 7
Pressure - psig. 200 | 657 | /733 /%;77
REM 5 | 287 | 395 | 22
Thrust:
Indicator Rdg
Lbs. at gage
Lbs. at prop. 7 5? ?f /7,‘/
Torque:
Indicator Rdg
Force - Lbs.
Torgque = Ft.-Lbs.
Ratio: Thrust/Torque
Input H.P.=.000583 pv 27\ /52 | 3% | o/
Ratio: Thrust/Inp.H.P. 747 j{g VA4 JFZ
Shaft H.P.=TN/5250
Motor Eff.—pRafTeb:




Propellier niam. A& Date x7. 2/ /7
pitch /&
Blades :; AH
Blade Shape [?b#k{ Ducted ‘4A7
Test Ne. 1 2 3 4 5 & 7
GPM = Setting
Gallons
Time - sec.
GPM - Actual 255 | Yzo | (s | F
Pressure - psig 770 SR | sr82 | /550
RPM £y | 295 | d2y | 478
Thrust:
Indicator Rdg
Ibs. at gage
Lbs. at prop. 7€ |2 | /99 | 707
Torgue: |
Indicator Rdg
Force = Lbs,
Torque - Ft.-Ibs. A2 | 748 | 27¢ | 3724
Ratio: Thrust/Torque
Input H.P.=.000583 pV GO |\ L5y | 43| T2
Ratio: Thrust/Inp.H.P. j;? 4 j’ﬁ‘ 37

Shaft H.P.=TN/5250

Shaft H.P.
Input H.P,

Motor Eff.




Propeller Diam // | Date dtx ‘/{ ////
pitch /4
Blades { /el
Blade Shape CONV. pucteq VP

Test No. 1 2 3 4 5 6

GPM - Setting

Gallons

Time - sec.

GPM - Actual 250 | 4w | 670 | 782
Pressure - psig 297 | 675 /225 | /650
RPM /82 | 297 | 9y | Yeo
Thrust:

Indicator Rdg

Lbs. at gage

Lbs . at prop. 3z g/ /67 | 206

Torque:

Indicator Rdg

Force - Lbs.

Torgue - Ft.-Lbs. /]/ 2/ Jf Wf
Ratio: Thrust/Torque
‘Input H.P.=.000583 pv G7 \ Lo/ | 47€ | 775
Ratio: Thrust/Inp.H.P. 74 5’0 jé/ 2{
Shaft H.P.=TN/5250
Motor Eff. Shaft H.P.

Input H.P.




Propeller Diam /f Date

NoK {, /766

pitch /4
Blades J? /fEV
Blade Shape (?M/Z ‘Ducted No
Test No. 1 2 3 4 5 6 7
GPM = Setting
“Gallons
Time - sec.
GPM - Actual Z 7 4 é
Pressure - psig 325 | 600 | 10/7 /752
RPM /92 | Zoz | 244 | 357
Thrust:
Indicator Rdg
ILbs. at gage
Ibs. at prop. 27 69 | 72 | /97
Torque:
Indicator Rdg
Force - Lbs.
Torque - Ft.-Lbs. 62 | /2.1 |\ 24F | 354
Ratio: Thrust/Torque
Input H.P.=.000583 pV 3¢ | [o5 | 237 | é/2
Ratio: Thrust/Inp.H.P. 7/ é/ // 72
Shaft H.P.=TN/5250
Motor Eef.—gRatE-pp




E@.p@'l'lér Diam /y

pitch /f
Blades Z
Blade Shape CI/V/ Ducted /V”
Test No. 1 2 '3 4 5 6
GPM = Setting
éallons
Time - sec.
GPM - Actual Z A
Pressure - psig 29z | Pso | /977
RPM /50 | 28/ | 372
Thrust:
Indicator Rdg
Ibs. at gage
Ibs. at prop. Zé //3 /72
Torque:
Indicatoer Rdg
Force - Lbs.
Torque - Ft.-Lbs. 22 | 2/ 733
Ratio: Thrust/Torque
Input H.P.=.000583 pV SV, AR, 4
Ratio: Thrust/Inp.H.P. 7;{ 52 524"

Shaft H.P.=TN/5250

_Shaft H.P.

Motor Eff.=¢ =S ¥ H. b,




Propeller Diam Zﬁ Date A/ﬁV- /g, /f{é
pitch /7
Blades 3 fﬂ
Blade Shape ‘22074 Ducted /149
Test No. 1 2 3 4 5 6 7

GPM - Setting

Gallons

Time - sec.

GPM - Actual 4 3 4 é
Pressure - psig 217 | 357 | 457 | 1é7
RPM | /57 | 243 | 289 | 784
‘Thrust:

Indicator Rdg

Lbs. at gage

Ibs. at prop. 20 ¢Z 7/ /5/

Torque:

Indicator Rdg

Force - Ibs.

Torque - Ft.-Lbs.

‘Ratio: Thrust/Torque

Input H.P.=.000583 pv 25 | 63 | 15Y | 4/
Ratio: Thrust/Inp.H.P. & 67 | %% | 79
Shaft H.P.=TN/5250

Motor Eff,=—paft H.P.

Input H.P,




PROPELLER TEST DATA SHEET

Propeller Diam Za Nate /I/d/{ /7{5
pitch Z2
Blades .; /?//
Blade Shape 62“”“ Ducted /$47

Test No. 1 2 3 4 5 6

GPM - Setting

Gallons

Time -~ sec.

GPM - Actual Z g 7/ 44 5 A
Pressure - psig 5/// 780 |\ /752 | /520 | /777 2/.5?
RPM /Yo | 190 |\ 25¢ | 276 | 296 | 327
‘Thrust:

Indicatér Rdg

Ibs. at gage

Lbs. at prop. 6/4 fj /{’/ /77 /72 Z//

Torque:

Indicater Rdg

Force - 1Ibs,

Torgque = Ft.-Lbs. /ff 202 32/ 373 | 9/2 504
Ratio: Thrust/Torque '
Input H,P.=.000583 pv G7 |\ LY | 292 |40z | 5 | 754
Ratio: Thrust/Inp.H.P. 9 63 |99 |45 | 3F |33
Shaft H.P.=TN/5250
Motoxr Effe,—Shaft H-P.

Input H.P,




Propeller Diam 2/ Date /V'//% ‘2’ /7‘{{
Pitch &3
it 73
Blades > Ay
Vb /0
Blade Shape ﬁ}uvﬁ; Ducted Ve
Test No. 1 2 3 4 5 G 7
GPM = Setting
Gallons
Time - sec,
GPM - Actual p2 j v
Pressure ~ psig SEF V7007 | fb47
REM 2q | /7€ | 228
Thrust:
Indicator Rdg
Lbs. at gage _
ILbs. at prop. 77 77 | 7
Torque:
Indicator Rdg
Force = Lbs.
Torque - Ft.-Ibs. /75 277 | 8.7
‘Ratio: Thrust/Torque
Input H.P.=.000583 pv A5 | J7F | 2LF
Ratio: Thrust/Inp.H.P. 77 | 5% | 4z
Shaft H.P.=TN/5250
, _Shaft H.P.
Motor Eff. Input H.P,




PROPELLER

TEST DATA SHEET

Diam. /y

Propeller

pitch 29
Blades j /ﬁ
Blade Shape éQWVV{

Date -ﬁf‘f '22, /f{é

Ducted )QE;

Test No.

g8 ]

GPM = Setting

Gallonas

Time = sec,

GPM = Actual 2?

£5

Pressure -

V{1

psig

/44

533

F93 | /195 | woe

RPM

Thrust:

Indicator Rdg

Lbs. at gage

Ibs. at prop.

/A

Zy

57

o5 | sds | 278

Torgque:

Indicator Rdg

Force =

Ibs.

Torque = Pt.-Lbs.

Ratio:

Thrust/Torque

Input H.P.

.000583 pv

56

44

29Y | 467 | 792

Ratio:

Thrust/Inp.H.P.

¥7

975

3¢ | 35 | 30

Shaft

E.P.=TN/5250

Motoxr Eff.

Shaft H.P.

Input H.P.




Propelier

PROPELIER TEST DATA SHEET

Di amn;/y

pitch 290
Blades i? Kﬁﬁ/
Blade Shape Jﬂﬂ vy

N2 27 [7cé

Ducted }éﬁf

Test

Ne.

GPM = Setting

Gallons

Time = sec,

GPM = Actual 2

L5

Pressure = psig

/75

324

F45 | /262 | JFA

RPM

Thrust:

Indicator Rdg

Lbs. at gage

ILbs. at prop.

/75

7Y

%3

/X |/ 275

Torgue:

Indicateor Rdg

Force -

ILbs.

Torque = Ft.-Ibs.

Ratio:

Thrust/Torque

Input H.P.

.000583 pv

57

/.3

320

575 | f98

Ratio:

Thrust/Inp.H.P. 57/‘

57

7%¢

399 | 3¢ | 3/

Shaft H.P.=TN/5250

Motor Eff.

Shaft H.P.

Input H.P.




