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Further Model Expe)n}‘ime»nts of lthfe Combined Effect of Aft-Body
Forms and Propeller Revolutions upon the Propulsive
Econo_my' of Single-Screw Ships.

By Masao Yamagata, of the Teishinsho Ship Experiment Tank,
| Kogakushi, Member.

Introduction.

In general, the under-water forms of ships are determined without regard to the
number of revolutions of the propeller to be fitted, and some designers even go so
far as to determine them only from the resistance point of view. I believe, however,
in order to obtain the highest propulsive economy of single-screw full-lined ships,
the aft-body forms should, as a matter of course, be designed in conjunction with
the propeller revolutions. |

In view of the lack of the information concerning such a combined effect of aft-
body forms and propeller revolutions upon the propulsive economy, systematic model
experiments are being conducted at the Teishinsho Ship Experiment Tank in Tokyo,
with the object of obtaining the information applicable to about 120-metre single-
screw cargo ships. As the first report of this experimental investigation, I presented a
paper® at the summer meeting of the Institution of Naval Architects held in 1934,
which dealt with the combined effect of the frame-line shape, i.e. the vertical distribu-
tion of the displacement, of aft-body forms and propeller revolutions. The present

- paper, the second report of this research, discusses the interrelation between the
longitudinal distribution of the displacement of aft-body forms and propeller revolu-
. tions from the propulsion point of view.

Ship Models Employed.

The experiments were carried out on three ship models, ie. Nos. 195, 319 and
320, which represented 120-metre single-screw full-lined cargo ships of fairly normal

(U Trans. Inst. N. A., 1934.
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forms with raised sterns, intended to run at about 14 knots, when fully loaded.
These were made to a scale of 1:20 in paraffin wax, and their leading particulars

were as follow : —

Length between perpendiculars ...........covvevenivannnes 6.000 m.
Breadth eXtreme .....eueeeeeeerenreneraiirineiuineenenens 0.800 m.
Load draught ......cccieeeeeintninniincsinnriiiacscscananes 0.355 m.
Load displacement .......... e eeeeneeareieineeereasetenann 1,265.6 kg.
Block coefficient. .. ...ievviiereiiiiiiiiiieiiiicetncnrstonas 0.743
Longitudinal prismatic coefficient ...........ccvvvviiiienn.. 0.754
Midship section coefficient..............coiiiiiiiniiieann.. 0.986

These models had the same form of fore-body and similar shape of aft-body
frame-line, and- the difference was confined to the longitudinal distribution of the
displacement of aft-body, the longitudinal position of the centre of buoyancy of
models Nos. 319, 195 and 320 being 6.43cm., 7.44cm. and 8.09cm. forward from
midship section, respectively. Fig. 1 shows their sectional area curves and load water-
lines. They were fitted with all appendages except bilge keels, which might when
not properly located, confuse the conclusions of the present research. The body-plans,
together with the bow and stern arrangements, are illustrated in Fig. 2.

Resistance Tests.

As I emphasized in the previous paper, the resistance tests, which are univer-
sally carried out at experiment Tanks, are useless and misleading for single-screw
full-lined ships, because the form of the least towing resistance does not show the
best propulsive performance under the given conditions. In the present research,
however, resistance tests were made with the peculiar object of demonstrating how
'they were of no use for such ships.

Each ship model was run in smooth water on level trim at the load displace-
ment to ascertain its resistance. In Fig. 3 the results are plotted in our standard
non-dimensional form, and in Fig. 4 three effective horse-power courves for 120-m.
ships, caleulated from the results shown in Fig. 3 by Froude’s skin friction constants
corrected to the standard temperature of 15°C. to clean-ship condition in salt water
without any allowance for wind and wave resistances, are given on a base of speed
in knots. It will be seen from Fig. 4 that the effective horse-power curves of
models Nos. 195 and 319 completely coincide and that of model No. 320 is a little
higher than the others over a range of working speed.
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Wake Tests,

In order to obtain the necessary information for designing propellers, the mean
annular wake distributions at the propeller position were measured on each ship
model at a model speed of 1.6 m./sec., corresponding to 13.9 knots for 120-m. ships,
by means of thirteen blade-wheels of mean radii from 2.5 to 14.5cm. These mea-
surements were made under the same conditions as those at the resistance tests, with
an exception that the rudder was removed from each model to simplify the experi-
mental arrangement. In Fig. 5 these test results are shown in the form of mean
annular wake fraction, expressed in terms of model speed, on a base of the radius
of annular ring. It will be observed that the fuller the after part of hull the larger
the wake fraction. ’ )
~ In Appendix II, comparing the mean wake fractions over propeller discs, derived
from these measurements, with those obtained by Froude’s method of propeller analysis,
I will discuss the discrepancy between these two kinds of mean wake fractions, and
show how we can, when necessity calls, calculate the approximate value of the
latter directly from the measured mean annular wakes, without conducting propeller
open-water tests.

For the purpose of obtaining the wake at every point over propeller discs, the
similar tests were repeated, using pitot tubes instead of blade-wheels. Fig. 6 shows
the equi-wake lines at the propeller position of each model at a speed of 1.6 m./sec.,
and Fig. 7 gives the peripheral variations of wakes at the radii of 6.5, 8.5 and 10.5
cm. From ‘these two figures, we know that the wake distributions of models Nos.
195, 319 and 320 may be said to be quite similar, though, as stated in the above,

the absolute values of wake fractions are affected by the longitudinal distribution of
the displacement of aft-body.

Propeller Models Employed.

Four speeds of propeller revolutions at 3,000 S.H.P. were aimed at for each
120-m. ship, namely, 70, 100, 130 and 160 per minute. All the propellers were of
the four-bladed and similar type with aerofoil sections, the expanded area ratio be-
ing 0.407, the blade thickness ratio 0.045, and the boss diameter 4.8 cm., paying, for

the sake of simplicity, no special consideration to strength, cavitation, etc., for full-
sized propellers.
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To obtain the necessary informatiorr for designing propellers, preliminary self-
propulsion tests were carried out on each ship model with each of its four propeller
models, which had been selected as the most suitable for the present requirements
among our standard series propellers and the other propeller models on hand.

Examining these twelve test results, the speed of each model corresponding to
that of 120-m. ship at 3,000 S.H.P. and thrust deduction fraction were assumed for
each propeller model to be designed. Next, since the mean annular wake fractions
‘are nearly constant over a certain range of model speed, the measured results at a
model speed of 1.6.m.[sec., given in Fig. 5, were considered as those at the assumed
attainable speeds, which ranged from 1.55 to 1.64 m./sec.

Using these- data, i.e. the attainable speeds, thrust deduction fractions and mean
annular wake fractions, four propellers for each ship model, making twelve in all, were
designed by the normal method® at our Tank, not allowing for so-called “ scale effects "
between ships and models. The dimensions and particulars are tabulated below.

Propeller R.P.M. | Diameter I?V-m:;iﬁf’g)o For Ship Model

Number. aimed at. in em. at 0.7R. Number.
155 70 29.92 0.943 195
156 100 24.88 0.820 195
157 130 21.89 0.720 195
158 160 19.92 0.638 195
174 70 29.86 0.927 319
175 100 25.27 0.815 319
176 130 22.30 0.709 319
177 160 20.40 0.613 319
178 70 29.95 0.946 320
179 100 24.83 0.818 320
180 130 21.77 0.714 320
181 160 19.80 0619 320

The general plans of propellers Nos. 174 to 181 are given in Figs. 8 to 15, and
those of propellers No. 155 to 158 were given in the previous paper.
Self-Propulsion Tests.

Under the same conditions as those at the resistance tests, each ship model was

tested, self-propelled with each of its four propellers, by our normal method of self-

@ A. Shigemitsu, Report of the Teishinsho Ship Experiment Tank, 1931,

NI | -El ectronic Library Service



The Society of Naval Architects of Japan

Further Model Experiments of the Combined Effect &c. 153{

propulsion tests, namely, at what is known as the ship point of self-propulsion, not
allowing for bilge keels, foul bottom, wind, wave, ete. Figs. 16 to 1S give the re-
sults of these twelve self-propulsion tests in our standard non-dimensional form, and
in Figs. 19 to 21 the S.HL.P., R.P.M. and propulsive coefficient curves for 120-m. ships
-are shown on a base of speed in knots. As seen in these figures, the propeller
-revolutions at 3,000 S.H.P. do not exactly coincide with those aimed at, hence, in
Fig. 22, the attainable speeds and propﬁlsive coefficients associated with the thrust
deduction fractions at 3,000 S.ILP. are plotted on a base of R.P.M., and three fair
curves are drawn for each ship model. Moreover, in order.to facilitate the discus-
sion of the test results, in Fig. 23 these speeds and coefficients read from Fig. 22
for the definite revolutions from 70 to 160 per minute, together with the mean
thrust deduction fractions over the tested range of propeller revolutions are shown
on a base of the relative longitudinal position of centre of buoyancy lu, i.e. the
ratio of the longitudinal distance of centre of buoyancy from midship section to the
length of ship.

Conclusions.

From Fig. 23, which summarizes the test results, the following conclusions will
be drawn :—

(a) When propeller revolutions are low, both the attainable speeds and pro-
pulsive coefficients at 3,000 S.H.P. for the same revolutions quickly increase at first
and then gradually fall off with the forward shift of centre of buoyancy, while, in
the .case of high revolutions, the finer the after part of hull, the better the propul.
sive performance. ,

(b) As propeller revolutions increase, the optimum position of centre of buo-
yancy shifts forward materially. Comparing this experimental result with that des-

~cribed in the previous paper, it can be said that for the purpose of obtaining the
highest propulsive economy the longitudinal distribution of the displacement of aft-
body is far important than its vertical distribution.

(¢) The adoption of large slow-running propellers alwavs improves the propul-
sive performance, though the rate of improvement varies with the variation of the
longitudinal distribution of the displacement of aft-body. '

(d) Though the thrust deduction fraction for a definite form of hull may be
said to be approximately constant over a wide range of propeller revolutious, it

changes materially with the variation of the longititudinal distribution of the dis-
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Pplacement of aft-body, namely, it quickly at first and then gradually falls off with
the forward shift of centre of buoyancy. ‘ '

It should bo remembeored that these conclusions cannot bo absolutely true, unless
all the propellers employed were the optimum under the given conditions. Ex-
perience has shown that the propellers designed by our method may be generally
said to be quite close to the optimnm, though, strictly speaking, they may not be
the optimum. Therefore, I firmly believe that the above conclusions can apply ap-
proximately to all ships similar to those dealt with in the present paper. '

In Appendix III, according to the current practice at experiment Tanks, the
results of the present self-propulsion tests are analysed by Froude's method, which
would be useful to other Tank experimenters for comparing these results with their

own data.
Appendiz L
Symbols Used.

Symbol N kg.D ime;?ionsée . " Remarks.
Peovieneen... 1 —4 2....Density, i.e. mass of unit volume, of water.
L ..........0 1 0.. Length of ship.

V ..........00 1 ~—1....8peed of ship.
V. Speed of ship in knots.
R ... 1 0 0... Resistance of ship.
R, . 1 0 0....Frictional resistance.
R, ... 1 0 0 ... Wave-making resistance.
Vo 0 3 0. .. Immersed volume.
G oin.. 0 1 —2 .. Gravitational -acceleration.
V= 1V‘ .0 0 0... Relative speed.
Vig3 ’
S 2 0 0 0 .. Relative resistance.
pviV
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rr= E ....0 0 0....Relative friétional resistance.
pV% &
’rw=—RL- ..0 0 0....Relative wave-making resistance.
p‘7% ;72 | .
EHP....................... Effective horse-power.
N Ll 0 0 —1....Revolutions of propeller.
T . 1 0 0....Thrust of propeller.
Q .......... 1 1 0....Torque of propeller.
n=vi ZI; ....0 0  0....Relative revolutions.
t=—L:_ .0 0 0....Relative thrust.
pviv®
p——-c‘)'"-j:'vQ ....0 0  0... Relative power.
pvE V?
SHP.......................Shaft horse-power.
E.H.P. : .
= ....0 0 0....Propulsive coefficient.
SHP. P °n

Note.-~The suffixes “m” and “s,” representing “model” and “ship” respectively are added to the
above symbols, when necessity calls.

Aprendix II.
"~ On the Mean Wake.

Since, at our experiment tank, we always design propellers every annular eleinent,
taking the corresponding mean annular wake at the propeller position, which has been
measured by a blade-wheel, into consideration, it is unnecessary for us to know the mean
wakes over propeller discs, which, in accordance with the current practice at experiment
Tanks, are obtained by Froude’s method of propeller analysis, i.e. comparing the results of
self-propulsion tests with those of propeller open-water tests, and are used for the
design of propellers by means of the propeller design diagrams which summarized the
results of systematic model propeller experiments in open water. Moreover, it may be
said that open-water tests are useless to our propellers thus designed, i.e. so-call"d “ wake
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propellers.” From these two reasons propeller open-water tests are, as a general rule,
not carried out at our Tank. Therefore, I want to avail myself of the present
occasion to consider briefly the discrepancy between the following two kinds of mean
wakes, and to show how we can, when necessity calls, obtain the approximate value
of the mean wake fraction, which is used for analysing a propulsive coefficient by
Froude’s method, directly from the measured mean annular wakes, without conduct-
ing propeller open-water test. '

The mean wake over a propeller disc, which is used for discussing the inter-
action between ship and propeller, may be classified into (a) * nominal mean
wake,” which is obtained by integrating the wakes measured by pitot tubes or blade-
wheels over a propeller disc, and (b) “effective mean wake,” which is usually
determined by conducting open-water tests. The main difference between these two-
kinds of mean wakes may be said to be whether they are independent or dependent
of the thrust distribution over propeller blade. In spite of such an essential
difference, these two are often dealt with as if they were comparable. I will, there-
fore, calculate these mean wake fractions, and show how their calculated values are
different.

To obtain the nominal mean wake fraction over a propeller disc from the wakes
measured by pitot tubes or blade-wheels, two different methods of calculation are
generally adopted; one is so-called “ method of volume-integration,” and the other
“method of mementum-integration.” When wake measurements have been made
by pitot tubes, this fraction based upon the former method is

f werdfdr
= y eesevecnons eerere e (1)

Wy="—————
f ] rdédr

and that based upon the latter is

f wo (1 —w,) rdfdr ,
W= ) et ieeeee e ttena e (2)
f (1 —wo)rd@dr ‘

where w, is the wake fraction at any point over a propeller disc. When blade-
wheels have been employed, the mean wake fractions based upon the former and
latter methods are expressed by
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fw’frdr
Wy="ro

f rdr

w' (1—w)rdr .
W ="~ R ¢4
J(l—w’)rdT

and

respectively, where w' is the mean annular wake fraction measured by a blade-wheel.
But, since a blade-wheel can be considered as an instrument of obtaining the mean
annular wake by the momentum-integration of wakes over an annular ring, it may
be said that the expression of (1’) should not be used for the purpose of the radial
integration of the mean annular wake fractions measured by blade-wheels.

From the measured mean annular wake fractions shown in Fig. 5, the nominal
mean wake fractions, w, and wm, were calculated by the expressions of (1') and (2'),
and are given in Figs. 24 and 25, respectively, on a base of the relative longitudinal
position of centre of buoyancy ls. It will be found from these figures that the
values of w, are always greater than those of wa.. Again, in order to facilitate for
obtaining the nominal mean wake fractions over the propeller discs of any diameter,
in Figs. 26 and 27 these values were presented on a base of the radius of circular
disc; from which the nominal mean wake fraction over each circular disc of the
twelve propellers employed in the present research was read and tabulated in the
annexed table.

As stated before, the nominal mean wake fractions, w, and wm, thus obtained
differ with the effective mean wake fraction w, which is employed in Froude’s
method of propeller analysis adopted universally at experiment Tanks, and can be
expressed by

V. T.H.P.
a = ""'—a:l— ............ ee 86 s 80 4 uu 3
we=1 e T ‘ | (3)

where V'=speed of ship,
V.=effective mean speed of advance of propeller, which can be. obtained by

comparing the result of self-propulsion test with that of propeller open-
¢ - water test, '
T=thrust of propeller,
and T.H.P.=thrust horse-power.
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Comparison of Méan Wake Fractions.

-Model . .. {.. Propeller . | Nominal mean Effective mean
No. No. wake fractions. wake fractions.

: wo Uim, wa we

319 174 B 14 . % 41 40
195 155 33 30 _ 37 .36
320 178 31 29 34 33
319 175 43 40 - 47 46
195 156 39 36 42 42
320 179 .36 34 39 .38
319 176 47 45 ' . .50
195 157 43 40 .50 46
320 180 40 38 45 42
319 ' 177 51 48 .59 53
195 158 ° 46 44 52 48
320 181 ' 42 41 43 45

All the propellers employed in the present research were tested in open water,
and by Froude’s method the effective mean wake fractions w. at the attainable speeds
at 3,000 S.H.P. of 120-m. ships were found, whose figures are given in the previous
table.

But the approximate value of this fraction can be calculated directly from the
measured mean annular wakes.

According to the momentum theory of the action of a screw propeller, the
thrust and thrust horse-power in the expression of (3) may be written as follows:—

T=2mp RR ko‘( Vm+% Um> Ura(L—¢etgBu)dr
and | ]
THP.=2mp[ kr Vial Vot 3 Ure) Una(L— £ t9.8:) dr
where p=density of water,
| r=radius at any section of propeller blade,
R=tip radius of propeller,
Ro=radius of propeller boss,
~ Vie=mean annular speed of advance at the radius r,

Una=induced mean annular axial velocity at a great distance behind propeller,

e=fineness expressing skin friction,

B=induced pitch angle at the radius r,
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and .
k=Prandtl’s factor of modification for a definite number of propeller blades
2

2 (l—ﬁ.) cosec 3,
™

== cos'e 2 ,
z=number of blades,
‘Bi=induced pitch angle at the tip.
Then, denoting the calculated effective mean wake fraction by w., to distinguish
this from that obtained by conducting propeller open-water test, the expression of (3)

becomes

f Rlcfr Vea ( Veat -}2— U,.a) U1 —etgBy) dr

Ro

s -
14 kr(V,ﬁ-? Um) Ure(L—etg ) dr

Ro

w.:'———l—

For the propellers designed by our method, this equation can easily be solved.
graphically at their designed speeds. The effective mean wake fractions w. thus
obtained are also given in the previous table. ' ]

In this table the speeds at which mean wake fractions were obtained are not
identical, namely, the nominal mean wake fractions, w, and w., were calculated at
a model speed of 1.6m./sec., which corresponds to 13.9 knots for 120-m. ships, and the
effective mean wake fractions, w, and w,, were obtained at the attainable speeds at 3,000
S.H.P. of 120-m. ships and propeller designed speeds, respectively. But, since wake frac-
tions are nearly constant over a certain range of model speed, the mean wake fractions
obtained above may be considered to be accurately comparable. Then, it will be said from
this table that the effective mean wake fractions are always greater than the nominal
mean wake fractions, and that the effective mean wake fractions calculated by the
expression of (4) are approxmately equal to the measured fractions except in the
case of smaller propellers. Therefore, it may be said that for larger propellers the
mean wake fraction used in Froude’s analysis can be obtained directly from the
measured mean annular wakes, without conducting propeller 6pen-water test. I think
that the disagreement of two kinds of the effective mean wake fractions for smaller
propellers would be mainly due to the defect of our method of propeller design for
propellers to work in the eddying water behind ships. Such a defect of our method
may be also seen in Fig. 22, where the revolutions of smaller propellers differ

materially from those aimed at.
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Since, as described in my paper entitled “ Experiments on the Mutural Action
bstween Propeller and Rudder,”® the thrust and efficiency of a propeller are im-
proved by a certain amount by the presence of a rudder at a short distance behind
it, the effective mean wake fractions given in the previous table can not be said to
be strictly correct. In general, for the purpose of obtaining the correct value of an
effective mean wake fraction for a single-screw ship, the isolated propeller test in
open water should be replaced by the open-water test of the propeller arranged in
front of a rudder, and the expression of (4) should be modified, taking the effect of
the rudder into consideration.

Lastly, I would like to state that, in order to obtain the theoretically more
correct value of the effective mean wake fraction.for a single-screw full-lined ship,
by conducting an open-water test, this test should be made in turbulent water, not °
in still water. But the effective mean wake fraction thus obtained should not be
used for the design of propellers by means of the propeller design diagrams, be-
cause these diagrams are those which summarized the results of systematic isolated
propeller tests in still water.

Appendix III
Analysis of Test Results by Froude’s Method.

| As stated before, propeller open-water tests are, as a general rule, not conducted
at our Tank. But, utilising the results of the open-water tests, which had been
carried out with the object of comparing the various kinds of mean wake fractions,
the results of the self-propulsion tests were analysed by Froude’s method, because
the analysed results would be useful to other Tank experimenters for comparing
these with their own data. The hull coefficients #,, propeller efficiencies (behind) 7/,
propeller efficiencies (open) n, and relative rotative coefficients 5. at 8,000 S.H.P. of
120-m. ships, associated with the propulsive coefficients #, thrust deduction fractions
t and effective mean wake fractions w,, are tabulated as follows.

®  Jour. Soc. N. A. Japan, Oct. 1933.
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Comparison of the Analysed Results.

M%{El Pro ;ller 7 : wa o | 7' " "
319 174 83 27 41 1.24 87 60 | 112
195 . 155 91 17 37 1.32 69 64 | 108
320 178 .89 16 | .34 127 | .70 64 | 1.09
319 175 79 28 47 | 136 58 54 | 107
195 156 85 19 42 | 140 61 57 1.07
320 179 85 16 .39 1.38 62 58 1.07
319 176 75 23 52 1.50 50 47 1.06
195 157 79 19 50 | 162 49 47 1.04
320 180 .81 | 16 | 45 | 153 | .53 51 1.04
319 177 72 28 59 | 176 41 39 | 105
195 158 - 73 18 52 1.71 43 42 1.02
320 181 a7 15 48 1.64 47 46 1.02

= 2O
A\ G

OFR(BRBFRE) MH AR, AELLHEN 24D,
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T, BCTHEC BREE LS Lie, BEEC KA HAE LTLER, 8 LHR & 5% & M5 i
AR D« R RSB R B AL A D BSOS R T h 2 E TR T b L 2
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