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Efficiency of a Propulsor on a Body of Revolution-
Inducting Boundary-Layer Fluid

S. THURSTON* AND M. S.
Northrop Corp., Hawthorne, Calif.

The energy relationships that define the efficiency of propulsors that induct boundary-layer
fluid on a body of revolution have been derived, and the quantitative interrelationships of
associated parameters have been developed. The results illustrate that an increase in the jet
efficiency of up to 25% over the freestream propulsor is attainable by proper selection of design
parameters. It is further demonstrated that jet efficiency values of well over 100% are at-
tainable; the theoretical maximum is 200%. As a result, values of propulsive efficiency ap-
proaching 100% are attainable using modern state-of-art propellers or pumpjets. The shape
of modern torpedoes and submarines closely approximates a body of revolution; this forms
the basis for the present analysis.
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Nomenclature

jet or ideal efficiency
hydraulic efficiency
propeller efficiency
propulsive efficiency
shaft horsepower
drag
thrust
thrust deduction factor
radial distance from body surface
exponential constant
boundary-layer thickness
boundary-layer thickness at station 1
boundary-layer thickness inducted into the propulsor
boundary-layer thickness at station j
boundary-layer velocity
local stream velocity
freestream velocity
boundary-layer velocity at station 1
boundary-layer velocity at station j
static pressure
total pressure
total drag
drag resulting from inducted boundary-layer fluid
drag other than D/
Dt/Df
momentum of boundary-layer fluid
SP/S
mean weight density of sea water
flow rate inducted into propulsor, Ibs/sec
acceleration of gravity
Vj — Vij propulsor loading parameter
energy added to the flow by the propulsor

Introduction

V ISCOUS flow over a self-propelled body of revolution is a
complex phenomenon. The development of a boundary-

layer over the body shown in Fig. 1 is accompanied by skin
friction drag, modified flow parameters, and pressure drag.
If the propulsor is located sufficiently distant from the bound-
ary-layer, it will induct freestream fluid and not cause any
change in the boundary-layer itself. Examples are an airship
or submarine, self-propelled by outboard fin-mounted pro-
pellers. On the other hand, if the propulsor is immersed in
the boundary layer, a change in the flow field upstream of the
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propulsor will be induced, altering the pressure and the
velocity distribution and also the drag of the body. Conse-
quently, a body propelled by an aft-mounted propulsor, co-
axial with the body centerline, inducting boundary-layer
flow represents a much more complicated flow problem than a
body propelled by a propulsor inducting freestream flow. Ex-
amples are single-screw submarines and torpedoes. However,
with the more complex flow picture, the boundary-layer pro-
pulsor offers significant performance improvements over the
freestream case and merits serious attention.

It has been known for many years that a propeller or pump-
jet, inducting a wake or immersed in a boundary-layer, can
recover some of the lost energy that is reflected in the momen-
tum decrement, with a resultant increase in the propulsive
efficiency. However, there has not been a systematic
analysis to quantify the extent of potential improvement in
propulsive efficiency that can be attained by proper control
of the design parameters. There has not been a serious effort
to design a propulsor for the maximum attainable efficiency,
even though substantial improvements in efficiency are
possible.

The intent herein is to develop analytically the energy re-
lationships that define the propulsive efficiency for a sub-
merged body of revolution and the quantitative interrelation-
ships of associated parameters on a systematic basis. In
addition, the gains or improvements in the jet, or ideal ef-
ficiency that can be attained by a propulsor inducting
boundary-layer fluid, are determined. The theoretical maxi-
mum attainable efficiency then is determined. The equiva-
lent relationships for the freestream case with uniform inflow
are derived and shown to be a specialized case of the foregoing.

Efficiency of Propulsion of a Self-Propelled Body

As a basis for the evaluation of propulsive systems for
marine craft, defining the energy relations that act on a self-
propelled body, and the resulting efficiency interrelation-
ships, is of particular interest.

When the propulsor inducts boundary-layer fluid, the in-
duced effects of the propulsor change the pressure and velocity
distributions on the body in the region of the propulsor, with
a consequent effect on the drag. In order to propel the body,
the propulsor therefore must supply a thrust equal to this
modified drag. This can be greater or less than the tow rope
drag:

T = tow rope drag -f- Adrag = Z)(l + T)

The incremental thrust required to compensate for the A drag
is referred to as "thrust deduction." This term is usually
positive in that it acts to increase the drag of the body in the
case of a conventional free propeller; however, in certain
specific cases, it can be zero or possibly negative. Therefore,



MAY-JUNE 1966 EFFICIENCY OF A PROPULSOR ON A BODY OF REVOLUTION 271

thrust deduction must be included in evaluating the ef-
ficiency of propulsion, which is

= output/input = shp
where T represents the thrust that must be supplied for the
body to be self-propelled at velocity Fo-

Another efficiency can be defined, based on the thrust out-
put of the propeller, as 17 prop = TTo/shp. This is related to
?7propui by 7?propui = ?7i)r»n/(l + ?"). For the frecstream case,
where T = 0, ^pmpui = ?7pru,).

The foregoing efficiencies must be used with caution, because
they are relationships of energies and not efficiencies in the
absolute sense. The propeller efficiency alternately has been
referred to as a figure of merit/

The propeller efficiency defines the ratio of thrust power to
shaft power. This process actually consists of the following
steps.

1) The shaft power provided by the prime mover is
converted to hydraulic power or kinetic energy in the water
by the propulsor. The efficiency of this process can be termed
a hydraulic efficiency: qiiyj = hydraulic power added to
flow/shaft power.

2) The hydraulic power or kinetic energy added to the
water by the propulsor then is converted to thrust power to
overcome the drag of the body. The relationship of the thrust
power to the hydraulic power is called the jet or ideal ef-
ficiency: 17 jet = thrust power/hydraulic power added to
Sow.
The pro%)eller efficiency then is

?7 prop = output /input = thrust power/shp = qhyd X ??jet
If an ideal propulsor is used, qhyj = 100% and r = 0. Then
?7propui = ?7prop = ??jct. Therefore, ??jct often is called the jet
or ideal efficiency.

Differences between an Ideal and Practical
Propulsor

The analysis presented herein considers an ideal propulsor
or actuator disk. Although it is beyond the scope of this
paper to consider all the factors which act on a propulsor, a
brief discussion of some of these factors is merited.

Thrust Deduction

A conventional free propeller, operating in a wake or in-
ducting boundary-layer fluid, will cause induced effects with
a subsequent thrust deduction. Recent experiments sub-
stantiated by theoretical analysis^- ^ have demonstrated that
ventilating the base of the propeller can eliminate this thrust
deduction penalty for specific operating conditions. In the
case of the pump jet, the resolution of forces becomes con-
siderably more complex because of the shroud, and the thrust
deduction factor acting on the system cannot be defined
simply.

Rotational Losses

A propulsor that consists of a single rotating blade row
(either a single free propeller or a shrouded propeller or pump-
jet with a single rotor) produces rotational velocities in the
wake as well as axial components that produce thrust. The
thrust is the axial momentum rate of change produced by the
propulsor, whereas the rotational components contribute to
losses.

In order to minimize or eliminate these rotational losses,
several approaches can be used. The following approaches
apply to either the free propeller or shrouded propeller
(pump jet).

1) Vanes can be located upstream of the rotating blade row
to prewhirl the flow against the direction of rotor rotation.
The flow is straightened then by the rotating blades as they
add energy, so that the flow exits axially.

Fig. 1 Schematic of boundary layer on a body of rev-
olution.

2) Straightening vanes can be located downstream of the
rotating blade row to remove the whirl.

3) Counterrotating blade rows can be utilized whereby the
whirl components imparted by the forward propeller are re-
moved by the aft propeller.

Propulsor Loading Distribution

When a propulsor inducts boundary-layer fluid on the
afterbody of revolution (e.g., a torpedo), recovery of a por-
tion of the kinetic energy of the wake of the body is possible.
If the wake is completely and uniformly filled, the wake
energy losses will be at a minimum. However, this is im-
practical because of several factors.

For a free propeller, the loading must go to zero at the
blade tips. Also, as the How velocity theoretically goes to
zero at the hub, the amount of energy which can be added in
the hub region is limited. A pump jet is not subject to the
same limitations at the tip (due to the effect of the shroud),
although the conditions are similar at the hub. Loading dis-
tributions are restricted further by cavitation limitations.

Some typical circulation distributions used in propeller de-
sign and the resulting propeller efficiencies are examined in
Ref. 3. For the distributions used, the effects on efficiency are
small; a variation of only 3% was obtained over most of the
range.

In order to provide some insight into the influence of load-
ing or circulation distribution on jet efficiency, the analysis
considered two cases: 1) a uniformly Ailed wake with a con-
stant jet velocity, which represents a limiting condition; and
2) a velocity profile exiting from the propulsor (similar to the
inflow), with the propulsor adding a constant AF. This con-
stant A7 distribution has been used for preliminary design
studies of pumpjets and is a convenient parameter for analysis.

Case I: General Analysis—Jet Efficiency

(Conditions and Assumptions

Consider a body of revolution (Fig. 2) operating at a for-
ward velocity (To) sufficiently beneath the water surface so
that there is no wave drag. The body is at zero angle of at-
tack and the flow follows symmetrical annular stream tubes
about the body. The flow is fully turbulent and the boundary
layer follows the classical turbulent laws as it progresses
downstream along the body.

It is a reasonable approximation to express the boundary-
layer velocity profile, at any point along the body upstream
of the propulsor, as
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Fig. 2 Schematic of body of revolution—-control stations
noted.

At station 1, it is assumed that pi = pGj V$ = F0 and; at
station^, PJ = pQ.

An ideal propulsor or actuator disk is located at the trailing
edge of the body. It is assumed that there are no losses
within the propulsor or in the exiting flow, and no induced
effects are present. The propulsor adds energy to the flow
such that Vj — Vi is constant along each stream tube.

Drag

The total drag of the body can be represented by two
parameters: Dtotai = £> f r ic t ion + Mother- The first term (Df) is
the friction drag of the flow over the body and is represented
by the cumulative momentum decrement in the boundary
layer entering the propulsor at station 1. However, Df may
also include any form drag resulting from skin friction up-
stream of the propulsor. As the flow is axisymmetric, the
entire boundary layer can be inducted into a propulsor of
proper design. The second term (D0) includes the portion of
the drag due to other extraneous sources not represented in
the boundary-layer flow entering the propulsor (such as drag
due to appendages, fins, and/or control surfaces, and body
form drag occurring downstream of the propulsor). This
drag is not inductible into the propulsor. In the case of the
pump jet, the noninductible drag can also include the friction
drag of the outer surface of the shroud. In a well-designed
underwater body, the friction drag can account for 80 to 90%
of the total drag. The total drag can be expressed con-
venientlv as

= CXD fric t ion (2)

where C ^ 1. Dtotai represents the total tow rope drag.
At station 1, the momentum flux in the boundary layer is

defined by

(3)

The friction drag is represented by the rate of change in axial
momentum flux between stations 0 and 1:

D,= ^Trpo

From Eq. (1),

[(/;•*'".-/;•'"••)*]
)1'" and, VSl = V0

Substituting,

Df =

£>, =-

f r - f c ,Jo

*r/5i = l / r \1/n

r§i (Y) Xo \6i /

Integrating and simplifying,

/
27rpoTW T^J^ _ __ 1 _ 1

g [_2 + l/n 2 + 2/n]

The friction drag is

Df = (7rp0TV<$i2/2) [n/(2n + l)(

The total drag is, therefore,

Dt = DfC = (Trp0VQ
2d1'2/g)ln/(27i +

Thrust

Thrust is the rate of change in axial momentum flux
through the propulsor. The momentum flux at station j is

1)] (5)

C (6)

where £ ^ 1 and represents the portion of the boundary layer-
inducted by the propulsor. The momentum flux at station 1
is given by

1
Q L

T = (8)

J

When J = 1, the total momentum decrement represented
in the boundary layer is inducted into the propulsor. Station

is located at a point where P3- = P0. For this analysis, the
propulsor adds energy to the flow, such that (Vj — Fi) is
constant along each stream tube:

K = Vj - F! Vj = K + Fj Vi = FotrA)1/-

Substituting and simplifying,

-I
J

r V+1/" (r \1) d U)J
Integrating, the thrust is

T = D] (9)
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Dynamic Equilibrium

For the body to be in dynamic equilibrium at a forward
velocity (Fo), the thrust must equal the drag. If there are no
induced effects and/or propulsor-body interactions, the
thrust required is equal to the tow rope drag of the body:

_2n + 1 _

Simplifying and solving for A",

The jet velocity is therefore

(10)

(11)

(12)

Energy Added by Pr«pulsor

The energy added to the flow by the propulsor is

Vi + Fi2 and

r r8^ - r8]
• T V I\ "^(i/T "4~ ILJo Jo (14)

integrating.

2 + 2/n

,

(15)

+
Jet Efficiency

The jet efficiency is

??jet = thrust power /hydraulic j jo wer =

Substituting,

= 2(1

Substituting,

^ (16)

(17)

(18)

The jet efRciency is therefore

2(1 +
(19)

Maximum Jet Efficiency

Determining the parametric interrelations for the maxi-
mum efficiency is of interest. To maximize 77^ as a function
of ^,set

= 0

= -2(1 +

[ - ( 4 + 2

X

(20)

Solving for !j,

(4 + 2

(21)

Substituting ^ in

2(1 +

2(1 + m)

2(1 + M)

+-t-

(22)

1)]

The maximum jet efficiency is therefore

(23)

(24)

Theoretical Maximum Attainable Jet EfRciency

The theoretical maximum attainable efficiency for a propul-
sor inducting boundary-layer fluid is a limiting value of con-
siderable interest. For this case, consider that the entire
boundary layer is inducted and that the How is completely
stopped at station 1. Therefore, the velocity at any radial
point at station 1 is zero.

The theoretical maximum efficiency results when Fj = Fo.
From Eq. (16),

qjotm»* = ?To/A\, = ?W^ (25)
The rate of change of momentum flux across the propulsor

The rate of change of energy flux across the propulsor is

2(7

Substituting in Eq. (25),

??jetmax = 2 (26)
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stream case corresponds to

Fig. 3 Schematic of body of revolution—-control stations
noted.

Freestream Case

Consider the freest ream case with uniform inflow. This
case could correspond to propellers on a twin-screw submarine
or a ship where the propeller is far beneath the hull. The
flow approaches the propulsor with uniform velocity F0 and
leaves with uniform velocity Vj.

The propulsive efficiency relationship is derived readily
from simple momentum considerations as follows. The thrust
is

(27)

(28)

T = (WP/g)(Vj - Fo)
The energy added to the water by the propulsor is

EP = (Wp/2g)(V*- Fo2)

The jet efficiency is

= TV, = WpVo(V,- - Fo)
jet EP 9

= 2F0/(Fy + Fo)
The f reestream case also can be considered to be a simplified

case I: K = Vj — Fi, where Vj and Fi are both invariant.
In the relation considered for the inflow velocity, the free-

? - TV)
(29)

In this case, none of the skin friction drag is represented by a
velocity decrement in the inflow to the propulsor, and con-
siderations involving the boundary-layer are not needed.

FromEq. (17),

r j je t = 2F0(1 + ri)/[K(l 4
Applying the limit process,

2F0(1

n) + 70(2n

n) + 70(2n+ K/2VQ+

= 2F0/(F, + Fo)

Case II: General Analysis—Jet Efficiency

Conditions and Assumptions

This case differs from case I only in the loading distribution
parameter added by the propulsor. It involves minimum
energy losses in the wake where the wake is completely filled
and Vj is a constant. All other conditions and assumptions
remain the same. This case is illustrated by the schematic in
Fig. 3.

The energy addition is Vj ~ V0(r/5i)lln. Employing the
method of approach used in case 1, the expressions relating
jet efficiency to the parameters of interest were determined.
The expression for the maximum jet efficiency was found to be

V(2n+2) (32)

Discussion of Results

The foregoing analysis presents derivation of equations
which define the jet or ideal efficiency of a propulsor inducting
boundary-layer fluid. The effects of the pertinent per-
formance and/or design parameters on the jet efficiency are
evaluated in the following paragraphs.

Jet Efficiency with Constant AJ7 Energy Addition

The calculated results for the case where the energy addi-
tion corresponds to a constant AF are shown in Figs. 4-6.

- Loading Parameter
.8 1.2 1.6

1.00

*Ratio of Total Drag s
to Friction Drag

2.0

.50
.1 .2 .3 .4 .5 .6 .7 .8 .9 1.0
^ = Portion of Boundary Layer Inducted

Fig. 4 Effects of performance parameters on ideal ef-
ficiency for a propulsor inducting the boundary layer on a

body of revolution for n = 3.

1.10 2.0

"71 rz 3 T4 75 T6 ~ T8 79 i .o
? = Portion of Boundary Layer Inducted

Fig. 5 Effects of performance parameters on ideal ef-
ficiency for a propulsor inducting the boundary layer on a

body of revolution for n = 5.
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The parameters represented are as follows:

C = the ratio of the total drag to the inductible fric-
tion drag

£ = the portion of boundary layer inducted with re-
spect to the total boundary-layer thickness

X/Fo = the AF added by the propulsor as a proportion of
Vo

% = the exponent which defines the exponential rela-
tionship of velocity in the turbulent velocity
law

?7jet = jet or ideal efh'ciency

For any combination of %)arameters, the jet efficiency can
be determined directly from the curves. It is more sig-
nificant, perhaps, that the quantitative effect on the jet ef-
ficiency due to variation in any single parameter or combina-
tion of parameters can be determined.

The results demonstrate that the jet efficiency increases
with the following: 1) increase in the amount of inductible
drag, 2) decrease in the value of the exponent %, 3) decrease
in the loading parameter, and 4) increase in the amount of
boundary layer inducted up to approximately 70%. The last
of these relationships depends on the type of energy addition.
For the case where the jet velocity is uniform, the jet ef-
ficiency is maximum when the amount of boundary layer in-
ducted is maximized.

A significant result is that the jet efficiency exceeds 100%
over a wide region of the curves. This is illustrated more ef-
fectively in Fig. 7 which shows the maximum jet efficiency as
a function of the exponent % for various values of C. These
results were derived from Eq. (24) and represent jet efficiencies
of 0.70 or greater. It is of interest that even for cases where C
is approximately 2, which corresponds to a value of inductible
friction drag equal to only ^ of the total drag, the maximum
jet efficiency is in the region of 100% or greater. The theo-
retical maximum attainable efficiency derived in Eq. (26) is
200%, which corresponds to the case where the flow is com-
pletely stopped in front of the propulsor and then accelerated
to freestream velocity.

It is also of interest to compare the jet efficiency which can
be attained when inducting boundary-layer fluid with that of
the freestream inflow case for the same loading parameters.

—- = Loading Parameter

.4_____.8_____1.2 1.6

*Ratio of Total Drag
to Friction Drag

Constant dV— —— ——
Filled Wake,
Uniform V.

C= 1 (ratio of total"
g to friction drag)

3 4 5 (i
n = Velocity Profile Exponent

Fig. 7 Effects of performance parameters on the max-
imum ideal efficiency for a propulsor inducting the

boundary layer on a body of revolution.

The theoretical maximum efficiency attainable with free-
stream inflow is 100%, which corresponds to the limiting case
where the flow enters and leaves the propulsor with velocity
7o; there is no energy added by the propulsor. For any case
of practical interest, the efficiency is less. For a loading
%)arameter J^/Fo = 0.2, the maximum jet efficiency is reduced
to 0.91 and further reduced to 0.79 when If/To = 0.5. The
jet efficiency for the boundary layer propulsor is significantly
better. An increase of approximately 15% for exponent % =
7 and 23 to 25% for exponent ?% = 3 results over almost the
entire range of loading parameters. The reasons for using a
boundary-layer propulsor are clearly evident.

Figures 7-9 display the parametric interrelationships for a
propulsor, inducting boundary-layer fluid where the energy
addition is now Fj — yo(r/6ji/" and the jet velocity is uni-
form. The same trends as discussed in case I are demon-
strated; however, in this case the efficiency becomes maxi-
mum when the entire boundary-layer is inducted for all
parameters. For this case, the energy added to the fluid by the
propulsor varied exponentially across the boundary layer.
Hence, a simple loading parameter could not be defined.
However, the added complexity did not detract from the

S = Portion of Boundary Layer Inducted

Fig. 6 Effects of performance parameters on ideal ef-
ficiency for a propulsor inducting the boundary layer on a

body of revolution for ft = 7.

" 1 .2 .3 .4 .5 .6 .7 .8 .9 1.0
* = Portion of Boundary Layer Inducted

Fig. 8 Effects of performance parameters on ideal ef-
ficiency for a propulsor inducting the boundary layer on a

body of revolution for ?t = 3.
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' . 1 .2 , . 3 .4 .5 .6 .7 . 8 . 9 1 . 0
^ = Portion of Boundary Layer Inducted

Fig. 9 Effects of performance parameters on ideal ef-
ficiency for a propulsor inducting the boundary layer on a

body of revolution for n = 7.

value of the analysis since the loading parameter was an im-
plicit function of the more pertinent parameters.

As the wake is now completely filled, the attainable ef-
ficiencies are higher. However, Fig. 7, which shows the
maximum attainable jet efficiency as a function of the ex-
ponent n for various values of C, illustrates that the loading-
parameter does not have a strong influence. Reference 1 re-
ported the same result. This is of direct interest, as the im-
plication is that the present results would be applicable in
general to cases of loading parameters which deviate from
those presented herein to some extent.

Comparison with Experiment

The spectrum of parameters influencing the jet efficiency
over a wide range has been defined. It is important, now, to
determine how that spectrum applies in specific cases involv-
ing typical underwater bodies, and in general to substantiate1

the analysis by means of experimental results. Therefore, a
brief survey of the literature was made to find experimental
results. Although a number of reports and papers of direct
interest were found the results, in many cases, were incom-
plete and not directly comparable. Also, the literature search
for experimental results was limited to unclassified informa-
tion. However, several pertinent reports were found and are
discussed subsequently.

Reference 3 presents a complete discussion of torpedo pro-
pellers. Detailed velocity distributions measured at the plane

i. o

Fig. 11 Velocity profiles at propeller station of airship
model and research torpedo.

of the propeller are shown for four different torpedoes. In
addition, the performance of several different propellers on
a model MK-13 torpedo are experimentally determined.
Reference 4 presents similar measurements on an airship,
including detailed velocity profiles and propeller performance,
and Ref. 5 presents wind-tunnel test measurements on a
model torpedo. Reference 6 presents measurements of tur-
bulent boundary-layer mean velocity distributions with ad-
verse pressure gradients and an associated relation for pre-
diction thereof in terms of boundary-layer parameters.

The first step was to verify the validity of the use of the
exponential law to define the boundary layer in the region of
an adverse pressure gradient and to determine the approxi-
mate range of values of the exponent n for a typical under-
water body of revolution. The experimental data presented
in Ref. 3-6 provided the basis for these determinations.

The velocity profiles for four different torpedoes are shown
in Fig. 10.3 The data are plotted in terms of V/V& as a func-
tion of r/5. These measurements were made on the respec-
tive torpedo bodies without the influence of the propeller (no
induced effects). The torpedoes vary in length and diameter
and to some extent have variations in shape; consistent
trends with parameters such as length/diameter were ex-
pected, but were not shown by the data. However, the ex-
ponential relationship V = V§(r/5)l/n shows good correlation
with the measurements.

Similar velocity profile measurements for an airship are
shown in Fig. 11. Measurements were made at two different
circumferential positions at the propeller plane. The effects
of the fins were pronounced and produced local anomalies.
The average of these two measurements is shown as the
representative conditions. Again, the exponential relation-
ship V = Vs(r/d)lln shows good correlation. Velocity pro-
files measured in wind-tunnel tests of an unpowered torpedo
model are also shown in Fig. 11. It is of interest that, for
both the torpedo and the airship, the exponential relation-
ship where n = 4 typifies the average boundary-layer velocity
profile at the plane of the propeller.

Other results are available in Ref. 6 which give a more
complete picture of the boundary-layer velocity profile for

Table 1 Analytically determined efficiencies for under-
water body of revolution

n Energy addition

Propeller
Ideal efficiency efficiency based on

for C = I 77hyd = 0.95

Fig. 10 Velocity profiles at propeller station of several
torpedoes.

Constant AF
Filled wake

1.07
1.10

1.02
1.05
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Table 2 Experimental data of propeller performance

Source

Ref. 3

Ref 4

Propellers

ME 13
2010
Schoenherr
Experimental

Body

MK 13 torpedo
MK 13 torpedo
MK 13 torpedo
Airship

Experimental
propeller
efficiency

1.14
1.16
1.24

Experimental
propulsive
efficiency

1.03

Jet
efficiency
predicted

from analysis

1.07-1.10
1.07-1.10

Propeller
efficiency

pred. from anal, based
on 77hyd = 0.95

1 . 02-1 . 05

Propulsive
efficiency

predicted with
r = 0.075

0.95-0.98

various adverse pressure gradients. The reference utilizes
experimental results from several other sources. The per-
tinent velocity profile measurements arc shown in Fig. 12
with the exponential power law, which fits each curve.
Again, the exponential power law shows good correlation.
As separation is approached, the exponent % decreases and the
expected inflection point in the velocity profile becomes
apparent. At separation, the experimentally determined % is
approximately equal to 1.22. Therefore, the foregoing
measurements on the torpedo and airship illustrate that the
flow at the plane of the propeller is not near separation.

The foregoing discussions have established that the ex-
ponential power law provides a good representation of the
velocity profile at the plane of the propeller, for a typical
underwater body of revolution or torpedo. Further, a value
of ?? = 4 is indicated from experiment as a good representative
value.

The next step is to probe into the efficiencies that can be
attained for a typical underwater body of revolution and
compare with experiment. Table 1 compends the analysis.
The propeller efficiency can be derived if the hydraulic ef-
ficiency is known. This can be determined from detailed
analysis of the blade element performance and associated
losses. This efficiency is dependent on a number of design
parameters such as advance ratio, diameter, hub-tip ratio,
loading or circulation distribution, and structural and cavita-
tion limitations. Tradeoff of these parameters on a general-
ized basis is beyond the scope of this article. However, it is
reasonable to expect a hydraulic efficiency of 95% for a good
present state-of-art design axial How pump or marine pro-
peller. The propeller efficiency is derived from the jet ef-
ficiency by ??prop = ??jot X ?7hyd. The propeller efficiency for
a typical case is shown in Table 1.

The final step is to determine the propulsive efficiency.
This implies that the thrust deduction must be accounted for
as follows:

?7propul = ?7prop/(l + ?")

For a typical torpedo, using a conventional free propeller,
T = 0.075.3
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Fig. 12 Turbulent boundary-layer velocity measure-
ments in an adverse pressure gradient.

References 3 and 4 both present experimental data of pro-
peller performance. These arc shown in Table 2 and arc com-
pared with the typical predicted values from the analysis.
Experimental results that were questionable or incomplete are
not shown.

The propeller efficiencies presented in Ref. 3 vary from 1.14
to 1.24 as compared with predicted jet efficiencies of 1.07 to
1.10 and propeller efficiencies of 1.02 to 1.05. From Ref. 4, a
value of propulsive efficiency of 1.03 is reported, as compared
with a predicted value of 0.95 to 0.98. The experimental
results are not completely consistent among themselves and,
in general, are higher than the predicted results. The largest
divergence between predicted and experimental results is
present in the torpedo data, whereas relatively good correla-
tion is obtained with the airship data. The reasons for the
divergence are not apparent because of the limited data.
Additional experimental information is needed.

In order to understand the implication of the analysis and
the meaning of efficiencies in the region of or over 100%, the
efficiency definition must be reiterated. The efficiency defini-
tions are based on a relationship of energies. For the wake-
adapted or boundary-layer propulsor, some of the momentum
decrement represented in the boundary layer is recovered and
credited to the propulsor. By inducting the major portions
of the boundary layer, a large portion of this energy can be
recovered and the jet or ideal efficiency can exceed 100%.
The theoretical limit on this basis is 200%. In contrast, for
the frcestream case, a value of 100% represents a theoretical
limit. The gross inadequacies of the present definition of
propulsive efficiency, as applied to a propulsor inducting
boundary-layer fluid, is apparent when it is realized that an
efficiency in the absolute sense cannot exceed 100%. How-
ever, these high values must be considered in comparing per-
formance with the freestream case.
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