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INTRODUCTION

When dimensions of a towing tank cross section is such that the
restriction to the flow of water around a model (as compared to the flow
in an unlimited body of water) is measurable, the effect of this restric-
tion is usually referred to as the boundary effects. It may be further
classified into Wall Effect, Shallow~-depth Effects, and Blockage Effects.

Wall effect refers to the case when the width of the tank is
limited but not the depth. A combination of limited width and depth is
known as the Blockage Effect. 1In the highspeed range (J% > 1.0) the
wall effects become rather complex due to the interference of the walls
in regard to the free wave=-pattern. Such effects may be named the Re-
flected Wave Interference Effects.

Benjamin Franklin's investigations on canal navigation are the
first records we have on research dealing with resistance of ships in re=-
stricted waters. J. Scott Russell(l) must be ‘given the credit; however,
as being the first investigator to attempt a physical explanation for the
phenomena, of increased ship resistance due to blockage effects. Since
Scott Russell discussed the problem in 1839, a great many papers on the
subject have appeared in the literature. Some of the most significant of
these contributions are those of Kreitner,(gu) Schlichting,(QB) Kinoshita}gﬂg@
Sretten&qg(lu) Inui)(lg)Hancock,(lS) and Hughes.(l7) Many others are given
in the list of references of this report.

In spite of the great efforts that have been put into research

on the problem of restricted water effects we must admit that it is far

from completely solved. This is pointed out by the recommendations of



the 1957 International Towing Tank Conference which included the study
of the influence of tank boundaries on model resistance. Following this
recommendation a great deal of experimental investigations have been
performed, in particular in Great Britaino(59u>

The phenomena of Blockage Effect is rather complex and an exact
analytical solufion is yet to be derived. Of course, the degree of com-
pleteness required in an analysis will depend on the accuracy called for.
In this case the accuracy must be a function of the amount of increase
in model resistance due to blockage in per cent of total resistance. Un=-
fortunately it can be said that although it has long been recognized that
blockage effects have existed in many tanks, they have quite frequently
been neglected, or some rough estimate of thelr magnitude may at the most
have been made. Countless numbers of towing data therefore suffer from
blockage effects in various degrees, and this very fact tends to obscure
another very important issue, namely that of scale effect.

The most important parameter governing the blockage effect is
that of blockage ratio. Blockage ratio is simply defined as the ratio
of the maximum cross sectional area of the model to that of the towing
tank. The lower limit of blockage ratio below which the blockage effect
has normally been considered to be negligible is 0.006. Results of ex=-
perimentation at the University of Michigan, as shown in Section II, indi-
cate however, that in addition to blockage ratio both the speed-length
ratio and the block-coefficient play an important role in the determina=
tion of the blockage effect.

At the inception of self-propulsion testing at the University

of Michigan the model sizes were chosen to be 1lhfeet, in order to avoid



serious scale effect on the propeller performance. The first three self=-
propulsion tests were made with Series 60 forms of block-coefficients
Cg = .60, .75, and .80. The blockage ratio for these models ranged from
.0072 to .0100, and since these values were relatively high it became g
necessity to consider blockage effects very seriously.

A fairly complete study of existing literature was undertaken.
It was found that due to differences of approach and also the way in
which the various authors introduced their boundary conditions it became
natural to divide their works into five categories. In the following
sections are included an outline of each of these and also the details

of some experimental work on the subject conducted at the University of

Michigan.



I. SURVEY OF LITERATURE

A. J. Kreitner's Analysis of Resistance
of Ships in Restricted Waters(2h)

Bernoulli's equation applied to sections at a midship of the

model and ahead of it gives

P 2 _ P 2
pghy + 5 Vo = pgh + 5 (vy + AV) (1)
By equation of continuity
SV = (85 = a = bAh)(vy + Av) (2)

Solving Equation (1) for hy = h = Ah, and substituting into Equation (2)

(For notations, see Appendix A.) we obtain the following cubic equation,

(Lot &ry (B L (latip e EjLyo (3)

Vo 2 Vo S0
where
Fe = Zé
gh
& . block b
5o = blockage ratio

A plot of Equation (3) for different values of %— is shown in Figure 1.
0

It is noted that there is a region of speed in which no real solution of

the cubic equation exists. This is called the critical speed region, and

the lower and upper speed regions are called sub=critical and super-

critical regions, respectively. For a model going through these speed
regions, notable changes are observed. These are explained in detail in

Appendix A,
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Simplified versions of Equation (3) result in

Av . m c oo o= 8

F - l_maFE 5 SO (l")
4h - pR(4Y) (5)
h v

late works by Kinoshita,(eﬁll) G. thhesy(B) and A. Emerson(h) are experi-
mental verification of Kreitner's Equations (4) and (5) above. H. Maruo (5)
extended the analysis to two dimensions, which resulted in a non-linear
equation of two variables. Tf Constantine attempted an analysis at the

critical speed and published various graphsd(6)

B. 0. Schlichting's Hypotheses<25)

On the basis of the results of several hundred model tests per-
formed for tﬁe German Navy, Schlichting offered two hypotheses for ex-
plaining the increase in resistance of ships moving in shallow waters.

The first hypothesis may be stated in these terms: '"For a
ship traveling at a given speed in shallow water, the amplitude, length,
and form of the waves are equal to the wave generated by the same ship
in deep water at a’corresponding’speed.”(26) The second hypothesis is
that the increase in velocity of the potential flow in shallow water
arises from the restriction of the section available for the reverse flow.

The condition of equal wave resistances yields, as shown in
Appendix B, the following relationship between speeds in deep and shallow

water at the same wave amplitude and wave length:

1
- h Z
Voo Ve = AV [tanh(g—g)] (6)
Voo Voo Veo

10



However, there are doubts about the validity of the first
hypothesis. Visual observation of wave forms, on which the hypothesis
was based, can hardly be quantitatively correct since small differences
in wave characteristics which must have been present were not taken
into account. PFurthermore, in deep water the spectrum of frequencies
of waves generated by a ship is complete and continuous, whereas for a
model in a tank, wave frequencies have discrete values. The first
hypothesis is therefore not in agreement with physical facts.

Landweber's(S) application of the hydrauiic radius principle
in the "Clairton" series tests makes use of the same hypothesis.

WEinblum(7) established a criterion based on the ratio of
short axis to long axis of the elliptical motion of fluid particles,

which, occurs when depth 1s restricted. It is defined as follows:

short exle _ o (8%9) < 0,95 o
long axis Voo

or 7—K— > 0.74 for appreciable shallow water effects. The above
gho

equation is known as Weinblum's criterion.

C. Method of Array of Images

This method was developed primarily for wind tunnels, and
therefore, does not include changes in free surface elevation. Wave-
making resistance is also ignored. Additional shortcomings are that no
prediction of critical speed range is given and the method fails to give

an estimate of squat and trim. Borden's work(9) belongs to this category.

11



D. Application of Wave=Resistance Theory

The first theoretical work on wall effects, based on Wave-
Resistance theory, was done by Srettenskye(lu) To satisfy the boundary
conditions on the canal walls he considered an infinite number of ships
running parallel a distance equal to the canal width apart. The result-

ing expression for the wave resistance as given by Srettensky was:

2
cosh
R = ié-ﬂ—p—%{l Y Z (15 + J5) Tk} (8)
bve k=1 cosh2ty
here
v 55 coshgvkz gx
Ik = J F(x,z) e cos(;g cosh ) dxdz
s)
5§ cosh Tyz
v ., ex
J = [] F(x,z) e sin(3z cosh T)) dxdz

s)

(k =0, 1, 2, 3 ...)

and T are the roots of the equation

59_.sinh 27 = 1k

b

The summation in Equation (8) represents the increase in wave-resistance
due to the presence of the walls. The depth is assumed to be infinite.
The publication by Srettensky referred to above contains no numerical
results.

A most valuable extension to Srettensky's work was made by
Inui and Bessho(lg) when they calculated the increase in wave resistance
due to tank wall reflections. Applying the formulae for wave=-resistance

coefficients to the case of a hull form represented by a linear source

12



distribution given by m; = ajé (8 = Series models), Inui(lE) arrived at

the following equations

S

(i) Deep Water (h =w, b =

U2 M2 cose 36 (9)

0

O . oa

C' = ———:RL—— = g.

where
U, =1 = exp(=k,T sec<6)

COS Py sin Py
+
P D

My = -

o]
i

Kod seco; ko = %g

(ii) Unrestricted Shallow Water (h = finite, b =)

T
2 2
o! = .2_ J Uﬁ . Ml% ]_——-———-———COSh o cose de (10)
w L o > sinh 20~
O

where O 1is the real root of the equation

tanh Q 2 2 v
= = =F,co80 : P, =
@ T " T
and T
sinh(h) = sinh[o(1l - H)J
Un = cosh «
cos pp  sin pp
My, = o + o
4
P, = a(f) cose

The lower limit of the integral of Equation (10) is given by

6y = cos™t (%;)

15



?
One notes that gﬁﬂ is discontinuous at F, =1

1ii) Restricted Shallow Water (h and b finite)

n U o M o U, M
o o n n
el = 2noh(5)[——458——L— + 2 hgi ——*55‘—1—] (11)
where T

U sinh o, - sinh(oy - )

hyn = cosh oy
and

sin ph,n ' COS Ph,n
Mon = 5 - ?
Ph,n Ph,n

with

L
Ph,n = On (Eﬁ) cos Oy

o, and ©, are given by

2
(a) ai singgn =lm?n2(%)

(b) ai cos2@rl = Opkoh tanh o

from which
h
aﬁ = Opkoh tanh Op =lg?n2(g)

It should be noted that, to the approximation of the Michell
wave=-resistance theory, Inuili is defining the source strength such that

for the particular case in question

ak =2 dy(&,¢)

o
¢y as given by Equation (11) also shows discontinuity at Fp = 1. This

discontinuity is such that for Fy > 1 the wave-resistance in shallow

14



water is lower than that in deep water. When F, <1 this situation
is generally reversed. It is interesting to note from computed values
présented by InuiﬁlB) however, that in the range of Froude number of
.3 < F< .33 the wave resistance in shallow water (% = .2, b =w) is
also less than for deep water. It appears therefore that the blockage
effects on wave resistance may be negative or positive over a speed
range of practical interest. Many more theoretical calculations will
have to be made before more general conclusions can be reached, but it
is important to reélize that the wave-resistance theory predicts the
existence of humps and hollows in the blockage correction factor. Re~
sults presented in this report also show that this has been verified
experimentally.

The increase in frictional resistance due to blockage must be
expected to be monotomically increasing with speed. Provided the ampli-
tude of oscillations of the wave~resistance blockage effects are suffi-
clently large, it‘can therefore be expected that over a certain speed
range the total blockage effect may be a decreasing function of speed.

Frequently wave resistance theory neglects high order terms,
and for a model in the tank system, boundary conditions on the hull may
not be satisfied due to the presence of reflected image systems unless
higher order terms are included. Dr. L. Landweber, during his recent
stay at the University of Michigan, suggested a method of including the
second order term by an iteration process and by solving Fredholm inte-
gral equations,(28) Such an analysis 1s under consideration at the

University of Michigan.

15



E. Empirical Methods

There is a variety of empirical expressions, to which category
all previous experimental determinations of blockage factors belong.
Figures 2 and 3 comﬁare actual data with some of the expressions as used
by various tanks for models UM 912 and UM 915. The following 1list is

included for completeness only.

1) Telfer, E. v. (18)

R = CeAV = 5A(S_a ( 2)
where
R = Froude's contour of resistance;
a and S = defined earlier;
B = blockage factor;
Co, = const.

Act Ct = Cqp, = PCp + QCp (13)

where p and q are functions of a/S, blockage ratio, but not functions
of scale ratio and Reynolds number,
Ay = 1.6 & cp+ 16 e, (14)
S S
for Victory Ship Series.

3) Cedric Ridgely-Nevitt.(16)

Increase

co .066 )
T (1ogipRe - 2.03)2

by 60% for Victory ships
by 35% for Liberty ships

16
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for speed=-length ratios between 0.50 and 0.75. Corrections are to be
made when blockage ratios exceed the following values.

0.006 for Victory type full ship

0.003 for high speed ship such as destroyer

0.00Ll for planning craft.

4) Mitsubishi Towing Tank, Japan.
5/h
AV _1.1(2)(Hm) (15)
v S b

5) Nagasaki Towing Tank, Jampan

2
R + AR a a
t 1y 3.0985(2) + 10.928(%) (16)
6) 8. Shoichi.(27)
0 T fe 191,&(!%-- 0.32) + 1606(£% - 0.32) (17)

e
for shallow bed condition (from trial data).

Returning to J. Kreitner's method, the predicted value of speed
increase by Equation (4) is found not always equal to the actual differ-
ence obtained from experiments. This is to be expected, since there are
a number of simplifications in the derivations of the equations. A corre=-
laﬁion factor defined as:

actual value of é%

ko= Av
~ given by Eq. (%)

was used by Dr. Hughes in plotting some 73 model test data from two tanks
of N,PoL,(B) The result is not exactly encouraging because of large

scatter when k is plotted against Froude number. (See Figure 2 of

19



Dr. Hughes' papera), The mathematical mean of all k shows oscillatory

values, and when humps and hollows are leveled, it can be reduced to:

k = 32,13(F)2 - 15.56F - 3.6k

where F 1is Froude number based on length.
Dr. Hughes suggests that an average value of k = 1.7 be used for normal

merchant forms.

20



IT. METHOD.EMPLOYED AT THE UNIVERSITY OF MICHIGAN

At the University of Michigan, a procedure similar to Dr. Hughes'
has been adopted. Data from David Taylor Model Basin have been used as
the basis, although there are probably small blockage effects not accounted
for included in these. DTMB data were reduced to UM model size by the
1947 ATTC friction extrapolator. Differences in the two curves of resist-
ance, the actual Michigan data and the converted DTMB data, were read off
iﬁ terms of speed correction as shown in Figure 4 for three Series 60

models. Differences in resistance were

where np for three Series 60 models is shown in Figure 5. Figure 6 in-

dicates the result of Equation (L) applied to these models. Note here
_Vm
ImATANK
been used. Dividing the curves of Figure 4 by those of Figure 6, the

that instead of blockage ratio, a mean blockage ratio m = has
curves of k, Figure 7, were obtained, and a series of curves as func=
tions of V/JLWL and Cp were derived algebraically. The blockage
correction in terms of speed increase is added to the carriage speed and

corrected speed is used for all calculations. Speed increase 1is, then,

Av

(AN Av
V' 7Eq. (L)

V—)CORRECTION = k(

There is a remarkable consistency in the actual data points
which show oscillatory variations, and the over=all average is close to
values found elsewhere. Going back to Dr. Hughes' data, it can be seen

that similar oscillations exist in data of individual models.

2l



*STOPOW (Q9=-SOTJISS 92aU3 JI0J

98ey00Tq 03 anNp UOT3D9II00 paads Jo junowr AIesssdsN 4 “8Td
IMT )
A
oc/ or-/ 00/ 0b- 08 0l- 09- 0S- ob- o
o)
k( yd
wy - U Qllm/ \@
ENE S g
w P 5 -
© R
. y} %\ /
O/xssk-= WU / A4
= _ Ql 1} \\\
09-= 9> / 4/ \
P e z
/ SOl 019 /f\
/ 250 /T
/
2.0/ x 897+ 5
/ 08-- 99
/
/ b
& 2-0T X 66* h” ce tw (*xoxdde) ¥d WAId
/ 5-0T X 00°T 06 al* ‘W O0T3ex °8eX00Tq WA % FHig
(291 .02) HTeH ¢Teh oTeh :*ON TOPOW GWIA > A2V
(dg1 HT) 2¢6 ¢T6 g16 1°ON TSPOW WA
0g* clL 09° 1y ‘0g-setasg

22



/0
q B
g
7
6
N

d C =75

n N
1 /I r{f\

/ [
: / \ 1
25 4

T— — — /
—~ . - C,r60
2 £~ 8
_7 ~+— .
\\\\\\N///V//__
/5
/ / /5 e 25 3 4 s 6 7 8 9 /0
?” Fr/sec.

Figure 5. Logarithmic index of model total resistance
variation to sveed for three series-60 models.

L -
= Cs= 80 _ —
| Ca= 7 ]

" 6 L
® Ce =60 ]
x .4
Sy
2
1
02 04 06 08 /-0 /2.

Tz

Figure 6. Speed increase on three series-60 models based
on one-dimensional analysis.

23



el

"URITUOTI JO AFTSISATU( O 3B UOTFOSII0D
98B300Tq JUTYBWI}SS JOJ PISN SI0ROBI-Y JO SAIN) *) 2InITJg

JIM/A
(M | (o )] e - 2 L - N Q’ 4

x\\
N N
\\
\
A
/]
Z
7]
/
/
4
/
J// /
|
ﬁ:
\
)\
\
\\
\‘\
\!
AN
AN
N

AN
<
\
h S
N
Q
\5
~
o
|
‘\/u
" n
\L
\\ \
\\
N
N

RN
N
~N
N
<
\
7
/|
!
\
«
«
o
~
\\
N
AN

N
N
BN
\\
Y
I~
~d
~
e
‘/‘
7
L/ /
B
N
N\
o~
~
N

2k



The University of Michigan towing tank cross section is curved

at the bottom and has a trough in the middlea<25) There i1s a false
bottom made of wood, extending 5/5th of the width and about 150 feet of
the length, seven feet below the free surface. It is difficult to judge
the exact effective area and the depth of the tank, especially depth be~
cause the bottom is wooden-planked on a metal frame and the sides are
open. At preéent, pending further analysis, 8.5 feet for depth and 190
square feet for area are being used.

In order to investigate how well the above correlation method
predicted blockage effects, the false bottom was raised to 4.0 feet below
the surface and UM Model 932, Series 60, Cg = 0.80, was tested and its
data analyzed as shown in Figure 8. Rather than the actual depth of 4.0
feet, an effective depth estimated at L4.85 feet and a corresponding cross
sectional area of 85 square feet was used in the calculation.¥* The re-
sult shows the necessity of further analysis pending further experiments.
It is expected that it will be necessary to separate the effects of fi-
nite width and finite depth. In order to do so we are planning to in-
stall movable tank walls above the false bottom so that the tank cross

section can be varied over a wide range of sizes and proportions.

* The estimate of the effective depth was arrived at by a consideration
of the fact that the false bottom does not extend completely to the
tank walls.

25
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APPENDIX A

J. KREITNER'S ONE-DIMENSIONAL ANALYSIS

Assume the coordinate system is fixed with respect to the
model, and that the tank boundaries and the water have relative velocity
Vo. Let the undisturbed cross-sectional area of the tank have area S,
with breadth b and depth hy and let the model midship sectional area
be a. We can imagine that at the bow of the model the free surface
will begin to rise, at the midship the water will attain its maximum
speed, the pressure will decrease and the free surface will be lowered.
Aft of the model the speed of flow will finally reach v, and the free
surface will be raised to hp again. Let Av be the average increment

of speed such that v = vp + Av, and let Ah be the mean depression of

the water surface such that h = ho + Ah.

Vo MODEL
-.—

= /

ho

| o

Figure A-1. Coordinate system with a model moving in a channel.

If we apply the continuity equation and Bernoulli's equation between

the sections O and 1, Figure A-1, we get for continuity:

SoVo = (Sg - a - boh)(vy + Av) (A-1)
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and for Bernoulli's equation:

pghg + g V5 = pgh + S(VO + AV) (A-2)
2 2
hO = h =/Ah = —L[(VO + AV) = Vo] <A_5)
2g
From (1) and (3)
2
b bv
SoVo = So(vy + Av) = a(v, + Av) - §§(VO + AN)5 + Egg(vo + AV)
Dividing by 8gvg, we get
5
1 - Vo + Aw'+ a (v + AV) - (vo + Av) . vo(vo + Av)
Vo Sovo © 2ghovo 2g ho
2 5 2
vo(vo + AV)  _ vo + AV Lalvo +4v) _volvo +4v) .1 _ g
Eghovg Vo bhvg 2ghy v,

Vo + Av 3 F2 Vo + Av a PQ L

() (5) -5l -gg gzl +1=0 (A-L)
where

V2
2
e = 2%

This 1s a cubic equation the solution of which is difficult to find.

Equation (4) can be rewritten as:

Vo vo+Av{l e E[(VO + ov)° Vg]}

- (A-5)
Jgho Jého So 2 gho gh

If model resistance and squat and trim are measured and plotted,

they would show characteristics similar to those shown in Figure A-2.
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Figure A-2. A typical resistance and squat and trim
due to a large blockage ratio.

Points A, B,
characteristics

follows:%*

VA:

., and F are chosen on the resistance curve and the

of model at each of these speeds may be discribed as

Below this speed there is no appreciable blockage
effect. It can be seen that this is only true

when the speed of the model is zero or the blockage
ratio, m, is zero. 1In the actual case, however,

any effects not within the accuracy of experiments
may be considered zero.

As the speed is increased gradually, blockage becomes
apparent. Since the volume of flow, Syv,, must pass
by the model and since the flow area is reduced by a,
the flow speed increases by Av. By Bernoulli's law,

the water level along the model is lowered by Ah.

¥ The author is

Reference 20.
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VC:

VE:

Oh depends on the blockage ratio, and increases as

the speed of the flow of water around the model in=-
creases, and correspondingly, the flow sectional

area decreases for increasing Ah.

It 1s increasingly difficult, and then impossible,

for the flow to increase its speed; and the ability

of the flow to pass the bottle-neck reaches a maxi-
mum. The speed in this region, vp, is called the

lower limit of the critical speed, and the bore is
piled up in front of the model, at which point maxi-
mum increment in speed, or in model resistance, is
reached. Dﬁe tc the bore, or hydraulic Jjump, the

water level aft of the model becomes lower than the
level at the bow. Also the miniﬁum pressure peak
occurs slightly aft of midship. As a result, exces-
sive trim is noted.

(Maximum-point of resistance) The model tends to over-
take the bore as model speed increases such that the
water along the model is decelerated. This causes the
water level to rise to the still water level and beyond.
With the increase of flow area, the bottle=-neck phenome-
non is relieved.

When the model speed reaches the solitary wave speed,
depth Froude number equals one, in the channel, the

model is, in effect, riding with the wave. The ability

20



of the water to flow through the bottle-neck is high,
although the water speed in along the model side is low
due to the rise in water level beyond that of the still
water. This is the upper limit of the critical speed.

vp: As the speed is increased the water level no longer
rises, but rather lowers, and the flow and model speeds
are equal. Super=-critical speed has been reached.

To simplify the expression in Equation (A=5), we return to

Equations (A-1) and (A=3).

Equation (A-1)

SoVo = 8oV - (& + bAh)vy - (a + bAL)AV + SpAV

AV a + bAh

Vo So = a = bhh

where Ah Av << 1

§

o 8t DAR (A-6)

So_— a

Equation (A-3):

VAV (Aw)g __ VAV

N (A-7)
g 2g g
From Equations (A-7) and (A-6),
bvy « Av

N a + —p——
Vo S - a

2
AV(SO - g - b.;o ) = aVO
Av a m a ‘
—_— = = = N m = — (A_8)
Vo 8 -a - EXS fam -] So

g
Lh _ VOAV 2 m Ae
h gh 1 -m=F2 (4-9)
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APPENDIX B

O. SCHLICHTING'S HYPOTHESIS

From the theory of simple harmonic progressing waves of two

dimensions, phase velocity is given by

A 2nh,.1/2
v = [%; tanh —5—=2] / (B-1)
where
A = wave length
g = gravitational constant

For deep water (2% >~ 0.5)

= (EMy1/2 (B-2)
2n

h
For shallow water (59 < O°O2), phase velocity becomes independent of

wave length or

1/2
Vho = [gho] (B_B)
The total energy per wave length is given by
B =2 peA® (B-1)

where A = wave amplitude

Wave systems generated by ships or models have waves of many
wave lengths, in general an infinite number in deep water. 1In both cases,
the wave systems necessarily trail behind the moving pressure point or
the model, hence the phase velocity of each component of the wave system

must be equal to the velocity of the moving body. The total energy
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stored in the fluid is equal to the work done by the pressure point,
and work done is equal to the wave resistance multiplied by the speed.
Therefore, the condition of equal wave resistances in deep water and

in shallow water requires that the energies stored in each case be

equal,

1 2y & 2
B, = By =5 pgAc), = > peAR My (B-5)

This condition can be attained if both wave amplitude A, and wave length,
A, are equal simultaneously, conditions which are the first hypothesis
of 0. Schlichting. The relationship between speed in deep water and

that in shallow water is then (from Equation (B=1) and (B=2))

. 1/2
.Y.__ = u = {tanh 2Rh01 /
Voo Voo A
gho 1/2
~ [tanh (Egn)] (B-6)

where Av 1s the increase in speed in shallow depth water.
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The results of the self=-propulsion tests of the three Series=-60
models performed at the University of Michigan lend themselves to pfopul-
sion parameter scale effect studies when compared with results obtained
from 20-foot models tested at DTMB. In general, predicted SHP values com-
pared quite well(9’lo) although values of individual propulsion factors
did exhibit scale effects.,

Although the primary purpose of the testing of the Series=-60
models in the University of Michigan tank was to make an over-all compari-
son between DTMB and University of Michigan data, a detailed gnalysis of
results with emphasis upon scale effects is desirable and pertinent in
order to ascertain the relationship between observed scale effécts, theo-
retical predictions and scale effects previously measured elsewhere and
reported in the literature.

Throughout the comparatively brief history of self-propulstionv
model testing inconsistencies in both magnitude and direction in scale
effects have been predominant.

Regarding wake fraction, the assumption usually made 1s that
the potential and wave parts are not subject to more théﬁ negligible
scale effect, but that ffictional wake is. One concludes that because
of the decreasing nature of the frictional resistance coefficient with
increasing Reynolds number, or more exactly, the relative decrease of
bouﬁdary layer thickness with increasing model size, that frictional wake
should also decrease with increasing model size. Unfortunately, however,
analysis of test data from model tests and full scale trials is incon=-

sistent. Examples of larger wake on the shi? than on the model exist.
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The explanation usually given is that the larger relative roughness of
the ship tends to thicken the ship boundary layer and increase the wake.
However, Hill<l) reports trial results with various hull paints, zinc
chromate and hot plastics, which yielded essentially the same wake.
Also, in those tests ship wake was four to five points higher than model
wake.

Regarding resistance augmentation, the flow velocity over the
hull is increased owing to the presence of an operating propeller. Thrust
deduction is, then, the additional thrust supplied by the propeller in
overcoming the resistance augmentation. An intuitive explanation of scale
effect on thrust deduction, based upon logical hypothesis, is not easily
forwarded contrary to the case with wake fraction. In fact, in full scale
trials tow rope resistance is calculated by means of the assumption that
thrust deduction is not subject to scale effect. By means of this assump-
tion roughness corrections to frictional drag are computed although they
might better be called correlation factors.

Herein are reported results, both theoretical and experimental,
which have been selected in order to best demonstrate the reigning confu-
sion. Multitudes of data exist, but those included are believed to repre-
sent results of carefully conducted experiments.

Theoretically, Tsakonas(2’5) has computed thrust deduction and
wake fraction, for the airship "Akron" taking into account both potential
and viscous effects, by assuming a line singularity distribution for an
ellipsoid of revolution and a sink disc for the propeller. For the viscous
part three different three dimensional boundary layer theories were tried,

those of Millikan, Granville, and Hickling. The results are plotted to a
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base of Reynolds number in Figure 1. The potential parts were shown to
be heaﬁil& dependent upon axlal propeller clearance. The clearance chosen
here is 0.01lL.

Experimentally, the Dutch tests of the victory ship geosim are
fairly extensive. Figure 2 shows these results for mean nominal wake
plotted analogously to Figure 1 as reported by van Manen and Lap,(u) The
curve is a mean line through points for models of from 1/50 to 1/18 scale,
all at a speed~-length ratio of O0.71. Also shown in Figure 2 is a mean
line through the thrust deduction data as reported by van Lammeren, van
Manen, and Lapa<5) In this case the scales ran from.l/SO to 1/6 and the
original data was plotted over a wide range of speed-length ratios. Also
plotted in Figure 2 are the DTMB results for the ”Albacofe” ag reported
by Hadler°(6) The ship was towed, deeply submerged, and when propelled
the propeller thrust was measured by two independent methods. Agreement
between the two methods gave a spread of only about 3% in thrust deduction.
Seemingly, then, one can consider the trials as having been carefully con=~
ducted. The model was of 1/15.53 scale and was tested in the conventional
manner. The results, when compared with the Dutch mean line, indicate
scale effect of the same order of magnitudeo

Figure 3 shows thrust wake fraction and thrust deduction for
the Swedish tests of four victory ship models with scales ranging from
1/17 to 1/28 as reported by Edstrand,(7) Comparison of these results
with those of the Dutch and those from the "Albacore" tests exhibits com-
pletely opposite trends with regard to scale effect on thrust deduction.

Van Lammeren’s(8) test results of the "Simon Bolivar,'" Figure 4,
indicate trends for thrust deduction and wake fraction similar to the

Swedish "Victory Ship" results.
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Table I through III give a summary of SHP test results for
three Series-60 parents tested at DTMB and Michigan. Wake fraction and
thrust deduction from the tables are plotted in Figures 5 and 6, respec-
tively, through which data mean lines have been drawn.

Direct comparisons between the various results presented are
made ambiguous because of the many different hull forms involved. Tsakonas
has shown that both potential wake and thrust deduction are effected by
aperture clearance which is not the same for all the forms compared.
Also, one might expect fullness to affect viscous components as separa=-
tion may be more pronounced with hulls of larger block coefficient. The
fact that some tests are run at the model propulsion point and others at
the ship propulsion point, and that Froude friction extrapolation in one
case and Schoenherr in another have been used, further present difficulty
when trying to compare directly. Probably these effects are secondary in
nature as is assumed about the potential parts when plotting on a Reynolds
number base. In any case, trends for any series of geosim tests should
be expected to be the same. Consequently, in Figures 7 and 8 the slopes
of the curves already presented are drawn.

In general, with the exception of the Dutch "Victory Ship" and
the "Albacore" test results all slopes are negative, but the magnitudes
vary. Appearances are that scale effects nearly disappear at a Reynolds
number of approximately 7.4 x 107, which, however, is equivalent to a
70-foot model being driven at a speed-length ratio of 0.8. Obviously,
it is not practical to test 70-foot models.

Further research is needed in the area of scale effects on pro-

pulsion factors., So far all such research has been performed on ship
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hull=-forms of specific designs, 1in which cases fullness, aperture clear-
ance, etc. have been predetermined arbitrarily because of the convenience
in choosing the form tests. However, it 1s here contended that individual
components contributing to scale effécts must be studied. Theoretical
analyses, such as that by Tsakonas, should be further developed and then
verified experimentally. The calculations by Tsakonas show a constant
slope in wake=-fraction and thrust deduction with increasing Reynolds num-
ber, which is not to be expected from the single consideration that the
negative slope of thé friction lines is always decreasing. Hence, three
dimensional boundary layer theory should be developed further and tests
run on propelled bodies of revolution generated from known singularity
distributions.

It is also advocated that scale effect on potential flow be in-
vestigated from the viewpoint that boundary layer scale effgct automati-
cally alters the potential flow field. Lastly, viscosity effects on
dissipation of wa&es, hence wave wake, should be further invéstigated.

Without concentrated effort as outlined above, further geosim

testing can only lead to more ambiguous and contradictory results.
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Series 60, Cg = .60, LBP = 600 feet
U of M: Model No. 912, Propeller No. 1, A = 42,857
DTMB: Model No. 4210, Propeller No. 3378, A = 30.000

TABLE I

0.6 0.7 0.8 0.9
v/Vigp v ™MB M 0 m™MB UM TMB oM TMB
SHP 5500 - 5500 9000 9000 13200 13200 23200 23200
RPM 62 6k 73 76 85 87 100 103
W 28 .26 26 .25 .25 .23 .25 .2k
t 18 .15 19 .16 .19 17 .19 17
e,  1.03 1.01 1.04 1.00 1.04 1.02 1.0k 1.01
en 1.1 1.15 1.10 1l.12 1.08 1.08 1.08 1.09
EHP/SHP .80 .80 7T LTT CTT .78 n LTk
UM TMB
e at J=.76 .64 .69

b

Note: The pitch of Propeller No. 1 was

that of Propeller No. 3378.

L8
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TABLE II

Series 60, Cg = .75, LBP = 600 feet
U of M: Model No. 913, Propeller No. 2, A = 42.857
DTMB: Model No. 4213, Propeller No. 3379, A = 30.000

0.5 0.6 0.7 - 0.8
v/Jigp UM TMB UM TMB UM TMB 0y TMB
SHP 4300 4500 8100 7700 14500 14500 31700 31700
RPM 50 50 61 61 73 T4 92 ok
W .35 31 35 .31 37 .29 55 27
t .20 .16 .20 .17 .22 .18 .22 .16
ep 1.05 1.04 1.04 1.01 .96 1.01 1.0l 1.01
eh 1.25 1.22 1.235 1.20 1.2% 1.19  1.20 1.25
EHP/SHP .80 .81 .79 .80 .75 .77 ral ral
UM TMB
ep at J = .62 .63 .62

Note: The pitch of Propeller No. 2 was 2% higher than that

of Propeller No. 3379. ‘
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Series 60, Cg = .80, LBP = 600 feet

TABLE ITT

U of M: Model No. 932, Propeller No. 4, A = 142.857
DIMB: Model No. 4214-B4, Propeller No. 3377, X = 30.000
0.k 0.5 0.6 0.7
v/Vigp UM TMB UM TMB UM TMB UM TMB
SHP 2600 2500 4900 4900 9500 9400 20400 20200
RPM 40 4o 49 52 62 65 79 83
W .39 .36 .39 .35 .38 .35 .36 31
t .22 17 .22 .19 .22 .20 .21 .19
ep 1.01 1.00 1.01 1.01 .99  1.01 i.oo 1.02
ey 1.28 1,30 1.28 1.25 1.26 1.23 1.23 1.18
EHP/SHP .82 .82 .80 .80 .78 .78 .73 LTh
M TMB
ep at J =.58 .63 .62

Note:

The pitch of Propeller No. 4 was 5% higher than that
of Propeller No. 3377.
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Figure 6.
for three series 60 parents.
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Thrust deduction values of DTMB and U of M
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Figure 5. Mean wake fraction values of DIMB and U of M
for three series 60 parents.
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100 x NEGATIVE SLOPE

100 x NEGATIVE SLOPE

N
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Figure 7. Mean wake fraction scale effect expressed as

negative slope of lines plotted in previous figures.

X————————% "ALBACORE" TESTS
LEGEND SAME AS FIGURE 7

| { 1
6 8 9

Figure 8. Thrust deduction scale effect expressed as negative
slope of lines plotted in previous figures.
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