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SYNOPSIS

This thesis is an experimental investigation into the components of
ship resistance. The traditional Froude method of scaling is investi-
gated with reference to the measurement of skin friction and viscous
pressure resistance. A literature review is given on the theoretical

background and experimental measurement techniques.

Two models are used for the experimental work, which sizes are in the
geometric ratio of 2,7 to 1. The model form is half a body of revolu-
tion with a vertical sided supergtrucfure. The block coefficient of
the model is 0,621 and the length to beam ratio is 7. Two surface
models and one reflex model are tested. One of the models has 40
pressure. tappings located on its hull which are used to measure the

total pressure resistance of the model.

The components of resistance directly measured are total resistance,
total viscous resistance and total pressure resistance. The resistance

components inferred are skin friction resistance and wave-making resistance.

The deduced skin friction is found to deviate from the Prandtl-von Karman
. skin. friction formulation. The wave-making resistance agrees favourably
with the predicted values using Mitchell's integral. -The total viscous

resistance increases sharply. at Reynolds numbers greater than 3 x 10°.
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1.1

CHAPTER 1

*+ INTRODUCTION

Knowledge of the forces resisting the motion of a ship moving through
water is important in the design of ships. To optimise the ship's
performance the ship should have the least possible resistance while
meeting the requirements of its service. For more than a century now
since William Froude's famous tests at Torquay in the 1870'8, model

ships have been used to predict the resistance. of prototype ships.

Historically the method of determining prototype resistance from model
tests has been to measure the total resistance of the model over a range
of speeds. The skin friction of the model is then estimated by towing

a flat plate of equivalent wetted area to the model. This estimated skin
friction is then subtracted from the total resistance to determine the so
called residuary resistance (i.e. all the resistance components that are
not skin friction). The prototype. skin friction is then estimated using
an empirical skin friction formulation, while the residuary resistance

is scaled using Froude number scaling.
The following points about this. method. justify further investigation:

a. How accurate is the assumption that the skin friction of a flat _
two-dimensional plate is equal to that of a curved three-dimensional

body of the same wetted surface area?

b. The viscous pressure resistance as part of the residuary resistance
is ‘scaled up according to Froude number scaling while being dependent

on Reynolds number. How great is the error in this approximation?

To answer these questions the resistance components of a body of revolution
are experimentally investigated.in both the surface and the. deeply submerged

conditions.



CHAPTER 2

THEORETICAL BACKGROUND

2.1 Definitions

2.

1.

.1,

1

Reynolds .number

" Reynolds number is defined as a velocity multiplied by

a length dimension divided by the coefficient of kinematic
viscosity of the fluid through which the body is travelling.
Historically in the study of ship resistance the waterline
length has been chosen as the length dimension although in
certain areas of fluid mechanics. the diameter of the body

has been used. This leads to the definition of two'Reyholds

numbers:
VL
ReL = _\)— (2.1)
VD
ReD = T (2.2)
where V = velocity of body relative to the fluid (m/s)
L = waterline length (m)
D = diameter (m)
v = coefficient of kinematic viscosity (m?/s)

Reynolds number'is used for model scaling when pressure,

inertial and viscous forces are dominant.

Froude number

Froude number is defined as velocity divided by the square

root of the product of the acceleration due to gravity

~multiplied by a length dimension. The length dimension

used historically has been the waterline length,

.1



2.2

2,2

Thus F = (2.3)

v
r ot
where g = acceleration due to gravity (m/s?)

Froude number model scaling is used when pressure, inertial

and gravity forces are dominant,

The nature of ship resistance

In fluid mechanics the term resistance is the retarding force
experienced by a body when moving through a fluid. In aerodynamics
this retarding force is generally.called drag; however, naval
architects have historically referred to it as resistance. Resistance
is found in all situations where a real fluid moves relative to a
body e.g. pipe flow, open channel flow and, of more specific interest,

the resistance of the éea opposing the motion of a ship's hull.

Work must be done against the resistance. to maintain the relative
motion between the body and the fluid. The force exerted on the
surface of the body can be considered to be the sum of the tangential
shear stresses at the hull T, and the normal pressure p acting
"over each element dA of the surface of the body in contact with

the fluid SW (i.e. the wetted surface area), see Figure 2.1.

v, free stream velocity

Figure 2.1 Shear stress and normal pressure on a ship hull




2.3

R, = IS T, sind dA + IS p cosd dA (2.4)
W . W

total resistance (N)

where RT
¢

angle between surface dA and direction of motion.

The first term on the righthand side of this equation is termed

skin friction and is the longitudinal resultant of viscous shear
forces of the fluid against the hull surface. The second term on
the righthand side of the equation is called the total pressure
resistance and is the longitudinal resultant of the normal pressures

exerted at the surface.

To understand the nature of ship resistance it is useful to consider

a fixed model placed in a moving fluid stream in two cases: firstly
deeply submerged and secondly at the surface. Also consider that

the fluid is initially.an ideal frictionless fluid and is subsequently
a real viscous fluid. The resistance of the model in these cases is "

illustrated in Figure 2.2, page 2.6, adapted from Lackenby (1965) .
~The following discussion leads to the division of the resistance of
a ship into various components - these are depicted in Figure 2.3,

page 2.7.

2.2.1 Resistance in an ideal fluid

2.2.1.1 Model submerged

The model would have normal pressures acting on
it; however, if the normal forces acting on the
bow are integrated longitudinally and compared

to a similar integratioh for the stern, they will
be found to be exactly equal and opposite. This
is because no separation of the streamlines will
occur in an ideal fluid. Therefore, the total

pressure resistance of the model will be zero.



2.2.1.2

2.4

Similarly, there would be no tangential shear
stresses acting on the model in this case.
Thus the model would have zero resistance and

this is represented as line OA in Figure 2.2,

Model at the surface

The model would generate a set of gravity waves

in the fluid stream as it flowed past the model.
The generation of the gravity waves would be

seen at the hull of the model as normal pressures.
The longitudinal integrated normal pressure forces
would, therefore, be non-zero and equal to the
theoretical wave-making resistance of the form.

This is depicted as curve OB 1in Figure 2.2.

As the model is in an ideal fluid there would be

no tangential shear stresses acting on the ship.

2.2.2 Resistance in a viscous fluid

2.2.2.1

Model submerged

Consider firstly the form of the model to be
pressed out into a thin plate of the same length
and wetted area as the model. Assume that the
plate is infinitely thin so that when the fluid

flows parallel to its plane there are no fromtal

_pressures acting on the plate; however, tangential

shear stresses will act on the plate due to the
viscosity of the fluid. If these tangential shear
stress forces are integrated longitudinally they
would represent. the flat plate skin friction shown

as curve OC in Figure 2.2.

Consider again the three~dimensional body placed in

a moving stream of viscous fluid. ~'If the tangential

.shear stresses acting on the model are integrated

longitudinally the answer will be the real skin



2.5

friction resistance of the model, shown as

curve OD in Figure 2.2, This skin friction

is slightly greater than the flat plate friction
because the local fluid speeds are increased as

the fluid is forced to move around the model.

Due to the build-up of the boundary layer around
the model, separation occurs with the result that
the longitudinally integrated normal pressure
forces at the bow are greater than at the stern,
i.e. the model experiences a resistance associated
.with normal pressures. This is known as viscous
pressure resistance as it is due to the viscosity
of the fluid.

The sum of the viscous pressure resistance and
skin friction resistance is known as total viscous

resistance which is depicted as curve OE in Figure 2.2.

2.2.2.2 Model at the surface

At the surface the model generates waves which are
another source of resistance. This is again "seen"
by the hull as changes .in normal pressures, the
longitudinally integrated component of which is
wave-making pressure resistance. Therefore, the
normal pressures .acting on the model in this case
are due to wave-making and. to the viscosity of the
fluid.

The sum of the total viscous resistance and wave-
making resistance is the total resistance of the

surface model, shown as curve OF 1in Figure 2.2.
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2.3 Modelling ship resistance

2.3.1 Dimensional analysis for a surface body

Ship resistance is dependent on many variables and due

to the complexity of the problems no exact solution that
provides numerical answers to ship resistance has been
found. Dimensional analysis may be used to find relation-
ships between variables on which an empirical solution may
be based. Dimensional analysis is a powerful tool since
the correctness of the answer does not depend on detailed

analysis but only on the right choice of variables.

Considering a.ship moving through deep, still water its

resistance may be taken.to be a function of:

a. _The’ship's speed relative to the water V (m/s)

b. Size of the ship - taken to be the water

line length, ' L (m)
c. Dimensionless ratios expressing the form
of the ship, L
d. Density of the.fluid, p (kg/m?)
e. Dynamic viscosity of the fluid, u (kg/mﬂs)/
f. vAcceleration due to gravity, - g (m/s?)

ship's resistance at speed V

R

f(V, L,I',I',I', seey Py W, g) (2-5)
; 17 27 3

Since we are primarily concerned with the resistance of
geometrically similar ships, the dimensionless ratios
expressing the ships form may be ignored.

-+ Ry = f (V, L, o, M, 8) ' (2.6)



Raising each term to a power and rewriting in fundamental

dimensions mass M , length L , time T

Ry = £ 3, 1%, 0% 0, g9

ML _ La b M .c M.d L .e
T - f [ (T) » L, (ia) , (iT) R (Ta) ]
1 = c+d

—
i

a+b-~-3c-~-d+e

N
"

a+d+ 2e

writing. a, b and ¢ in terms of d and e

= 2 -d- 2e
= 2-d+e
c = 1-4d

Substituting into (2.7)

R - f.(Vz-d—Ze L2-d+e p1—d Ud ge)

p V2 L2 f [(&Lu_p)‘d (__.Y_)‘ze]

R

VgL
Coefficient of kinematic viscosity = v = %— (m2/s)
Therefore
B VL v
= 2 12 — c——
Ry DVL[:fl(v ,fz( ):|

Vel

2.9

2.7

(2.8)



2.10

where p V2 L2 has dimensions of force

VL . .
> are dimensionless as are any

. functions containing them

el <
3

VL

~ = Reynolds number = ReL

\'/
—— = Froude number = Fr
v gL

Rewriting
= 2 12

Ry p V2 L [fl (ReL) . f2 (Fr)] (2.9)

Dimensional analysis does not give any further information
in determining the functions £ and f , nor does it
1 2

indicate whether they are independent of each other.

2.3.2 Scaling from model to prototype

According to Equation (2.9), in order to scale the resistance
of a model up to prototype resistance the resistance of the
model would have to be measured at the same Froude number and

Reynolds number as the prototype.

To satisfy the similarity conditions for Froude number we

need

v A
—P = m
Vg L Vg L

P m m

Since gravity is essentially constant on the earth it is

not practical to change gravity, -thus gp is equal to g



2.1

Defining A to equal the ratio of the prototype length
to the model length we get

- i . ,
= EE = A (2.10)
m

that is, the velocity of the model must be slower than that

e

of the prototype. For example, consider a one in a hundred
scale model of a 200 m ship which has a service speed of 15 m/s,
the requiredvmodel.size would be 2 m and the model veiocity

1,5 m/s.

Now considering similarity as determined by the Reynolds

number

Assuming that the prototype and model are both operating

in water at the same temperature, that is vp = v
oo -1
then i A (2.11)
m p :

that is, the velocity of the model must be faster than the
prototype velocity. Using the previous example the model
velocity would have to be 1500 m/s. Clearly it is impossible
for both Froude number and Reynolds number to be satisfied

with one model, unless major changes are made to the effect

of gravity on the model or the viscosity of the fluid that

the model is tested in. Since changes to gravity énd viscosity

are impractical a different approach had to be found.



2.3.3

In Equation (2.9) there are the two important dimensionless
ratios; Froude number and Reynolds number. Since Froude
number contains g it can be reasonably expected that
Froude number répresents the wave-making resistance of the
ship. Reynolds number contains viscosity and is, therefore,

expected to represent the viscous resistance of the ship.

Froude's method

William Froude carried out tests on many geometrically similar
models (geosims) and from this in 1868 he formulated his

Law of Comparison (ref Todd 1966) which.states:

"The resistance of geometrically similar ships is in the
ratio of the.cube of their linear dimensions if their
speeds are in the ratio of the square roots of their linear

dimensions".

v )
that is if {,2 = ‘-
m
then Mp o, A3 (2.12)

If the model and prototype are'run in fluid with the same
density and at the same temperature then their displacements A ,

are also in the ratio 13

b Y I

- or = -0 (2.13)
RTm %n ‘ Ab %m

Froude found that this law was not quite valid for his geosims
and he believed that this was because the frictional resistance
did not follow the same law of variation that the wave-making
resistance followed. It is important to remember that when
Froude was working on this problem many concepté today taken

for granted did not exist, such as boundary layer theory,



Reynolds number and the ratio which was later tb bear
his name, Froude number. Froude proposed to separate
the frictional resistance from the tofal resistance,

and the modern interpretation of this may be shown by

rewriting Equation (2.9)
RT=pszé[f (R)+f(F):| (2.14)
1 e 2 r

In order to determine the variation of frictional resistance
with speed, size and surface roughness, he carried out his
famous plank experiments (ref Froude 1872). Froude found
that the frictional resistance varied slightly less than

the square of the speed and that the resistance per unit
area decreased as the length of the plank increased. Froude

presented his equation in the following form

RF = £ SWV (2.15)
where RF = frictional resistance of the plank or
flat plate skin friction
Sw = wetted surface area
f = a dimensional coefficient which depended
on the roughness of the surface and also
decreased with increasing plank length
V. = vspéed of plank through the water
n = an index which was 1,825 for smooth. surfaces

and 2,0 for rough surfaces.

It is important to note that.the frictional resistance that
Froude measured was the flat plate skin friction and not the
true skin friction of a 3-dimensional body which will be

slightly greater. Froude had now divided the total resistance
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of a ship into frictional resistance RF and the
remainder which he carefully termed residuary resistance
RR since it contained viscous and wave-making components.

‘This may be written as
Rp = R, + Ry l(2.16)

2.3.4 Extension of model resistance to prototype resistance

.To predict the resistance of prototype ships from model
results Froude proposed the following method which is

based on Equation (2.16).

a. The model is made to.a linear scale of A and
operated at a number of Froude numbers that are

in the range of the prototype Froude numbers.

b. The total resistance RTm is measured during

these runs.

c. The frictional resistance of the model RFm is

calculated using Equation (2.15).

d. The residuary resistance of the model RRm is found

by difference using Equation (2.16).
RRm - 'RTm - RFm
e. The residuary resistance of the prototype RRp is
calculated using Equation .(2.12) and the corresponding

prototype speed Vp is calculated using Equation (2.10).

f. The frictional resistance of the prototype RFp is
calculated using Equation (2.15).

g. The total resistance of the prototype RTp is found
using Equation (2.16)

Rrp = Rgp * Ry



This method is the basis of predicting prototype resistance
that is still used in all towing tanks today. There are a
number of new frictional resistance formulations which will

be discussed in Section 2.4.

In order to obtain dimensionless plots of resistance versus

speed various resistance coefficients have .been defined as

follows

C.. = Total resistance coefficient - f= g RT (2.17)
T : pVZ S,

CF = Frictional resistance coefficient = ;—?;Tﬁ—?i; (2.18)
CR = Residuary resistance coefficient = I—B—v;—ga (2.19)

The frictional resistance coefficient is generally plotted
against Reynolds number while the residuary resistance

coefficient is plotted against Froude number,

It is important to note that there is an inaccuracy in the
Froude method in that the residuary resistance contains
components (viscous pressure resistance and an extra frictional
force due to curvature) that are dependent on viscosity. These
parts of the residuary resistance are scaled up with the wave~-
making resistance using Froude number scaling although they
should be scaled using Reynolds number. Nevertheless this
inaccuracy does not seem to have.had a major influence on

the results since the Froude scaling method has been used
successfully for nearly a century. It does, however, represent

an area where a refinement of the scaling method could be made.
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Skin friction

Skin friction is a very important part of ship resistance since

for most ships it is the major component of resistance. On cargo
carriers, which form the major part of the world's mercantile

fleet, skin friction can amount up to 85-907 of the total resistance.
Even on higher speed passenger liners and warships where wave-
making resistance becomes more influential, skin friction can

account for up to 507 of the total resistance (ref Blevins 1984).

Skin friction also plays an important role in the modelling of ship
resistance. The flow regime around all prototype ships is turbulent

and when a model is tested care must be taken .to ensure that flow

" around the model is turbulent (ref Allan and Conn 1950).

If results taken from a model which has been tested in laminar flow
are extrapolated to full scale, the predicted full scale resistance
will be significantly less than the actual resistance of the

prototype.

A factor which has a significant effect on skin friction is the
hull surface condition. 'On clean, new sister ships.power differences
of over 207 have been found and. this is mainly attributed to dif-

ferences in painting and hull surface finish. The change from riveted

.to welded construction has resulted in smoother hulls which give an

estimated power reduction of 20% (ref Lackenby 1962). Corrosion and
fouling of a ship's hull can also significantly affect the ship
resistance. Figure 2.4, page 2.17, shows the increase in power required

by a ship in relation to the number of years in service.

To demonstrate the nature of skin friction it .is useful to consider
a vertical flat plate placed in a moving stream of water. The
resistance acting on the flat plate will be the flat plate skin

friction as discussed in Section 2.2.2.1.
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Figure 2.4 Loss in performance with time .in service for a

cross-channel ship (ref Lackenby 1962)

2.4.1 Skin friction acting on a flat plate

Consider the flow of water to be moving past the plate at
steady speed. The fluid particles directly in contact with
the plate remain fixed to the plate; however, at sbme small
distancg from the plate the velocity in the fluid will equal
the free stream approach velocity. Thus there is a narrow
belt of high velocity gradient transversely away from the
plate which is termed tﬁe boundary layer., The.boundary layer
is characterised by high shearing stresses caused by the
momentum interchange between the adjacent layers of differing
speed. These shearing stresses in the boundary layer are the

origin of the skin friction acting on the plate.

The boundary layer at the leading edge of the plate is zero
and thickens away from the leading edge. The fluid flow near
the leading edge will be laminar, and in this region the
boundary layer is termed the laminar boundary layer. The

laminar boundary layer continues to thicken until a critical

17



value of plate Reynolds number Rex is reached at which

the laminar flow breaks down and becomes generally turbulent.
The fluid particles no longef move in streamlines but have
an oscillatory motion about a mean flow path. The boundary
layer becomes much thicker, thus increasing the amount of
water entrained in the boundary layer, leading to a greater
momentum demand and consequently the resistance to motion
increases. Figure 2.5 shows the development of turbulent
flow along a flat plate. Note that in the turbulent flow
regime there is still a laminar sub-layer through which the

final transfer of momentum is made.

Laminar "Transition Turbulent

- —_——— ——ei

Free stream velocity, V

—r-
P .

1 .
XL XT z Laminar sublayer

Figure 2.5 Development of boundary layer on a flat plate

The value of X i.e. the length of the laminar flow regime‘
beyond the leading edge of the plate, is only .influenced by
the level of turbulence in the approaching fluid. The rough-

ness of the surface has no effect on the magnitude of X .



The variation of values of X is given by (ref Kilner
1983)

Re, = 5x 10% to 2 x 10°

where Rex Plate Reynolds number

Vx
= = . (2.20)

The lower value is for highly turbulent approach flow,

while the higher value is for low levels of turbulence in

the approaching flow.

Returning to the example discussed in Section 2.3.2 and
considering the model to be tested under Froude number
scaling, Vp = 15 m/s and Vm = 1,5 m/s. Assuming that
both the model and prototype are in water at 15°C

v (5x105 to 2x106)

me _V

1,141x107% (5x105 to 2x106)
1,5

= 0,380 to 1,521 m

pr = 0,038 to 0,152 m

Therefore, the length of the laminar boundary layer along
the hull is much smaller on the prototype (0,057 of its.
length) than the model (487 of its length on avgrage).
Therefore, the extensive existence of laminar flow over a
‘ship modél hull can be a source of errof and care needs to

be taken to ensure that the flow around a model is turbulent.
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The boundary layer thickness, & is not capable of exact
definition and many approximations exist based on properties

of the boundary iayer (ref Blevins 1984).

a. 997 thickness

b. Displacement thickness
c. Momentum thickness

d. Kinetic energy thickness

e. Shear thickness.

In this thesis the 997 thickness will'be used, which is the
distance from the surface for the flow velocity to achieve

997 of the free stream velocity V .

Free stream velocity, V

Rop acting on fluid

RBD acting on plate.

Figure 2.6

Streamline along a flat plate

Referring to Figure 2.6, two sections have been chosen on

the plate: one at the leading edge AB and the.other within
the boundary layer CD. The discharge crossing AB is -equal

to the discharge crossing CD and, fherefore, there is no flow
across AC i.e. AC is a streamline. The deviation of the
streamline is assumed to be small and, therefore, it may also

be assumed that there is no pressure gradient along the plate.
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Thus in applying the impulse momentum principle to ABCD
only the resistance force on the plate and the momentum
pressure forces at AB and CD need to be considered. To
calculate the momentum pressure force at CD the velocity
distribution in the boundary. layer must be known. Applying

the impulse momentum principle:

For unit width into the paper

§
PVZAB = Ry + [ plviy)]® dy (2.21)
o
§
and p VAB = I p v dy from continuity
o
§ ]
pVZAB = [ pvVdy (2.22)
o

Equating (2.21) and (2.22)

8 . 8
Ry = J (pvVv-pv)dy = pf v (V-v) dy (2.23)
o o

i.e. the resistance acting on a single side of the plate
per unit width. Note that this is a.very general result
depending only on velocity distribution at CD and not on

the boundary layer type.
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2.4.1.1 Laminar boundary. layer

The velocity distribution in a laminar boundary
layer may be solved exactly by the solution of the
Navier Stokes equations governing the flow. The
analytical evaluation of these equations was first
obtained by Blasius and subsequently the solution
procedure has been refined (ref Schlichting 1968).
Ihe solution of the velocity distribution is

presented in Figure 2.7.

BOUNDARY LAYER VELOCITY DISTRIBUTION

FLAT PLATE
1.0

0.8

0.8

/]

0.6 ‘/// ;]
| P

0.5 ‘/’/)//,

::: ﬁaminar / 1 /

Ny~ Turbulent | //,

N
A1 1 I
0.0 -// —F"’/

0.0 0.2 0.4 0.6 0.8 1.0
v(y) / ( Free strearmn velocity )

0.2

y / ( Boundary layer thickness )

Figure 2.7 Boundary layer velocity distribution
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The thickness of the boundary layer is given

approximately by

§=5 /%$j= 5x /€§-= Sz (Reac)'i (2.24)

Thus the boundary layer thickness in laminar flow

increases with the square root of x .

The skin friction acting on the plate may now be
calculated by returning to Equation 2.23 and using
the velocity distribution given in Figure 2.7. The

solution of the integral gives the following

R, = 0,1328.p vz 8

substituting in Equation 2.24

R

0,1328 p V2 5z (Rem)'i

0,664 p V2 (Reac)"i (2.25)

-giving the skin frictional force acting on one

side of the plate.

The skin frictional resistance coefficient is

| “F -4
.CF = m = 1,328 (Rex) (2.26)

This is known as fhe Blasius line for laminar flow.

See Figure 2.8 page 2.24,
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2.4.1.2 ‘Turbulent boundary layer on a smooth plate

There are two solutions available for turbulent

flow on a smooth flat plate - one based on a power
velocity distribution and the other on a logarithmic
velocity distribution. The solution to the power
velocity distribution will be discussed first and
then, due to the complexity of the logarithmic
velocity distribution, its solution will only be

stated.

Nikuradse carried out experiments with turbulent
flow through smooth pipes and measured the velocity
profiles at different Reynolds numbers. He presented

his answers in the empirical form.

v(y) _ ¥y 1/n
max
where R = radius of pipe
max - Daximum velocity in pipe
y = radius at which velocity is v(y).

The value of n 1is functioﬁ of Reynolds number
and approximately equals 7 in theArénge

4 x 10% < Re < 3 x 107 (ref Schlichting 1968).
Prandtl made the assumption that the velocity
distribution in the layer of a flat plate is
identical to that of a circular pipe. Although
this cannot be precisely correct since there is

a pressure gradient in a pipe, it is nevertheless

close enough to be used as an approximation.
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Therefore, we have the following approximate
velocity distribution in the turbulent boundary

layer of a flat plate (see Figure 2.7 page 2.22).

(%) 17 (2.28)

<l<

max

substituting this into Equation 2.23 and solving

8
R, = ov2 [ (F ) U-g )dy
o max max
6 ° .
= pve | [(%1)”7 ¢4 2/7]d
o
_ 7 8/7 _ 1 9/7 ] &
-pvzs[g%) -5 @ ]o
= o 2 |
= 33 p v § . (2.29)

To obtain information about .the wall shear stress
T, » We use the relationship established by Blasius

for Reynolds number in pipe flow

T .
—2— = 0,08 (Re)'”“ (2.30)
1 pV2
. VD
where Re = Reynolds number of pipe = VS

Mean velocity

Diameter of bipe.

=)
[
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We need Equation 2,30 in terms of radius and
maximum velocity. Using the relationship

(ref Kilner notes 1983)

B8X = 1,24 for Re < 3 x 107
\Y
and D. = 2R
v 1,6129 V___ R
. Re = T.24 2R = - 5
AY

Rewriting Equation 2.30

T VR _

57— o = 0,0462 (—————“‘a\,x y /4 (2.31)
max

And now using the analogy between the flat plate

and circular pipe we take Vmax as the free stream
velocity V and 6 as the thickness of the boundary
layer. Therefore, we can now write Equation 2.31 as

applied to a flat plate

T, = 0,0231 p V2 (—;r— (2.32)

Differentiating Equation 2.29 with respect to x

we get

_daF _ 7 46
IO = a‘,—v' = -7—2-QV2‘EE (2.33)



Equating Equations 2,32 and 2.33

0,0231 _ 7 d§
gy T2
x §
[ 0,2374 4 S (%?)1/4 ds
o] o]
1/ & 574
0,374z = 426
Raising to 4/5 :
0,3165 2> = B3 (0,8365)8
.8 = 0,37z (Rex)_1/5

Therefore, in a turbulent boundary layer §
increases with -x to the 0,8 power compared
to the laminar boundary layer case where &

increases with x to 0,5 power.

Substituting Equation 2.34 into Equaticn 2.29

R, = 0,036 pV2a (Rex)—1/54

giving the skin friction acting on one side of
the plate. Thus the skin friction coefficient

is given by

1/5

c . _F

F -;—5—v2— 0,072 (Re:x":)

Re < 107
X

2.28

(2.34)

(2.35)

(2.36)
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A better correlation with experimental results
has been found by changing the numerical constant

to 0,074, therefore

- -1/5
Cp = 0,074 (Re )

< 107
Rex 10 (2.37)
Equation 2.36 is known as the Prandtl-<von Karman

line and is illustrated in Figure 2.8.page 2.24.

The solution to the logarithmic velocity distribu-
tion has been found to fit an empirical equation

of the form

0,455
32,5
(log Rex)

) (2.38)

This equation is valid for the whole range of
Reynolds numbers up to Re¢ = 10° . See Figure 2.8
page 2.24,

Laminar and turbulent flow on a smooth flat plate.

Unless the flow is disturbed before reaching the
plate the flow after thé leading edge will be
laminar and if the critical value of Reynolds

number is reached further down the plate the
traﬁsition from laminar to turbulent flow will

take place. In order to allow for the initial
length of laminar flow we need to make the following

correction (ref Schlichting 1968).

0,455 A

= : = T ' (2.39)
F (log Re:L‘)Z,SS Rex
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The values of A are given in Table 2.1. This
equation is known as the Prandtl-Schlichting
skin friction formula for a smooth flat plate

at zero incidence,

Re at transition | 3x10° 5%10° 105 3x10°

A 1050 1700 3300 8700

Table 2.1 A versus Re at transition

Turbulent flow on a rough plate

For fully developed turbulent flow on rough plates
the following equation has been obtained by empirical

methods (see Figure 2.9 page 2.31).

C; = 11,89 + 1,62 log (x/10] 72" (2.40)

valid for 102 < z/k < 10®

where effective roughness of plate (m)

k
% relative roughness

Providing the protuberances constituting the
roughness are within the depth of the laminar
sub-layer, they will have no influence on the

skin friction. As Reynolds number increases,

the relative roughness ratio.at which the surface
ceases to behave as a smooth one decreases. If
the roughness at which this particular value of ‘5
occurs, is called the admissible roughness, k ,

adm
its variation with Reynolds number can approximately
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be given by the following formula (ref Todd 1966)

= 100 (2.41)

Therefore, the admiésible roughness does not
depend on the length of the plate. A ship
travelling at a speed of 14 m/s will have an
admissible roughness of 0,007 mm, and while
travelling at 5 m/s an admissible roughness
of 0,02 mm. Clearly it is impossible to
obtain a hydraulically smooth ship hull and,
therefore, a correction due to hull roughness

will always have to be made when predicting

ship skin friction,.

2.,4.2 Skin friction acting on a ship

The nature of the skin friction.acting on a ship is similar

to that of a flat plate - the only difference being the
curvature of the hull which leads to radial pressure gradients
and velocities around the hull which are slightly greater than
the ship's speed through the water. If the velocity distri-
bution within the boundary layer is known then it is possible

to exactly calculate the. skin friction acting on the ship.

To determine the velocity distribution around a single hull
involves a éubstantial amount of work and time and is, there-
fore, not a practical method of determining the skin friction
of a large number of hull forms. In order to provide quick
numetical values for skin friction, various skin friction

formulations have been developed.

The first of these formulations was developed by Froude after
his famous plank experiments in 1872.as was discussed in
Section 2.3.4. The form of Froude's equation.is as follows

n

R, = £5,V E (2.42)
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The coefficients f and n make allowance for different
lengths of plank and plank surface roughness. Froude's
equation is essentially a flat plate skin friction formu-
lation. In 1921 Prandtl and von Karman separately published
Equation 2.43, This formulation is based on a smooth flat
plate with fully developed turbulent flow. The equation is
valid for Reynolds numbers below 10’ . See Figure 2.10
page 2.33,

_ -1/5
Cp = 0,074 (ReL)

(2.43)
Schoenherr in 1932 collected most of the data from plank

~ tests available and set out to obtain a formulation using
Reynolds number and a frictional resistance coefficient.

His formulation later became known as the A.T.T.C. (American
Towing Tank Conference) line, Equation 2.44., Schoenherr's
formulation is based on smooth flat plate data and, therefore,
a correction needs to be made .for roughness. ~ See Figure 2.10

page 2.33.

= log (Re, C.) (2.44)
'/q L °F ,

At the 1957 International Towing Tank Conference (I.T.T.C.)
a new formulation was presented, Equation 2.45. This
formulation is a model-ship correlation and does not claim
to represent the frictional resistance of either a flat

. plate or a curved surface. See Figure 2.10 page 2.33,

0,075

CF = [1log ReL - 2]2

(2.45)
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The 1957 I.T.T.C. line has not been accepted by all
towing tanks and many still use frictional formulations
that are based on their own data collected during tests.
Therefore, there is, as yet, no completely standard

formulation for skin friction prediction.

2.5 Viscous pressure resistance

Viscous pressure resistance is due to the failure of the streamlines
to close behind a ship. This results 'in a lack of pressure recovery
at the stern, i.e. the pressures acting on the bow are greater than

the pressures acting on the stern. . See Figure 2.11.

—a= V, free stream velocity
Boundary layer '

Velocity distribution inside
boundary layer

‘separation point

Figure 2.11 Separation on a ship form

The boundary layer has no thickness at the bow and gradually increases
towards the stern as more fluid is caught up in the momentum inter-
change between the ship and the surrounding fluid. Fluid particles
moving from the bow to the stern have. their velocities reduced by

the pressure gradient (i.e. moving towards higher pressure) and the
shearing stresses. At some point along the hull fluid particles may
have insufficient kinetic energy to. move along the hull and they

come to rest against the ship's hull. At this point separation takes
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place, particles following are subsequently diverted away from

the hull causing vortices .in the boundary layer and wake. Thus
from the separation point the flow lines leave the hull and distort
the pressure distribution in this zone, thus causing the failure

of the pressures at the stern to match the pressures at the bow.

The above phenomenon would not take place in an idealbfluid and
would also not arise on a flat plate. Therefore, viscous pressure
resistance is dependent on the viscosity of the fluid and the ship
form, increasing as viscosity increases and as the hull form becomes

more bluff.

Wave-making resistance

Wave-making résistance forms one of the most important components

of a ship's resistance even though it only becomes dominant at high
speéds. The viscous resistance of a conventional ship's hull cannot
be reduced significantly by changes to the hull shape. However, the
wave-making resistance can be reduced appreciably by modifications
to the hull shape. This has led to deQelopment of the bulbous bow
and wave-less forms (ref Inui 1962), Therefore, the importance of
wave-making resistance is that a knowledge of the relationship
between hull geometry and wave-making resistance can lead to the

development of optimum shaped hulls.

2.6.1 The nature of wave-making resistance

A ship advancing with.stéady speed through calm sea disturbs
the surface in a regular wave pattern which moves with the
ship. The wave pattern consists of two systems of diverging
and transverse waves which are well illustrated in Plate 2.1
(ref Saunders 1972).

2.36






2,38

The ship generated wave system and, therefore, also

the wave-making resistance is a function of:

a, Speed with which the ship moves through the water
b. The depth of the water
c. Geometric proportions of the ship

d. Size of the ship.

The wave .system will remain constant for a ship moving

at constant speed and through water of uniform depth.

The earliest description of ship waves was given by

- Lord Kelvin in 1887 and then later elaborated by him in
1904 (ref Comstock 1980). Kelvin considered a single
pressure point travelling in a straight line over the
surface of the water sending out waves which combine
to form a characteristic wave pattern shown in Figure 2.12.
The wave pattern consists of a system of transverse waves
following behind the point and a series of divergent waves

radiating away from the point.

Diverging wave crest

Transverse
wave crest

19°28'

Figure 2.12 Kelvin wave pattern
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Transverse waves

Diverging waves

Figure 2.14 Ship wave pattern

2.6.2 Theoretical calculation of wave-making resistance

Mitchell was the first person to obtain an analytical
expression for the wave-making resistance of a surface
body. Mitchell obtained his result in 1898 by direct
solution of the differential equation for the velocity

potential using a double Fourier series. (ref Wigley 1942).

Considering forms that are symmetrical about centre line and
and also about midships, and using cartesian coordinates as

shown in Figure 2.15:
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Figure 2.15 Dimensionless coordinate system

Defining dimensionless coordinates

X = 2x/L
Y = 2/b
Z = z/b

and writing the equation of one half of the surface of

the form as

Y = f (X,2)
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The wave resistance of the form specified in the above

equation is given by

R, = éﬁ%ﬁ fﬂ/Z(I2 + J2) sec®0db
o

where

1 +1

J = %? I (g%)e dgzsecze/V2sin(Lngece/ZW)dXdZ
0 -1

(2.46)

1 +1 _ 2 2

1 = %? I (§§9e dgZsec? 8/V cos(LgXsecb/zv?)dXdz
0 -1

This solution is based on the following assumptions:

a. The wave height is small compared with wave~length

b. The water velocities due to wave motion are small

compared with the speed of advance

c. The effects of turbulence and viscosity can be

neglected

d. Trim and sinkage of the form do not alter its wave-

making characteristics appreciably.

2.6.3 "Humps and hollows'" in resistance curves

Figure 2.16 shows the theoretical wave-making resistance
computed from Equation 2.46. The form of the model is one
used in the author's experiments which are discussed in
Chapter 5. The curve displays the characteristic '"humps
and hollows" of a total resistance curve, although the
amplitude of the deviations are exaggerated, since no

allowance is made for viscosity in the calculation. The






WAVE-—~MAKING RESISTANCE (N)

1

10 ~
9 -
8 -
7 -
6 -
s -
4 -
3 4
2 -

1 -~

0

case 2

case 3

case 1

2.44

COMPUTED WAVE—MAKING RESISTANCE

L v L) 1

0.0 0.2 0.4

FROUDE NUMBER

Figure 2.16 Characteristic total resistance curve
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Figure 2,17 Profiles along model's hull
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Total viscous resistance

The total viscous resistance of a model ship can be deduced by
measuring the resistance of a reflex or double model of the ship

in a wind tunnel. Since the model is submerged there is no wave-
making resistance and hence the total resistance equals twice the
total viscous resistance. Larsson (1976) used a reflex model to
study three-dimensional boundary layers of a ship in a wind tunnel.
The concept of measuring the total viscous resistance of a ship
with a reflex model in a wind tunnel has been used by the following
authors: Lackenby (1965), Shearer and Cross (1965) and Matheson
and Joubert (1973).

3.

3

pressure, p_

velocity

distribution

pressure
distribution

Figure 3.2 Flow past a cylinder










3.6

There are, however, some distinct disadvantages to the

use of these transducers.

The transducer's sensing element must have a gap around its
perimeter and this gap may cause effects under flow conditions
which are not taken into account in its calibration. The
sensing element must be perfectly aligned to the contour of
the wall so as not to give rise to additional forces due to
flow disturbances. Along a ship's hull there are several
regions of high surface curvature and to place a flat sensing
element in these locations causes a discontinuity in the
surface which can again lead to extraneous forces on the

sensing element.

Although commercially manufactured skin friction gauges are
available (see Figure 3.3 ref Goldstein 1983), they do not
seem to have been used frequently for the measurement of

skin friction of model ships.

Heat Boffle -~ ~Drog Piece ~ Housing
NS NN T am
Movable SN ~Hea Shield

Copacitonce Plote

Fixed Copocitonce
Plote

-~ Magnetic Return
Ring

DI

Fiexure Strip 4 Force Bolonce 8
Colibration Coils

Permanent

Mognet — ——

- Cooling Jocke!

Electronic Circuitry

Figure 3.3 Skin friction gauge (Goldstein 1983)

3.3.2 Stanton gauge

The Stanton gauge is a forward facing knife edged opening
designed to lie within the laminar sub-layer (see Figure 3.4).
The static pressure is first measured with the knife edge
removed and then the pressure measured with the knife edge

in place. The difference in the two readings is related to
the local skin friction. The gauge is usually calibrated in

pipe in which the skin friction shear stresses are known.















3.5

Therefore, the evaluation of the total pressure resistance is
relatively simple. However, great care must be taken to ensure
that the tappings are drilled normal to the surface and that there
are no burrs around the holes as this would affect the measured
pressure. Generally the pressures are measured using a manometer
which has the advantage of accuracy but has a slow response and
can, therefore, only be used in situations where steady state can
be achieved for a reasonable length of time. Electronic pressure
transducers may be used instead of manometers if steady state can
only be achieved for a short duration as their response time is

much faster.
Some of the authors that have conducted pressure tapping experiments
on model ships are Froude (1874), Lackenby (1965), Shearer and Cross

(1965), and Matheson and Joubert (1973).

Wave-making resistance

A ship moving through still water generates a set of gravity waves
and in doing so, therefore, expends energy which is associated with
wave-making resistance:for a known ship movement. If the change in
amount of energy stored in the ship wave pattern could be measured,
the wave-making resistance of the ship could be determined. There-
fore, the problem has two components: firstly, to determine the
wave pattern and secondly, having obtained the wave pattern, to

calculate the wave-making resistance.

A common way to obtain the ship wave pattern is to place wave-height
recorders at fixed points and then measure the wave pattern as the
model passes. A novel method of determining the wave pattern has
been developed at the University of Cape Town by Paterson (1986).

A model is towed across a basin filled with an opaque fluid and a
pair of stereo photographs taken. These photographs are later
analysed in a stereo comparator and a contour map of the wave pattern

produced. The method is interesting because the possibility exists

of taking stereo photographs of full scale ships in protected waters.

The methods of analysis vary but generally they consist of either
taking a transverse cut or a longitudinal cut of the wave pattern,

ref Wehausen (1973).
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By using a mathematical function to define the form of the model an
estimate of the theoretical wave-making resistance could be made
using Equation 2.46. In order to simplify the calculation a two-
dimensional vertical sided form was used for the calculations. The

results of these calculations are presented in Figure 4.2.

COMPUTED WAVE—MAKING RESISTANCE

WAVE=MAKING RESISTANCE COEFFICIENT

0.007

o.we -

0.005 -

0.004 -

0.003 -
Solid line -
two-dimensional vertical

0.002 4 sided form

Dashed line -
0.001 4 actual form of model

L L} L  §

0 0.2 0.4
FROUDE NUMBER

Figure 4.2 Computed wave-making resistance

Because a submerged reflex model was to be tested it was decided

that for all the tests the models would be held in a support that

restricted both squat and trim.

The dimensions of the models relative to the dimensions of the flume
and towing channel are shown in Figure 4.3. Due to practical reasons

the ratios are slightly different.

4.4



4.

5

B
d == = l
b D
!

Glass flume model

b =0,100 B = 0,600
b _ 1
B 6
d = 0,050 D = 0,200
da _ 1
D 4

Towing channel model

b=20,270 B = 1,50

b _ 1

B 5,5

d = 0,135 D = 0,600
d _ 1

D 4,4

Figure 4.3 Relative dimensions of models
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5.3

5.4

5.5

To minimise the number of tappings each tapping location is unique
in that it does not appear on the other side of the centre-line of
the model. (See Figure 5.2). The list of pressure tapping locations

appears in Appendix B.1.

Maagurement of water speed in the flume

The water speed relative to the model in the flume is measured
using a pitot tube. The tube has a frontal tapping which measures
the dynamic and static head (i.e. total head) and a circumferential
tapping which only measures the static head. Therefore, the dif-
ference between the two readings is the dynamic head, Ah . The
local water velocity can be related to the dynamic head by the

following equation

2
Ah = K %E (metres of water) (5.1).
where K = a coefficient taken to be unity.

The head differences were measured by leading the two tappings to a
manc ter board (see section 5.5) where the water heights were
measured using a depth gauge capable of reading to 0,1t mm. The pitot
tube was mounted onto a depth gauge and positioned in the centre of
the flume upstream from the model. By adjusting the depth gauge the
pitot tube height could be accurately positioned to within 0,1

The pitot tube was arranged to be on the model centreline and half

of the model draught below the water surface.

Measurement of total resistance

An integral part of the measurement of total resistance is the

method by which the model is supported. The support method may

allow movement in the direction of motion of the model (i.e. the

x direction) and restrain movement in other directions. The support
method should also allow the measurement of resistance to be relatively

simple.
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this would entail n1e use of a pulley to change the

horizontal resist. ce force into a vertical force.

Strain gauges mouw 2d on a sensing element provide a
relatively cheap : :hod of producing 'load cells". The
sensing element is usually put into bending (such as the
base of a cantile r) and the compression and tension
strains measured using strain gauges (see Figure 5.4).
Four strain gauges are usually mounted to form a bridge -
two gauges on the tension side and two gauges on the
compression side. See Appendix D for the theory of the
strain gauge bridge. The strain gauge bridge provides

an output voltage that varies linearly with strain, provided
care is taken to ensure that the sensing element is not

loaded beyond its elastic limit.

SO
T

£

o

<~
=

N

Stress and strain

. distribution
strain gauges

Figure 5.4 Cantilever load sensing device
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The strain gauge bridge wiring diagram and con-
nection to the data logging system is shown in
Figure 5.8. The input voltage used is about 5 V
and is supplied by a stabilised power supply.

The output voltage (typically 0 - 20 mV) is
measured v ing a Hewlett Packard 3497 Data
Acquisition/Control Unit which is capable of
reading to 100 uV. The measurements are relayed
to a Hewlett Packard 150 personal computer which
converts the voltage measurements into resistance

forces using a previous calibration.

data acquisition
unit

— )

output voltage

input voltage

L

power supply

computer

TOTAL RESISTANCE

Figure 5.8 Strain gauge br: ge connertion diagram
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5.4.,5 T----‘-ental procedure

5.4.5.1 Calibration of strain gauge bridge

1.

The computer, data logger and power supply
must be switched on at least 20 mins before
the | art of the calibration. This is to
ensure that all the electrical components

have :abilised before measurements are made.
The strain gauge bridge also needs to reach an
equil Hrium temperature before readings are
taken. Check that the output voltage of the
power supply to the strain gauge bridge is

apprc¢ .mately 5 volts.

A known force is applied to the cantilever and

the output voltage read by the data logger and
stored in the computer. This procedure is to
be repeated from zero load building up to the
maximum expected load, and then repeated again
going down to zero load to check that there is
no hy :eresis in the strain gauge bridge. See
Plate 5.6 and 5.7.

The 1 :io of the output voltage to the input

volte : is plotted against the applied load.

(See .gure 5.9). Using a least squares method
the t st fit line is found using the calibration
progt 1. The constants for the slope of the line
and t : y-intercept are then used later to cal-
culate the total resistance of the model. Note
that the slope is the most important constant
since it does not change from the calibration
location to the total resistance location. When
calibrating under zero applied load there is still
the self weight of the cantilever acting on the
strain gauge bridge. Therefore, the y-intercept
when :asuring the total resistance will be dif-
ferent from the y-intercept when calibrating and
this needs to be checked before the start of total

resistance measurements.
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5.5.2

5.5.3

5.23

The third method of measuring the pressures is the simplest.
Tubes are led from the pressure tappings to a manometer board
where the changes in water elevation are measured using a
depth gauge. The accuracy that can be obtained by using the
depth gauge to measure the water elevation is 0,1 mm. The
pressure heads measured by this method are comparable to
points on a hydraulic grade line and, therefore, a reference
to the hull geometry must be made. The disadvantages of this
method are the relatively slow response time and the lack of

electrical output that could be measured using the data logging

system,

Choice of pressurr measurement meth»~A

Due to the high cost of the pressure transducers they were
discarded as a choice for pressure measurement. A system
could have been developed using say 2 pressure transducers
and being connect to each tapping in turn, however, the
extra time involv. 1in connecting the hoses would have out-

weighed the advan: ges of the pressure transducers.

Of the other two alternatives it was felt that the manometer
board represented the simplest and cheapest method of measuring
the pressures. The manometer board does not need any cali-
bration and, therefore, is a very pure pressure measurement.

The weighing b« <er method is e 3  to manufacture

than the manometer board and the 0,1mm accuracy of the
manometer board w« 1d have been difficult to surpass. There-
fore, based on co: , ease of use and simplicity of construction,
the manometer boa: was chosen as the pressure measurement

method.

Fabrication of the manometer board

The manometer boa: consists of two sets of 22 glass tubes,
each set mounted ¢ the side of the flume (see Plates 5.8
and 5.9). A depth gauge is mounted above the tubes which

can be moved along to any selected tube. 40 of the glass
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TROLLEY SPEED vs TIME
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1.262 m/s + ©0.98 X and - ©.50 %.

Figure 6.1 Typical w=viatior ~¢ trollev ~peed *i*h time

Figure 6.1 shows the output of one of the runs using the "frequency
wheel"”., It was found that the variation of the trolley speed was
generally within 27 of the pre-set speed. Since the fluctuation of
the trolley about its mean speed is not great it was decided to
measure the mean speed and correspondingly the mean total resistance.
The frequency method of speed measurement was not, however, deemed
to be accurate enough to use as an absolute measurement of the mean

trolley speed.



M=)






6.4.2

6.8

By subtracting the second measurement from the first
measurement the resistance due to one strut, RST can
be found. Now twice the strut resistance 2RST sub—
tracted from the first measurement (Rm + ZRST) will
give the resistance of the model Rm . This method
provides an elegant and pure method of obtaining the
submerged resistanc of the model without positioning

the load measuring device under water.

The use of an air t ack to support the model on the
trolley would have :quired a relatively large air flow
to lift the mass of the model. An air compressor would
have to be mounted on the trolley to supply the required
air flow. Since a compressor that could deliver the
required air flow v ;5 not available the use of the air

track as a support :thod was not possible.

Thus the rolling be :ing support method was chosen to
support the framework. The framework was designed bearing
in mind that one set of struts would have to be removed
later in the experi ntal work. To measure the resistance

force acting on the model a strain gauge bridge is used.

Fabrication of total resistance measurement system

6.4.2.1 Support f: <

Plate 6.5 shows the support framework on the
trolley wi  the submerged model in position.
The framework is made from 60 x 40 x 4 mm box
sections ai the struts from 80 x 8 mm flat
sections. The struts below the water line are

streamlined to the profile shown in Figure 6.3.
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At the start of each run the strain gauge is calibrated om
the chart recorder ' :e Figure 6.4). This sets the scale
for the resistance time plot. Once the calibration is
complete the run is tarted and the total resistance
variation plotted ui ng the chart recorder as shown in
Figure 6.4. The time interval is recorded and the speed

calculated.

The return run is done at approximately the same speed as
the live run. About 5 to 20 minutes are required before
the starﬁ of the next run to allow wave action and water
currents to die down. This time period is dependent on

the speed of the pre ilous run. The water temperature is

recorded every hour 1en tests are being conducted.

The total resistance is scaled from the resistance time plot

and then plotted against speed.
To obtain the hull v :er surface profile for the surface

model photographs are taken from the observation room (see
Plate 6.12).

Plate 6.12 Photogr >h of hull water surface profile
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7.4

SURFACE MODEL SKIN FRICTION

(L=0700m b=0.100m)
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0.35 -~ ¢
Deduced skin friction RS = RT - RP
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skin friction
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Figure 7.5 Skin friction vere's model velocify

SURFACE MODEL SKIN FRICTION CURVE
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Figure 7.6 Ski friction coefficient versus Reynolds number













7.8

Figure 7.13 page 7.13 shows the resistance coefficient of the model
based on frontal area plotted against Reynolds number based on model
diameter ReD . Also sho | are the resistance coefficient curves
for a sphere and disc (fr. Vennard 1976), and the resistance
coefficient of the subme: :d model calculated using Blevins' method.
The variation in the res: :ance coefficient of the sphere is due to
the size of the wake and the nature of the boundary layer. The
resistance coefficient of the disc shows no variation with Reynolds
number, as the separation point is fixed regardless of the nature

of the boundary layer (i.e. the width of the wake remains constant
and, therefore, the res: :ance coefficient remains constant). There-
fore, it seems that the 1icrease in the measured resistance coef-
ficient of the model above Re. of 2,5 x 10° is due to an increase

D
in the size of the wake.

The measured total resistance of the surface model is shown in

Figure 7.14 page 7.14. Also plotted is the total viscous resistance
obtained from the submerged model. By subtracting the total viscous
resistance from the tot . resistance, the wave-making resistance of

the model can be deduced as shown in Figure 7.14. The deduced wave-
making resistance 1is plotted with the calculated wave-making resistance
in Figure 7.14 page 7.14. It is evident that the magnitude of the
first few "humps" was - o small to be measured. However, there is a
fairly good correlation with the one peak shown although the magni-

tu’ of the measured value is greater than the calculated value.

Figure 7.16 page 7.15 shows the variation of the total resistance
coefficient with Froude number, while Figure 7.17 page 7.15 shows
the variation of the wave-making resistance coefficient with Froude

number.

The hull water surface profiles for a range of Froude numbers are
illustrated in Figure 7.18 on page 7.16 to 7.18, derived from
photographs (e.g. Plate 6.12 page 6.15).
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Figure 7.12 Measured C. versus calculated C_ by Blevins method
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Figure 7.15 Deduced and calculated wave-making resistance
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A.3

1. The diagram shows half a plane symmetric frame structure, which i§
to be modelled using 5 elements.

6.928 m

2 @ 4’43

W =10 kN

w =05 kN/m
E =

v =20,

200 GPa

v

Element 1,2 : linear bar ; A = 5000 mm2
3: Bernoulli—Euler beam ; A = 30000 mm2
I=50x 106 mma
4,5 : linear Timoshenko beam ; A = 125000 mm2
I = 2600 x 106 mma
' a=1,2

(i)

(i1)

(iii)

Compute the global element stiffness matrices for elements
1, 3 and 4 .,

(20)

Comment briefly on the relative stiffnesses contained in
these element matrices.

(3

Assemble elements 1 and 4 only into the global system
stiffness matrix; show only what is necessary, i.e.
nodes 1, 2 and 3 .

(5)



A4

(iv) Compute the global system load vector.

(5)

(v) Assume the following displacement solution (mm and rads)

Node Cu v 8
1 0.010 0. -1.0 x 10°°
3 0.012 -0.001  -0.5 x 10°°

Using this solution compute the shear force and bending diagrams
for element 4 .

(12)

2. A 5-noded quadrilateral plane stress element is shown below.
Side 2-5-3 is curved.

TY(v]

—1>—r4
g g

<+ ; (dnmenS\ons n rnm)
&

5

D ¢ g oX ()

1 0 le]
] 1
(i) Show that the Jacobian matrix for this element is :

_ 2
J” 6 - n J12

2 = -2n(t + ) J

0

f

J

t

22 >

(10)

(ii) For a thickness t = 1 mm , compute the volume of the
element using exact numerical integration.

(5>

(iii) Show that the normal strain along the side 3-4 is a constant
with magnitude

€ = 01 (ug = u))
(10)

Note: You may request the element shape functions if you do not have them

in your notes.
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3. A parabolic shear load is applied across the edges of two 8-node
quadrilateral elements as shown in the diagram. '

J
h 49
3p [ 2 2}
p= —|h -y
h ¢ 2¢ *
—— JL— -0- LC

Show that the equivalent nodal load at node 3 is (11/40)P .
(15)
4, A 4-node quadrilateral element and a 2-node bar element together

support a point load P = 6000N . Nodes 1, 3 and &4 are fully
restrained, and node 2 can only move horizontally.

—S] .‘_1mm

60 mm

—— S ———— —_— [%i;
' ' A = 100 mm?
8O mm -,

*—
—

The following additional information is given :

31\2 1 oN,, 1
— = —({-n) ;3 — = - —(1+8)
ox 16 oy 12
4 ¢}
J = H E = 300 GPa ; v = 0.3
~ lo 3

Compute the horizontal displacement at node 2.

(15)



UNIVERSITY OF CAPE TOWN

DEPARTMENT OF PHYSICAL OCEANOGRAPHY

Physical Oceanography 1b
.November

Time : 3 Hours
Answer ALL questions in Section A (40 marks)
and THREE whole questions from Section B

Total : 100 mark;

SECTION A
Short questions. Answer ALL questions in this section.
1. Discuss the concept of a 1evel surface and its relation to
the local vertical, explaining the nature of the var1ous
contributing phenomena.

2. Explain the quasi-static approximation in the vertical
balance of forces in ocean dynamics.

3. MWhat quantity provides a contrast between the following
curved currents; the South Atlantic gyre, inertial
oscillations, and whirls in river flows.

4. Discuss the horizontal divergence of a geostrophic flow with
particular emphasis on the relevance of the beta effect.

5. Explain what is meant by a dispersive wave. Is the Kelvin
wave dispersive?

6. Nhat is an amphidromic point?

7. Explain how wave energy can be concentrated at particular
points on a coast11ne.

8. Explain how stratification can restrict the transfer of
turbulence down the water column. :

9. Discuss how the large scale wind field over the South
Atlantic gyre can give rise to a deep central thermocline.

10. Explain how the Agulhas current can be “topographically
steered" down the south east coast of South Africa.

(40 marks)



SECTION B

Long questions. Answer THREE whole questions only.

Question 1

The continuity equation can be interpreted as a balance between
horizontal divergence and the vertical variation of vertical
velocity.

Hence explain

(a) The deepening of a well~-mixed layer

(b) The vertical velocity structure in a geostrophic flow

(c) The vertical velocity structure in a planetary scale
geostrophic f1low.

(20 marks)

Question 2

Many of the large scale surface currents of the ocean are

confined to the upper layers of the ocean. Give a full
explanation of the sense of the sea surface isobaric surface and
the sense of the subsurface isopycnal surfaces associated with
such a surface~confined geostrophic current in the Southern
Hemisphere.

(20 marks)

Question 3

(a) For surface gravity waves on the ocean, the general
- geophysical fluid dynamic equations can be simplified
considerably. By introducing two appropriate length scales

and. a time scale, show how the equations can be simplified to
give:

w L %p

‘-'

}* S‘ ¥

W _ L dp

-

. So >z 3

M ow
x T3z =0
Simplify these equations further by splitting the pressure
into dynamic and static contributions. Show that these two
contributions to the pressure operate at vastly different
scales. (You can consider typical waves to have amplitudes of
1 metre, wavelengths of 100 m, and periods of 10 seconds).

A.7



do
(b) Wave energy travels at the "group velocity Cg = gk . By
considering special simplifications of the dispersion
relation

o = jk Yarh (k\'\)

find the group velocity in "deep" and “shallow" water in
terms of the phase velocity.

(20 marks)

Question 4

(a) In order to determine the tidal attraction due to the moon,
we have to consider the variations in the angle Y which is
subtended between the sublunar point M and a position P on
the earth's surface. With the use of spherical trignometry,
the term (cos2y ~% ) in the tidal potential can be written
as

§ (L L) (0-3)
+ %_S'\'M'ZACoSd sin 20
r (-1 m2A) sk vm @

where © is the co-latitude of P
A\ is the deciination of moon
o is the transit angle (see accompanying diagram)




In the 1ight of this equation, discuss the contribution to
tides at long periods, diurnal periods and semidiurnal
periods. Show also at which latitudes the long period,
diurnal, and semidiurnal tides will be weak or absent.

(b) What will the speed of propagation of the tide be if the M
component has a wave length of 920 km and period of 12.45
hours? If the tide is considered as a shallow water wave,

what would the the appropriate depth be to g1ve the speed
found above?

(20 marks)

Question 5

What is the cause of the surface layer phenomenon known as "ice~
edge upwelling'? Provide the mechanism and give an opinion as to
its frequency of occurrence in the Antarctic. :

: (20 marks)
Question 6

The full form of the conservation of potential vorticity of a
wind forced surface 1ayer of constant density is

455 (%)
p— a—
‘o)c Bv
wherej is the relative vort1c1ty and h the thickness of the
layer, f is the planetary vorticity and the density. The wind
stress is (sX, sY) and the total time crerwatwe follows the

current. This conservation law is to be applied to an ocean gyre
and western boundary current in the southern hemisphere.

Estimate the size of the right hand side and show that it is.,only
important for time scales which are very long compared with S

Explain how the fast western boundary current responds to its
poleward flow along the boundary, and how the slow return gyre
current supplies the "lost" vorticity.

(20 marks)

A.9



UNIVERSITY OF CAPE TOWN - JUNE EXAMINATION 1985

PHYSICAL OCEANOGRAPHY 1a

TIME: 3 HOURS | : TOTAL MARKS: 150

Answer ALL questions in SECTION A

Answer TWU questions EACH from SECTION B and SECTION C

Use separate books for Sections B and C.

Section A

Answer ALL questions in this section.

10.
11.

12.
13.
14.

15.
16.

Define a barotropic current. (2)
Briefly explain the Coriolis force. (2)
Sketch a reversing thermometer and explain how it is used. , (2)
Describe three different instruments used to determine temperature
at aifferent depths. , (3)
Define the terms: potential temperature, salinity, sigma-t,
specific volume anomaly, standard ocean. (5)
What is the solar constant? | _ : (1)
what is black body radiation? L _ - (1)
What are thé units of pressure? geobotential? ' (2)
Give examples (with sketches) of fronts in the afmosphere and
ocean. ‘ (2)
What is a Kelvin wave? (1)

What three factors are required in order for waves to bé present.
. : (3)

What is a wave spectrum? . (2)
what do you understand by "dispersion of water waves" (1)

What is the aiurnal inequality of the tide - when does it vanish?
(1)

What are typical oxygen concentrations in the sea? (1)

What is the temperature and salinity of Antarctic Bottom Water? (1)

A.10



Section B

Answer TWO questions ONLY from this section.

(1)

(11)

(1i1)

(iv)

Describe briefly, with sketches where necessary, the surface wind
systems around southern Africa. Distinguish between winter and
summer circulation patterns and draw surface pressure maps
typical of winter and summer. (30)

Describe briefly the major surface currents around southern
Africa. Draw a map of the surface currents and indicate the major
topographic features in relation to the currents. (30)

Given that there is no global gain or loss of heat in the ocean,
write down the heat balance equation for the ocean. Describe the
various terms and give the magnitude. Pay particular attention to
the detail of how the solar radiation reaches the sea surface.

(30)

Describe the circulation and water masses in a section from pole
to pole through the Atlantic ocean. Describe the circulation in a
vertical section from pole to pole through the atmosphere. What
is the jet stream and where can it be found? (30)

11



Section C
Answer TWO questions ONLY from this section.

(a) Small amplitude gravity waves can be found as a solution to the
relevant equations, provided that the dispersion relation holds:

o? = gk tanh {kd)

where g = %P , 1 the period of the waves
k = %? » L the wavelength of the waves

g = 10 m/s, d is the depth of water.

Define the terms for “deep"” and "shallow" water waves and give the
approximate relations for the speed of deep and shallow water
waves. . (12)

Given that the period T of the waves is independent of the water
depth, discuss what happens when gravity waves approach the beach.
- ' (12)

If there is a long wave with a wavelength of 1000 km, what will -its
speed be in water of 4 km depth? , ' (6)

(b) Assuming simple tidal theory, discuss how the tides are generated
in principle by the sun and moon. Which tide producing force
dominates? :

Consider the following tidal record for Simons Bay carefully and
discuss various features of the tide there. Expand your discussion
to include details of tides around the south African coast. = (30}

-

Height (cm) 20cm/div

|

I

Hil

ot
-h
o
dl-
»
N
o
~
»

Simons bay sea level October 1982




(c)

(a)

(e)

(f)

A.13

Starting with the equations of motion for fluids as a rotating
earth, make appropriate assumptions so that you can derive the
geostrophic velocity equation. (15)

Calculate the geostrophic, barotropic current at 30°S latitude if
the sea surface slopes up away from the coast by 1 metre in 100 km.
If this current is on the east coast of Australia, in which

direction does it flow? (15)
NOTES:

g% = - %-%% + fv + Ty

g% = - %'%§ - fu + Ty

DT 9 s T

f=2%sin ¢ rad/s

1000 kg/m>, g = 10m/s2

©
n

Discuss briefly the irregular phenomenon of E1 Nino in the Pacific
Ocean giving some details of the Walker circulation and the
southern oscillation. (30)

Discuss the classical ideas of Ekman relating the vertical two
dimensional current structure with aepth to the wind stress at the
surface.

By considering a lateral boundary and an equatorward wind stress,
extend these ideas to give a simple model of coastal upwelling.

(30)
Write short notes on:
The Pnillips-Miles theories of wind wave generation.
Wave spectra.
Sampling temperature and salinity in the sea.
The origin of the most dense water mass in the sea. (30)
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( PAGE 2 OF 4 PAGES )

CIV 516F : UNIVERSITY EXAMINATIOR : JULY 1986

QUESTION 1
Beach Wa1ll

NONNNN

The diagram shows a rectangular shaped harbour with an entrance width of
174 m (CD) and side arm lengths of 261 m (BC). The harbour dimension

to the beach wall is about 1,65 km (AB). If wave crests are approaching
parallel to BC with a period of 10 seconds and a deep water wave height,

H, , of 4 metres, estimate the wave heights at 5 selected points along

the wall AB and also at the harbour centre point. Give the angularity

of the wave at the mid point of AB. 1Ignore refraction and reflection
within the harbour, and take the water depth in the vicinity of the break-
water ends as 8,7 m. A selection of diffraction charts are available,

ask for the one you need.

QUESTION 2

The standard alignment chart is attached, and a new blank line has been
inserted at the bottom of the page. This line is to be used for determining
values of up,y , the maximum horizontal orbital velocity at the bed,
according to the Airy theory. If

% Ynmax
u =
max ,ﬂH/T

is to be the dimensionless form of the variable on this line, mark off
the positions of the “max values given in the following list :

*
u = 0,01 1,00 _5,00

max
0,10 2,00 6,00
0,20 3,00 8,00
0,50 4,00 10,00

Note that H is the local wave height throughout. Suggest a small change
in the line label which would permit the scale to be used for maximum
horizontal acceleration values. Use the line to solve the following
problem. -

3/....
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CIV S516F : UNIVERSITY EXAMIRATION : JULY 1986

QUESTION 2 (continued)

A swell of 10 second period with a deep water wave height Hy = 3,2 m
approaches a beach with the wave crests parallel to the shore. Plot the

value of ug,y at the bed versus depth from deep water beachwards. Suggested
values for depth are:

73m 56m 3im 16m 5m

If the beach sediment is mobile when the bed velocity exceeds 1 m/s, find
the depth when this first occurs and check whether this is outside the
breaker zone.

(1 diagram attached)

QUESTION 3

(a) The attached diagram shows a wave height record, metres versus seconds.
Use the diagram to find the following :-

i. significant wave height by definition
ii., = significant wave height by CERC method
iii. significant wave height by the Draper method.

(1 diagram attached)
(b) A wave rider buoy is a type of accelerometer device used for wave
height measurements. If such an instrument requires calibration

in a laboratory, for a range of typical sea wave periods and wave.
heights up to 10 m, suggest a way of doing this.

(c)

Anchor

P AN S NP NP AN P e PN

The diagram shows a device anchored to the sea bed outside the surf
zone, where A, B and C are identical spherical buoys with visible
flags on the top. A is joined to B with a nylon (lightweight) cord

&4/....
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CIV 516F t  UNIVERSITY EXAMIRATIOR ¢ JULY 1986

QUESTION 3(c) (continued)

B is joined to C with a fairly heavy catenary chain. Suggest how
an observer on the beach could use this device to take a coastal
measurement, outline the detailed procedure and specify any beach
instrument needed. Stateée whether the device would need calibration.

‘QUESTION 4

A sea platform consists of a square concrete slab positioned horizontally
on four cylindrical vertical piles, each placed at a cormer, the slab side
being parallel to the local wave crest. The pile diameter is 1 m, the
total pile height above the sea bed is 6,4 m, and the slab dimensions are
sides of 5 m with a thickness of 200 mm. The local wave characteristics
are height 2 m, length 100 m, and period 12 g, the local water depth being
8 m.

(a) Considering the central 1 m high slice of any pile, calculate the
horizontal forces per metre due to velocity and acceleration and
by plotting these throughout one wave period identify the maximum
force and the timing of its occurrence. Check that the velocity
and acceleration distributions over the height of the pile are
reasonably constant and thus estimate the total force on one pile.

Take Cp=1,2 and Cy=2,0.

(b) Estimate the maximum vertical force on the slab due to wave action.
Take Cp = 1,0 and Cy =1, 8..

QUESTION 5

In a study of wave penetration into a bay, the 9 m, 8 m and 7 m sea bed
contours are approximated by three straight 1lines with contained angles

of 12 degrees as shown on the attached page. An incoming wave orthogonal,
10 second period, impinges on the 9 m contour at an angle of 50 degrees

as shown. With the usual approximations obtain by trial the angle at which
the emerging orthogonal cuts the 7 m contour. Take the step lines on the
8,5m and 7,5 m lines.

(1 diagram attached).
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GLASS FLUME EXPERIMENT

B.1 Pressure tapping locatioms
B.2 Capillary rise in tubes

B.3 Calculation method for total pressure resistance
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APPENDIX B.1

PRESSURE TAPPING LOCATIONS

" Each tapping is defined at a specific section x. (x is O at midships
and +350 and -350 mm at the bow and stern respectively). At each section

the tapping is specified in terms of x, y and z.

Only the coordinates for the tappings on the bow half of the model are
given here (numbers 1 to 20). The coordinates of the tappings on the

stern are same except the sign of the x value changes (numbers 21 to 40).



Tapping Number x (mm) y (mm) z (mm)
1 340 -5,6 5,6
2 326 2,9 14,5
3 324 -17,9 4,5
4 309 -9,7 24,4
5 309 23,9 11,0
6 306 ~27,5 1,7
7 290 9,8 32,4
8 290 -26,2 21,4
9 290 33,2 6,5

10 271 -9,7 38,0
11 271 26,9 . 28,6
12 271 -37,7 10,9
13 241 19,4 40,3
14 241 ~42,2 14,8
15 201 -19,4 44,1
16 201 44,9 17,5
17 161 19,4 45,5
18 161 -45,9 18,4
19 121 -19,5 46,0
20 121 31,2 18,7

B.3



APPENDIX B.2

CAPILLARY RISE IN TUBES

The capillary rise may be approximated by assuming that the meniscus
is spherical and by equating the lifting force created by surface

tension to the gravity force.

2Trocosb=mTr2 hy

- 2 © cos®
Yr

... h

where O = surface tension (N/m)
= specific weight of liquid (N/m®)
= radius of tube (m)

capillary rise (m)

B -- T - AR S
]

= angle between glass and meniscus slope.

B.a



= 0,0728 N/m at 20°C
9,81 x 10° N/m®
= 10x 10" n

= 0° for a clean glass tube

@@ R < Q
n

.« h= 1,484 mm

This rise in the tube is relatively small. However, it will not affect

the pressure measurements since it will occur in all the glass tubes.

B.5



APPENDIX B.3

CALCULATION METHOD FOR TOTAL PRESSURE RESISTANCE

An example of the calculation method is shown on pages B.7 to B.12.

B.6
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APPENDIX C

LOW PASS FILTER

.1



c.2

APPENDIX C

LOW PASS FILTER

The low pass filter can remove an unwanted alternating component on a
direct voltage, or an unwanted high frequency noise that is superimposed

on a low frequency alternating voltage.

o
-9
o

||
)

INPUT OUTPUT

The circuit above shows a simple low-pass filter. The input is a direct
voltage with an a, waveform superimposed, and the optputvis a direct
voltage .and an attenuated alternatingbwaveform.' Apart from a voltage

drop across R due to any.direct_current»flow, the presence of € and R
have no significant effect upon the*.dc input voltage. However, the
capacitor offers a definite impedance .Xc to alternating input voltages,
and this impedance decreases.as input frequency increases. . The higher

the a frequency, the lower the .capacitive impedance, and consequently

the greater the attenuation.



X = —

c wC

where w = 27f
f = frequency of a.c. waveform

The equivalent circuit with the impedance is shown below:

I 1 R
-

v, §
to o

1
xC

The filter attenuation is given by the following formula:

c.3
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APPENDIX D

STRAIN GAUGE BRIDGE THEORY

For a strain gauge the following relationship defines the gauge factor
of the strain gauge in terms of the strain imposed on the gauge, the

initial resistance and the change in resistance.

éB_ = Ke (p.1)
o
where /MR = change in resistance
Ro = 1initial value of the strain gauge resistance
K = gauge factor
= sgtrain imposed on strain gauge.
Strain gauge bridge
Vi = 1input voltage
v, vV, = output voltage
v
)
Generally we have
v R R
2 = - 4
V. R +R R 4R
i 1 2 3
Vo R1 R3 - R2 R“
o.o o D.z
V. (R +R )(R +R ) (D.2)
i 1 2 3 4



D.3

Note that Equation D.2 is valid regardless of whether the bridge is
balanced or not.

v

If the bridge 1i1s balanced Vg = 0 that is Vo = 0
i

Therefore we have R =R =R = R
1 2 3 y

R1 R“
O!'-R#-=§-
2 3

I1f the resistance of the gauges now vary (due to an imposed load), the
value of Vo will no longer be zero. Making the assumption that ARi

is much smaller than Ri (which is generally true) allows us to disregard

second order factors, therefore we have

<
B
B

[o] 1 - - L
v. T 7' X R ' X x ) (D.3)
1 1 2 3 Yy

substituting Equation D.1 into the above equation

v

© .- 5.( € -€ +€ -¢€ ) ° (D.4)
v, 4 1 2 3 4

Measurement of bending strain

Consider the example of thé cantilever shown below.

// L P
-
/Al
/ =3
/ . a
/ —_2
/GE ——
{; Strain and stress distribution



When load P 1is applied at the end on the cantilever, bending stresses

are induced at section AB - tensile stresses on face A and compressive

D.4

stresses on face B, These stresses may be calculated using the following

‘equation

£ o= 5

where M = applied moment = P.L
y = distance from neutral axis to gauge = 4 d

. 3
1 = second moment of area of the section = bd

17

(D.5)

These stresses may be related to the strains using the following equation

_f
€ " E

where E Young's modulus.

The strains at the top and bottom of the section may be assumed to be

equal and, therefore, we can write Equation D.4 as follows

<

o . K - (- e - (-¢
VI 4 7[ 1 ( Ez) t & ( Eu)]

since |Ell = |E2| = leal = |e“| = |e| we have

<

0 —
T = K.lEI

-

and substituting Equation D.6 into. the above equation we get:

Yo K.f

V. =

1

(D.6)

(p.7)

(D.8)



D.5

Therefore, the above expression gives the output voltage of the bridge
in terms of the gauge factor, stress at the section, Young's modulus
and the input voltage. This equation is used for design purposes only
and each bridge must be calibrated before experiﬁental measurements are
made. Note that it is important that the strain gauges 1 and 3 and

gauges 2 and 4 are on opposite sides of the beam to ensure that Equation D.7
is valid.
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