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ABSTRACT

The pacer oresents a theoretical extension of a
sami-empirical method for the determination of
squat of ships in shallow water based on a cne-
dinensional theory, in which the sclid bottom
is replaced by a higher density fluid laver,

It can be shown that., for the evaluation of the
effect of the mud laver, & difference has o be
made between three ranges of the ship’s speed,
separated by two critical values. The first
critical value is aporcximately equal to the
maximum velocity of prooagation of internal
waves at the interface., while the secend
critical value deoends on the blockage factor
and on the lower fluid density.

Numerical results of theoretical calculations
are coapared with experimental data of tests
carried out at the Hydraulic Research Labora-
tory in Antwerp=-Borgerhout with self-propelled
ship models in restricted waters above a solid
bottom and above 2 simulated mud laver.

INTRODUCTION

By By Sty g g
Safe navigation in shallow waters (®.§. ap-
proach channels to harbours) requires a minimum
water deoth or & minisum keel clearance. I[f
sediments are deposited in the navigation area
considered, however, water and solid bottom are
separated by ¢ mud laver, so that the guestion
arises which depth and keel clearance condit-
ions have to be fulfilled. In those cases, it
is necessary to introduce terms as "nautical
depth”™ and *nautical bottom™: the latter can be
defined as i horizontal plane with particular
characteristics, situated between the too of
the mud and the solid bottom, above whizch a
shio can still navigate and manoeuvre in a zafe
WY .

The knowledge of the physical characteristics
which are tyoical for this nautical bottom (s
very imgortant for the cotimization of maintan=
ance dredgQing work in muddy canals and har-
bours. For this reason, a study program on
this subjiect was proposed by the "Dienst der
Kust® (Coastal Decartment) of the Belgian
Hinistry of Public Works. Jointly with Haecon
nv and Decloedt nv, This study iococeared to be
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necessary, s data Toncerning the behaviour of
ships with restricted ksel zlearance above mud
are hard to find in literature: only in the
Netherlands, both full scale (Rotterdam) and
model (MARIN. Wagenjngen) experiments have been
carried out on oil tankers, (see [11,(21),

The “Waterbouwkundiq Laboratorium* (Hydraulic
Research Laboratory) in Antwero-Borgerhout,
scientifically supported by %he "Dienst voor
Scheepsbouwkunde” (Office of Naval Architect-
ure) of the State University of Ghent, was in—
volved in this study, as it was expected that
model twits would take an imoortant place :in
the evaluation of the total effect af the ore-
sence of a mud laver on a ship’s performance.

In this paper, one partizular aspect of the
stucdy is oresented : the influence of the ore—
sence cf 2 mud laver on the vertical disolace=-
ment of a shic. This asoect might be of inte=—
rest. not only becausa of the imoocriance of
€guat and trim in deteraining the allowable
keel clearance. but also because thecretical
calculations of sinkage ~eveal same character=
istics of the motions of the interface.

These theoretical calculations can be consider—
ed as an extension of a seal-emcirical methog
for calculating squat and trim of full ships in
shallow water, This method has been develooed
by Dand and Ferguson, [3]. and is in fact only
sepl-emoirical if it is used for calculating
vertical displacements cf shics navigating in
shallow water of 2 considerable width., as it is
based on 2 one-dimensional theeory! in Aarrow
channels., however, no empirical assumptions are
needed,

Numerical results of theoretical calculations

are compared with experimental values obtained
from mode! tests., carried out in the Hvoraulic
Research Laboratory.

MODEL EXPERIMENTS

Introduction

Handling ot problems concerning a shic’'s be-
Raviour in restricted waters Ls of 1ncreasing
importance for the Hydraulic Fesearch Labora-
tory. This i1s the reason why the construc-
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4,150 tion of 2 70 x 7 x 0.6 m shallow—water tank for

ship model experiaments, equicoed with a towing
carriage and a planar motion mechanisa. is
planned.

Nevertheless, it has baen decided not to-wait
forr the rewalization of this souipment to carry
out an experimental orogram for studying the
influence of the presence of a nud layer on a
shin’s oerformance in 4 basin with ecre re-
stricted dicensions, 32.00 x 2.25 x 0.2 m.

Although in general a length restriction causes
difficulties in obtaining a steady—-state condi-
tion for the ship model, the consecuences for
the test prograa considered ware not too imoor-=
tant, because only the lower speed ranga was of
interest. On the other hand., a width restric-
tion causes blockage effwcts, but the latier
can also be expected in reality, as aost
problems with mud layers occur in canals or
dredqged channels,

HMorsover, the main purcoss of the test progran
was not to obtain quantitative information, but
to select a suitable material to sisulate mud
en model scale, and tc obtain a better insight
into the physical causes of the changements in
a ship’s behaviour,

Experimental sat-up

The tests were carried out in a small basin
with dimensions I2.00 x 2.2%5 x 0,20 m. The
basin floor was levelled with an accuracy of
21 mai floor and walls were protected against
penetration of the aud simulating material.

Two shio models, scale 1:70, were salected : a
third—generation container carrier (model
dimensions : Lpop = 3,53 @ { B=0Q.4a T =
0.17 m t Cb = 0,68) and a product tanker (model
dimensions : Logp = .8l s ; B = 0,59 a : T =
O.16m : C = 0,80) . The first-mentioned was
only used for tests above a solid bottoa, while
with the cther ship nmodel experiments above 2
layer of mud simulating material were carried
out as w~ell. The mcdels. esaquipped with rudder
and orooeller, were forced tao follow the
centreline of the basin by means of a quiding
beam. but werw able to move freely in vertical
sense (see fig. 1).

}51
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A wireless communication svstem between the
shio model and & cerional coaoutsr was develop-
#d for control of crooulsion and rudder. and
for acguisition cf the measured data. The
latter were transmitted in a number of eouidis-
tant points of the guiding beam. secaratec 0,23
m from sach other, and consisted of

- time betwmen two measuring pointsi

- vertical distance to guiding beam In two
measuring posts (MA and MF):

= lateral force in the two measuring posts.

In one particular coint of %“he basin the

interface motions were registrated by means of
a profile following device.

Mud simulating material.

Due to -he particular rheclogical provertiss of
mud, it is extremely difficult ta find a cate—
rial able to simulate it in all its aspects for
sodel tmsts.

1+ is known that., for ship model tests carried
out in water, it is imoossible ta follow both
Froude and Reynoclds conditionsi the interoreta-
tion of resistance tests therefore implies an
extracolation technique consisting in seperat-
ing the total resistance in two garts, and sup—
posing that the friction part cepencs on the
Reynolds number, while the residual gart is in-=
dependent of viscosity and is a functicn of the
Froude number only.

When “ests have to be carried out wilh shicz
models navigating above & aoud siaulating aate-
rial, the interpretation difficulties mentioned
are still increased, The Froude canditicn Zan
be fulfilled by choosing a mud simulating nate-
rial with the same density, but it will be ex—
tremely difficult to find a material with which
both Froude and Reynolds laws are followed.
Moreover. the behavicur of the mud laver is in=
fluenced by cther rheological characteristics
such as shear stress and.vield stress. Ancther
comolication is caused by the fact that the
physical characteristicspentioned are variable
with descth and with tinme,

Several materials which might be aczeoted for
mud simulation have been studied by the

i 7S ME
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Fig. 1. Experimental set-up (schematic reoresentation)



Hydraulic Research Laberatory and by Haecon
nv 1

natural mud,
of which are
ditivesy
artificially composed mud:
organic liquids.

the rheclogical characteristics
scaled by means of chemical ad~-

Although the latter are not able to reoresent

several

important characteristics, their use

offers some advantages i

A

lected for simulating the mud.

their characteristics do not change with
time, which is an important advantage in this
rarly investigation stage;

the validity of theoretical develooments,
based on the behaviour of a system consisting
of twc ideal fluid lavers, can he checked,
which permits the reference of the behaviour
of a shio navicating above a real sud laver
to an “ideal” situation.

mixture of trichlorethane and petrocl was se=
The density of

the fluid can be adjusted by changing the
amaunt of petrol.

This material offers the following advantages !

solvability in water is zeroj

Jo
although the rheclogical properties are not
scaled exactly, the differences are expected
to be acceptable.
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Test prograa.

The test orogram consisted of acceleration
tests, steadvy-state tests (with constant
soeed), deceleration tests and rudder angle
tests,

These experiments were carried out at several
values of keel clearance, varving from +0.2 T
to +0.02 T for tests above solid bottom. and

from «0,.2 T to =0.04 T for tests with a two-

laver system.

It is not the purpose of this article to give a
comglete review of the results cf Lthis test
program. A selecticn of experimental results
will only be given to illustrate or to confirm
results of thecrr:icfl calculations,

THEORETICAL BACKBROUND

Conventions (see fig., 2)

The ship
canal of

is meving forward with speed U in a
width w. The solid bottom of the
canal :s covered with a higher density flu:ig
(mug) laver of thickness §: the water deoth,
referred to the top of this layer 1s denotes
hy. The densities of the upper and lower ‘luid
lavers are presented by py and p;, respective-
lv.

C T T T T Ty /’/‘///!.////// 7
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Fig. Za. Geometry in initial pogition (U = 0), §§ 5
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4.152 4 carthesian right-handed co-ordinate svstem

Oxyz is moving with the ship, sc that the
origin O 1s situated on the hull centerline in
the waterolane | the Ox-zxis 1n the longitudi-
nal direction., pointing to the bow: the Oz-axis
vertically uoward: the Ov-axis laterally,
pointing to peort.

It is assumed that the disturbance due to the
ship msotlion "is constant over a given cross-
section., %0 that perturbations in the v—- and
z~directions are neglected. This means that
the following fluid velocities and surface
positions are variables of the lengitudinal
co~ordinate x

- velocity of the upper fluid (water) : u(x)
- valocity of the lower fluid (mud} 1oy (x)
- free surface position 1 3y ix)
= interface position iy (x)

The velocities u; and u, are referred to the

aoving co-ordinate systea Oxyz, so that u,<0
and u, <0,

Fluid laver velocities.

Az the reference frame is moving with tha ship,
the prodlem is reduced %o one of steady flow,

{n which the ship’s position is fixed while the
two fluid layers are moving with a velocity =U.

Taking account of the simolifications mentioned
above, continuity requires that- i

% hy = U‘(K’[W (hy + Jqix) = !gtxi] = &(KJ]
(1)

U wd = u,(xi[ W &+ Iy3ix)) = S (x) ]-- 2

where S, (x) represents thc'éart cf the .ssction—
al areaz S(x) between the free surface and the
interface., and 5, (x) the part under the inter-
face. When the underkeel clearance referred to
the too of the "mud™ laver is sufficiently
large, S; equals zero.

On the free surface, application of Bernoulli’s
equation vields

1
U = - Wu! +g zt {3
2

{16 I B

On the interface., the boundary condition is
given by dynamic pressure matching

91[ uﬁ‘?h]‘i‘:[

lp, = pqy) U2 (4)

[ 1 I B

u:‘*q!:]

I I I

[

The following Froude numbers arw now defined :
Ut

F:i [P (3
g Ny

Uz
F'=I = (&)

P1
g § [ 1 - — ]
P1

I+ I, is eliminated from equations (2) and (4},
the fcllowing mxpruession (s obtained 1

L3

—

1 =1l = my +

191

£ P Uy ot EH
P‘,: T = [- -‘} {- _]
P P2 u u

Elimination of §, from eaquations (1} and (3}
vimlds 1

I 1 Uy 1 Uy
s s o 7 ag el
or, taking account of (2) 1

Uy
i [~ »
u
2
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P

In these expressions., my (x) and aqix) are the
local blockage factors of the upocer and lower
fluid lavers, respectively !

S, (x)
—_— (BY=}

Sy (%)

(SS9
w §



Equations (7) and (9) provide a systea of two
nonlinear eguations with two unknown variables,
=4 /U and =y /U, In fact this systea can only
Se solved by iteration, as the blockage factors
& (x) and a; (x) vary with the local sinkage and
the local free surface and interface
elevations.

Vertical disolacement,

Sinkage and trim can be calculated as fallows.
t can be shown that the buoyancy force per
length unit in a section of the ship hull is
given by ¢

F ix) =g [p; By [T, = Z(x)1}

z
- (91 - p,) {Bt ri & 52 - S,‘}] (12}

where S, denctes the part of the section ares
under the interface at rest.
The local sinkage Z(x) is given by t

I{x) = la + x 7 (13
where In and v are sinkage midships and tria,
respectively,

The total vertical force and the noment about
the Ov-axis have to moual zero i

sl
{ F (%) dx = 0 (14}
-gL
L1
‘.
[§%-3}

JFIxedx = 0
z
-xl

Insertion of (12) and (13) vields

gl
J{%, By (J; = lm = Tx)
-4l
= (py = py)(By I; + 8 = 5!"] dx = 0
(1&)
sl
[{91 Et frl - Im = Tx)
=-5L

- ‘D} - p,HB-.- I; » 53 o S,“.‘dex =

(17}

which leads to the following exoressions for Is
and Tt 1

Co Ay - C, A,

Im =& — (18)
Ao Ay - Ayt
Cy Ao - Co A,
T  — e (19
Ao Ay = Ayt
where
YL
An = J By x* dx (=0, |,2) 2m
=%l
XL

Ch = I By py x* dx
-4l
%L

Pa
+ [1 = -} J (By Iy * Sy = S5.%) wh dx
P
=L
(n=0, 1) 21

Note : i{f the centre of gravity of the water-
clane area is chosen o Be the origin 0,
expressions (18) and (19) are reduced t2

Co
in =
Ao
%L k18
Py
By 5y ax + [1 ‘—] (Bs [3 *+ Sy = S.°) ax
P1
- —4L
=
L1
J 5‘ dx
-HL
22
&
- T e—
Ay

e
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{Bg Iy xdx =+ [1 - ——] J!B, Iy + S3 = S;°)xdx
P

=My =1L

KL
J By x1 dx

=%l
(23

Fig: T:

Solid bottom : function ¢, (=u, /U) for
several values of Froude number F, and
blockage factor my.

SHIP NAVIGATING ABOVE A SOLID sQTTOM

Theoretical calculations,

[f the lower fluid laver is not presant, ax-
pression (8) takes the following form 1

L My 1 Yy
-Fli[- .._,] - 1 - my + -—Fll [— _] * | =0
2 U

(24)

The number of oositive roots of third—-order
polynomial equation (24) zan be 2, | or O,
depending on the values of F, and m, (see fig.
3). According 4o Constantine, (4], no real
solution can be found in a eritical velocity
range. For subcritical values of F,, the
smaller pasitive root gives the sclution for
(=u, /U), while for supercritical values.

(=uy /U) is given by the larger one. As it has
been shown by Schijf, (5], it is theoretically
impaossible for a self-oropelled ship to exceed
the subcritical velocity range: therefore, the
critical and supercritical ranges will not be
consicered here.

Expressions (18) and (19) are still valid., but
the second term in the exoression for Ca, (21),
disappears, [f the centre of graviiy of the
waterplane area is chosen tc be the origin O,
sinkage and trim can be expressed as follows :

18

J By [y ox

-%L

Iin = (2%

B, dox

By [, dx

r = (28)
XL

J B, =l d=u

<L

These expressions can also be found in 2 faper
by Dand and Fergusen, [31.

Theoretically., the vertizal disolacement of the
shio can only be calculated 5y iteration is the
blockage factor m; i3 a function of the lzcal



sinkage of the shio I1(x) and the free surface
elevation [, (x)

S -5 °

— (27)

mo= my o+

where m, ' represents the local blockage factor
at rest, S,' the sectional area for initial
draught T = T*,.and S;, the sectional area for
draught T = T* = I - I ., If variations of the
local beam B, with draught are not too import-
ant, (27) can be written aporaximately as

Fim/T CONTAINER CARRIER
(%) SOLID BQTTOM
n‘ /T = 1.04
1L
h f ,
2 4 & U {knl
Fig. 4. Container carrier navigating above
sclid bottom - keel clearance 4 ¥ of
draught : trim angle.
Theoretical and experimental results.
mim/T

5 PRODUCT TANKER
) SOL1D BOTTOM
hy/T = 1.04

= L 1
° 2 4 & U (kn)
Fig. 2. Product tanker navigating above solid
bottom = keel clearance 4 % of
draught : mean sinkage.
Theoretical and experimental results.
i PRODUCT TANKER
T (na/m) b
o . SOL1D BOTTOM
$% n /T = 1.04
0 L4

L 1

2 4 & U (kn}

Fig. &. Product tanker navigating above solid
bottom - keel clearance 4 I of
draught : trim angle.

Theoretical anc e:perimental results,

L P S (28)

In most cases, the seconc term of the right=
hand side of (28) can be neglected :

By T omy' (22

30 that in practice there is no need for an

iteration method for calculating sinkage and
trim,

Experimental results,

An extensive experimental program has been
carried out with the seli-groocelled shic models
navigating above a sgolid bottom with several
values of underkeel clearance., The results aof
these tests concerning vertical ship model
displacements, together with the thecretical
values, are shown in figs. 4, T and &.

Hean sinkage and trim seem to be underestimated
slightly by theery: this fact can be explained
by the influence of self-propulsion. This
effect has been treateg by Dand and Fergusen,
(31,

SHIP NAVIGATING ABOVE A MUD LAYER

‘Theoretical develooments.

1+ the underkeel clearance of the ship referred
toc the interface is sufficiently large, the
blockage factor my, for the lower fluic laver
ecuals zera, which causes a slight sisclifica-
tion ot expression (7).

The systee orovided by equations (7) and (9)
can theoretically deliver, ax a maximum., four
combinations of real, ocositive values

{ (=g, /), (=uy /) 1. As only subecritical
Froude numbers F, are considered here, only the
sazller positive root of {7) will be taken intec
account: as a result, the number of real,
positive solutions of the svstem can be 0, | or
-

As an examole, free surface and interface
elevations §; and . are shown in fig. 7 1in
function of my and F,, for one particular laver
configuration (§/h,, py/p,). 1t acoears that :

= normallv, twe situaticns are 2ossible 1 cne
resulting intc an elevation cf the interface
(¥ >0 1 =u. /U 1), another into a sinkage
(1s €0 ¢ =usfl0 = 1)y

- for larger Froude numbers F, and/or larger
Slockage factors m;, the situation resuliing
into an interface elevation 13 not sSassible:
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(B) interface sinkage

Two=laver system : Bripy = L.14
= 0.06. Possible free surface and
interface motions in function of

blockage factor o, and Froude number
F,.

$7ny

= as the 1nitial condition lmy =03 [, @ Q) jg
situated on only cne of the curves in tig. 7,
on& can expect that seall Froude nuabers Fy
will cause an elevation, while large values
will result into a sinkage of the interface,

Obviously, two critical speed values, and
three sceed ranges can be cefined :

- it low soeeds, both elevation and sinkage o4
the interfice arw possible, but the first

solution is expected :p he the most “matural®
onej

it higher soesds, both solutions Are possible

as well, but ocne can exgect an interface
sinkage:

in the highest soeed range, only an interface
sinkage can occur,

In fig, 8, where i% is shawn that for all

values of (-u,/U) > |, one or two real,
positive roots of equation (7) can be found.

L
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Fig. 8. Two-laver svstem padoy = .14 ¢ §/hy
= 0.C&. Funczion §, (~u,/U) for
several values of Froude number F. and

relative velocity factor -u,/U.
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4,158 that the number of solutions will alwavs be |
ar 2.

On the other hand, fig. 9 shows that the number
of positive, real roots of eguation (9) depends
on (=uy,/U) and my. It seems that for lower
values of (-uy/U), such rootxz cannot be found
{f the values of F, orF m are toe highj this
fact explains the existance of the second cri-
tical speed.vdlue.,K '

Observation of the interface during experiments

S - — =

[ o

‘,ﬂ

With the salf-propelled 1/70 scale model of a
product carrier, mcdel tests have been carried

out above a2 fluid layer with density 1140 kg/m3 = T
and thickness 7 % of the draught. During these —l=

tests. the underkes| clearance referred toc the s = SR \____,....----"""
interface was varied from +20 % to =& % ,

-
At low speed, F;< i, a small interface sinkage =

could de observed near the forebody. Under the

parallel middlebody, this sinkage gradually —

disapoeared and changed intoc an interface ele= Mﬂﬁ m
vation., The initial interface sinkage cannot ¢ --.....__________,:L___'D__....—--"'
be predicted by theory, but this is gropably

caused by the simplifying assumptions made o
during the theoretical develooments. In factk, i / \
the flow around the shio hull is not aone-, but ] ,/ \‘\
three—dimensional: especially near the ship i \
entrance, vertical and lateral velocities >
cannct be neglected. On the cther hand, the
effect of these simplifications on ship sinkage
ang trim is very small, especially at the very 0

low speeds considered. —-'-\—_—_::'_—;:/

ol

-

:

When the ship’s speed excaeded the first cri-
tical value, Fy= |, an interface sinkage was r' |
coserved under the entrance, but at socoa sec— \\
tion, this sinkaqe suddenly changed intc an /

#levation. This phenomenon showed cuch reses— 2—— £ N~
blance with a hydraulic jump in channels,

especially because the profile of the interface
Jump described here also develooed undulations,
which alsc occur in channeli*flows at moderate
Froude nusbers (1 < F < J3), ‘see Wehausen, [&]. 9 R ———=
The section at which the interface jume occur= L

ecd, moved towards the stern-with increasing =

soeed. The angle between the wave front and [yo—

the canal centerline was aoproximately 90°,
which emohasizes the one-dimensional character b
of the flow in this soesed range.

I Fyn2.41
With inmcreasing speed. the =hird critical value
(which depends on the blockage factor) was 1
e:ceeded for the parallel middlebeodvy, sc that
the interface Jumo could only occcur under the 1
ship’s afterbody, or, finally, behind the \ -
stern., The angle between the wave front and g L___':——’--;—_—;—-—"’:"
the canal centerline increased from °20° <o |

aporciximately 1IZ°, and the interface elevation

attained values which enceeded the lower fluld

laver thicknessz ssveral tioes. Fig. 10. Product tanker navigating abave a
two=laver syitem i 0;/f; ® }.1‘ i
The orofile of the interface for several speeds $my = 0,04, Inttrhcp_nocwm for
is shown in fig. 10, wherwe the experimental several Froude numbers ©, !
results can be compared with the theoretically *heoretical oredictions and endertis

calculated curves of fig. . mental coservations.



Vertical displacesents

Sinkage and trim can only be calculated if the
position of the interface jump is known. [§ i%

13 assumed that, for the speed range between
the second and third critical soeed values,
this position moves gradually with speed froa
the fore end to the aft end of the
parallel aiddlebeody, flg. 1l is obtained.

The effuct of the presence of the lower fluid

layer on sinkage and tris deoends on the ship's

speed !

= for a ship moving at low speeds (F; ¢ 1), the

layer causes a very slight increase cf mean
sinkagej :

= for a ship moving at 2 speed higher than the

second critical valum, a2 sinkage decrease can

be cbserved)

-1a/T
e °

= for values of sceed in the second range, the
effects of the laver will result into an
incresse of the trim angle.

Fig. 11 also shows that the zign of the tria
angles can be reversed if a solid botiom 13
replaced by i muddy one.

The agreement between experimental and theo=-
retical vialues seems tc be good for speed
values in the first and second soeed ranges.
For higher speeds, the character of the flow
can probably not be cescribed in an effective
may by a ons=dipensional approximation., and it
can be expected that the influence cf the oro-
pulsion cannon be neglected in this speed
range, . A

Existance of the second soeed range.

The second $9lld.r;hq! only exists if the
second critical speed value is larger than |,
i.e¢. the first critical speed.
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can be sesn in fig. 9, the degendence of
the function #; (—u;/U) an the value of the
paraneter (-u,/U) cecreases with decreasing
values of the latter, so that an ipproximative
expression for ihis speed value can be ocotained
if (=uy/U) is supoosed tao be zero

Uyt 8 P
F1 e T e (] =y )) (] = —) (301
crit ghy .27 P2

The value of this critical Froude number (s
shown in fig. 12,

Hence, the criteriua for the sxistance of the
second soeed range, and, therefore, the pre—
sance of an interface jumo can be expressed s
iollows (see also fig. 13) 1

§ § 8
s {_ = = (1 = )2 (31
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SHIP NAVIGATION IN A MUD LAYER
(NEGATIVE KEEL CLEARANCE)

Although navigation of ships with negative kwel
clearance referred to the interface are beyond
the scope of this paper, the theorwtical de-
velooments described in this article provide a
basa for handling problems of that kind, How=
ever, calculations will be far more complicated
because of the effect of interface elevation
and local ship sinkage on the blockage faczor
for each laver, especially %he lower cne. A
correct evaluation will require the introduc-
tion of Bonjean curves in the calculation
scheme,

Experisents have shown that, concerning the
behaviour of the interface and the effect on
the performance of the ship amodel, no funda-
mental difference can be observed between tEsts
carried out with positive or negative keel
clearance. This is especially the case for the
soeed range between the first and the second
critical speed 1 because cf.the interface sink-
kage in the forebody and the elevation in the
afterbody of the ship, there is an important
range of keel clearances for which the shio is
navigating partly above., and partly in the
lower fluid laver,

When the whole ship’s body i1 interface-
piercing, for some speeds 4 bow wave can be
observed in the interface. The height of this
wave (about Z mm) is very restricted comparwed
with the elevations and sinkages due to
"hydraulic* action. This phenomenon shows that
the occurrance of internal waves observed in
reality cannot be explained i1n a similar way as
the wave systen generated by a ship in the free
surface.
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Fig. !3. Critical layer thickness. Maximum

laver thickness for the appearance
of an interface jumo.

DISCUSSION
Due to the assumotions and simplifications made
in the thecretical develooments described
above, the calculation method certainly has
many shortcomings, Several among these are
caused by the cne-dimensional character of the
thecry 1|

- Problems in waters of considerable width
cannot be handled., as %the blockage facisrs
tend to zerc. A semi-emgirical ‘equivalent
width* has to be defined in those cases.

- Especially at low soeed, the lateral and ver-
ticzl components of the flow in the vigcinity
of the ship’s bow are toc imoortant to allow
a fair aporcoximation by means of a one-dimen—
sicnal theory., However, the effect of the
difference between theoretical calculations
and experimental cbservations on vertical
displacements can be neglected.

- At speeds higher than the second critical
value, the internal wave front is not perpen—
dicular %o the shig's centerline, which is 1n
contradiction with the assumptions of one-
dimensionality.

Even if the flow had a strictly one-dimensicnal
character, the theory would not be able tc take
the 1nfluence of prooulsion into aczount, or 2
predict the location of the "interface Jumo” 1n
the second soeed range.

In spite of all these shoriczomings. the results
o4 theoretical calculations have shown that the
one-dimensional theory is able to give 2 pre=
diction of tha behaviour of both the aud laver
and the snip navigating apove it. This predic-
tion is fair for the ship’'s mean sinkage and
for interface elevations. and gives a tendency




for trim angles., It can be expected that re-
sults will be improved {f the effect of the
propelleris) on the flow is taken intoc account,
and {f the blockage of the lower fluid lavyer {3
not neglected.

However, it is useless to refine the presented
calculation method before the applicability of
the theorvy on a real agd layer is proven. For
this reason, A new t!i:'aroqum is planned to
be carried out in the Hydraulic Research
Laboratory 1

= The tests with the scale model of the product
tanker will be repeated above a layer of
artificially composed mud.

- A similar test progranm will be carrisd out
with a 1140 scale model of 2 suciion dredger
navigating sbove 4 solid bottom, a TCE-petrol
layer and a layer of artificially composed
mud. As the suction dredger has been used
for full-scale tests above 2 mud laver in the
harbour of lzebrugge, 4 comparison betwesn
reality and model tests will be possible,
which is of impertance for the selecticon of a
mud sismulating material. The full-scale
tests mentioned were executed by Decloedt nv
and Haecon nv.

- As it is expected that in reality only the
upper part of a rmud layer is affected by the
flow due to ¥he ship’s sceed, it is of impor-
tance to know the position of the lower
boundary of this "“active zone". In order to
acouire more information about the character-
istics of the lower boundary mentioned, tests
are planned in the Laboratory of Hydraulic
Research with a natural mud layer with thick-
ness 0.20 to 0.40 & It is the purpose o
cetect the active zone of the aud laver, and
to check whethar the theoretical conditions
{or the apoearance of a hydraulic jumo in an
interface between two fluid lavers are also
valid iorltho interface between water and
nud.

Finally, it can be stated that the study of the
interface and of the flow velocities of both
water and sud can Qive an explanation for many
phenomena concerning the behaviour ci a ship
navigating above a muc laver. One of these
ohenomena. the vertical moticns of the vessal,
has been handled in this pacer. but it can be
expected that the influence on the rom—soeed
curve is related to the pressnce of an inter—
face jumo (second soeed range) or a interfacial
stern wave (third speed range) as well, for an
interface elevation imolies a higher relative
velocity between the snip’s hull and the water,
which not only causes an increase of viscous
resistance. but also affects the prestations of
the propeller(s). PRoreover, an interfacial
wavemaking resistance term will have to be
agded to the total shio's resistance.

It is clear that this pacer does net intend to
give a f#inal solution for all oroblems concern=

ing the performance of ships in muddy areas.
rven ‘ngt for those considering only vertical
motions. 1%t is only the purpose to contribute
to 4 betimr {nsight {ntc the nature of tha
physical mechanisms which are responsible for
the phenomena considered.
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