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FOREWORD

The depth to which sand movement caused by wave action extends is
of importance in many beach studies invdlving littoral transport. This
problem has lately received more attention as recent evidence tends to in-
dicate that appreciable sediment movement may take place in depths as great
as 60-70 feet. One of the first steps in placing an outer limit to the
depths at which sand movement by wave action may Be expected to occur,
is the formulation of a criterion for the condition at which flow at or
near the bed is unstable (i.e. turbulent)., The study discussed in the
following report represents the initial portion of work done on this pro-
blem; it consists of a theoretical and laboratory analysis of the stability
of oscillatory flow along a wall.

This report has been prepared at the University of California at
Berkeley in pursuance of contract DA-,9-055-eng-17 with the Beach Erosion
Board which provides in part for the study of the mechanism of sand trams-
port by wave motion. The author of this report, Huon Li, is a Research
Engineer at that institution, and this report is derived from thesis work
performed toward the completion of his doctoral degree at that university.

Views and conclusions stated in this report are not necessarily those
of the Beach Erosion Board.

This report is published under authority of Public Law 166, 79th
Congress, approved July 31, 1945.
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length of semi-major axis of orbit of water particle (ft.)

length of semi-major axis of orbit of water particle near or at
bottom (ft.)

length of semi-minor axis of orbit of water particle (ft.)
diameter of pipe (ft.)

depth of water (ft.)

total displacement of oscillatory plate (stroke) (ft.)
wave height (ft.)

wave length (ft.)

wave period (sec.)
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velocity component of flow in x-direction (ft./sec.)
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maximum velocity of the oscillatory bottom (ft./aec.)

velocity component of flow in y-direction (ft./sec.)
coordinate in horizontal direction
coordinate in horizontal direction

coordinate in vertical direction; depth below the mean position
of the surface orbit

Reynolds mumber, R & ———"—

Reynolds mumber, Re= %

characteristic scale of the oscillatory motion
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= boundary layer thickness (ft.)

= roughness diameter (ft.)

dynamic viscosity (1b. sec./ft.?)

kinematic viscosity (ft.</sec.)

density (1b. sec.?/ct.%)

angular velocity (1/sec.)

horizontal displacement of orbit water (ft.)
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STABILITY OF OSCILLATORY LAMINAR FLOW ALONG A WALL

by
Huon Li
University of California, Berkeley, California

CHAPTER I
DUCTION
1. Lapipar Flow apnd Turbulent Flow

In 1883 Osborne Reymolds(1l)* first demonstrated qualitatively the
characteristics of a turbulent flow by the following experiment which is
still being used today. He introduced dye into the water which was flow-
ing in a glass tube with a smooth entry. At a small rate of flow the
filament of the dye extended down the tube in a straight line. As the rate
of flow increased up to a certain stage, the straight line motion began to
break down. The straight line motion is termed laminar, and the motion
after breakdown is called turbulent. These two different types of flow
appear also in boundary layer flow, jet flow, and many other cases.

Laminar and turbulent flow are essentially different in character.
For instance, the pressure gradient is proportional to the first power of
the velocity for a laminar pipe flow, but approximately to the second
power of the velocity for turbulent flow. The velocity distribution in a
pipe section is parabolic if the flow is laminar, but approximately
logarithmic if the flow becomes turbulent. The skin-friction of ships
and airplanes also are different when the flow along their surface is
turbulent and when it is laminar,

In laminar flow the fluid particles acting as units are of molecular
size, and the particles are constrained to motion in parallel paths by
viscosity. In turbulent flow mch larger masses of fluld move together
as units, breaking down in time and mixing with other masses of fluid.

The motion becomes very complicated, and it is impossible to predict the
detail of the instantaneous flow pattern. However, important relationships
of turbulent flow may be obtained by a statistical amalysis of turbulent
flow records. It is the randommess of the motion that distinguishes the
turbulence from secondary flows and periodical wave motions.

How and under what circumstances does turbulence occur? This question
has attracted great attention in the past seventy years. The problem was
first posed by Rayleigh and Stokes in 1887(2). Since then it has been
one of the major problems in hydrodynamics. Although valuable contributionst
have been made by Prandtl(3), Tollmien(4), Schlichting(5), Lin(6) and many
others, the question still remains one of considerable dispute. There are
two schools of thought regarding the cause of the transition from laminar
to turbulent motion. One school assumes that the transition is the result
of a definite instability of the laminar flow in which infinitely small
incidental disturbances have the tendency to grow in time. The other

¥ Numbers refer to reference listed on page 33.



regards as unstable also a motion which is stable for infinitely small
incidental disturbances, but is liable to become and stay unstable if
subjected to disturbances of finite magnitude.

3. Irapsjition Due to Finite Djisturbapce

The theory of finite disturbance dates back to Reynolds(7) and was
developed by Schiller(8), Taylor(9), and others. Mathematical investiga-
tions of such finite disturbances are based on considerations of energy
or vorticity which depend on the second power of the disturbance. Four
characteristic causes for the transition have been pointed out by Taylor(9) :
(1) Conditions at the leading edge, (2) roughness of the -surface, (3) tur-
bulence in the stream when there is a reverse pressure gradient, and (4)
condition arising in the boundary layer after separation. These effects
are in general combined so that it is difficult to tell which one is the
sole cause of a given transition.

4e Stabilit Lamins ¢ Due 1
t ition bulenc

Many investigators have attempted to solve the theoretical problem of
the stability of laminar flow by determining what conditions are necessary
to cause infinitely small disturbances to increase with time. This work
dates back to Lord Rayleigh(10). The most successful case: was Taylor's
treatment of the flow between two rotating cylinders(1l). His work was
verified by experiments(11)(12). This is known as a typical case of the
instability of a fluid motion where centrifugal force plays a dominant
part. A specific problem of the stability of laminar boundary layer
flow near a flat plate without pressure gradient was studied by Tollmien(4).
The problem was idealized by assuming a layer of constant thickness, and
the distribution of mean velocity was computed by Blasius. It was shown
that a small disturbance of a certain wave length would be amplified in a
critical layer, whereas the disturbances of a shorter or longer wave length
would be damped provided the Reynolds number of the boundary layer was
greater than a certain limiting value. The calculation was repeated and
extended by Schlichting(13)(14). Lin(6) undertook a revision of the
mathematical theory of the stability of two-dimensional parallel flow and
a clarification of some features of the Tollmien theory. This theory,
also, was extended to compressible flow by Lees(15), Dunn and Lin(16), and
to free boundary flow by Lessen(17). In recent years the Tollmien theory
has been verified experimentally by Schubauer and Stramstad(18) for a
boundary layer flow on a flat plate and by Liepmann(19) for flows on a
flat plate and a curved surface. It seems that the validity and applica-
bility of the Tollmien theory are now beyond question.

The theory of stability of laminar motion for small disturbances
give only the criterion indicating whether the laminar flow is stable or
not. The transition is not directly given, for the linearized differential
equation camot show the breakdown of the laminar flow.



5. Iheory of Trapgition

It appears to the writer that the aforementioned two schools of thought
are not contradictory to each other. In fact, each method of attack
deals with a different phase of the basic cause which changes the flow
from laminar into turbulent flow. The mechanics of transition itself has
not been described mathematically, but it is believed that the transition
depends essentially on the nonlinear character of the equation of motion.
It seems that two different types of mechaniems exist: (1) Sufficiently
large disturbance (either original or amplified from the small incidental
disturbances) which break down into individual eddies, and (2) a disconti-
nuity becomes unstable and rolls up into individual eddies. The first
case is similar to the breakdown of a surface wave. The second case can be
demonstrated by the unstable character of a vortex-sheet of ideal flow. For
a plane vortex-sheet, a small sinusoidal disturbance can be found which
makes it roll up in the manner as shown below. The vorticity becomes more
and more concentrated in the rolled-up portion, and then breaks down to
small eddies.

The ideal case should be modified by the effect of viscosity for the real
fluid. On the other hand, the formation of the eddies does not necessarily
represent the beginning of turbulence. Flow becomes turbulent only when
the eddies move away from the location of origin, and this occurs at a
certain Reynolds numbeY.

6. GOritical Revnolds Numbep
m

In pipe flow, Reynolds mumber, ——— , (Uy is mean velocity, D is
diameter of the pipe, and v is the kinematic viscosity of the fluid) has
been found to be a criterion between laminar and turbulent flow. When this
Reynolds number reaches a certain value, the laminar flow breaks down into
turbulence. Unfortunately, this upper limit of laminar flow is indefinite,
as it depends on the following conditions:

U D

1. Initial quietness of the flow and condition of pipe entrances
2. Roughness of the pipe
The lower critical Reynolds number defines a condition belqw which all

disturbances entering the flow from any source eventually will be damped
out by viscosity. This Reynolds number sets a limit below which the laminar



flow will always occur and has a value of about 2100,

The above results in pipe flow can be related to the study of stability
and transition. The lower critical Reynolds number of the pipe flow
corresponds to the minimum critical Reynolds number of the laminar motion
for the stability investigation. This critical Reynolds mumber should be
constant for a certain basic flow, The upper critical Reynolds number of,
the pipe flow can be regarded as the critical Reynolds number of trﬁpaition.
This critical Reynolds number is expected to vary, depending on the ‘finite
disturbance as well as the amplification of the small disturbances.

7. Phepomenon of Trapsition

It is believed that the transition is a combined picture of laminar
and turbulent motion. This phenomenon was observed by the writer in an
open channel flow of oil*, At laminar state no irregular disturbance was
observed at the oil surface. However, if the rate of flow increased to a
certain value , the flow became irregular at a certain point and at a
certain instant of time. Those disturbances look like a "body of turbulent
flow" bursting upon the flow. The more the flow rate increased, the
shorter were the time intervals and the larger was the disturbed area.

This development went on until the entire flow became turbulent.

But putting a condenser type of pressure pick-up at the bottom of
the flume, the "body of turbulent flow" was detected. Oscillographic
records were obtained to prove the existence of this transition.

Emmons(20), observing the boundary layer transition on a water-table
analogy to supersonic flow, points out that the transition is not a clearly
defined phenomenon. Instead, it is rather an intermittent process. The
laminar layer is disturbed by the outside disturbances. When the distur-
bances—reach a certain degree, a turbulent "burst" occurs. This turbulent
"spot" moves along with the fluid and gradually fans out, making turbulent
all before it. . The farther downstream, the larger is the number of turbulent
spots which have been developed upstream, and consequently, the larger
percent of time the particular point is turbulent. Emmons develops a
probability theory for predicting what percentage of time each position of
the plate will be turbulent. This observation is quite similar to the
above observation made in the 0il channel, except that the "body of turbulent
flow" is much larger than Emmons' turbulent "spot" and the movement of the

"body of turbulent flow" in the oil is different from that observed by
Emmons.

*¥This study is a part of turbulence research program under the supervision
of Professors H. A. Einstein and L. M. Grossman, at the University of
California, Berkeley.



8. fects of ) ansition

The effects of a single roughness on the transition have been investigat-
ed recently by Dryden(21), Hama and Tani(22). It is believed that the
effects of combined roughness are more complicated. It appears to the
writer that the roughness effects the tramsition in the following ways:

1, It changes the boundary condition and, thus, changes the
velocity distribution of the basic flow.

2. For a very small roughness, the irregularities of the boundary
create some small disturbances which may be amplified according to the
stability thedry for small disturbances.

3. If separation of the flow occurs at an individual roughness, the
unstable wakes may contribute to the transition.

4e When the flow passes the roughness element, the centrifugal force
may affect the stability of the motion.

9. Scope of the Pregent Invegtigation

The purpose of this thesis is to study the tramnsition from laminar to
turbulent flow in an oscillatory boundary layer near the solid bottom caused
by a surface wave. = However, the observations were made at a plate
oscillating in still water for the sake of experimental convenience. The
relationships between these two flow conditions are discussed, and the
experimental results including the observation on both smooth and rough
surfaces are given.



CHAPTER II
0SCILLATORY BOUNDARY LAYER

10. face W t 1 low

Studies on beach and shore line processes indicate that most of the
sediment movement along a coast by current and wave action takes place in
and near the surf zone. Recent evidence, however, indicates that appreciable
movement appears to be taking place in depths as great as 60 feet, and
possibly greater. The extent of such movement by wave action at these
greater depths depends on whether the oscillatory velocity of the water
near the bed is sufficiently large to dislodge and transport the material.
This velocity is a function of the height and period of the wave and of
the water depth. One of the first steps in placing an outer limit to the
depths at which sand movement along the ocean bed by wave action might
be expected to occur is the formulation of a criterion for the condition
at which flow at or near the bed becomes unstable (turbulent). It is well
known that the irrotational theory can be applied fairly well to the en-
tire surface wave motion except to a very thin layer adjacent to the
solid boundaries. Near the solid boundaries the viscous effect can not be
neglected compared with the inertia forces, no matter how small the
viscosity of the fluid. But this layer near the boundary can be treated
according to the boundary layer theory.

The thin boundary layer plays a very important role in studying
the flow problem. Flow energy is dissipated in this layer, wnd especially
the skin friction is the direct effect of the presence of this layer. The
wave motion near the s0lid bottom has been found to approximate very
closely a simple harmonic motion. The stability of the laminar boundary
layer and its transition for this type of motion is importamt—in many
respects, one. of which is the determination of sediment transport along
the bottom for which the existence of turbulence is a governing factor. A
review of the literature indicates that little has been done in this field.
It is, therefore, the purpose of the present investigation to determine
experimentally the factors and relationships governing the transition of
an oscillatory laminar boundary layer over smooth and rough beds.

11. Orbital Motion

The motion of the individual particles for the wave motion of small
amplitude is known as orbital motion(23). The horizontal and vertical dis-
placement from its mean position at a distance z (measured negatively down-
ward) below the still water surface are:

§ = %H %&%’%%—QZL cos 27(% -%) (1)
n = dn BB2T(Q/a/L stn27 (@ -5

sinh 2 7



where
H = wave height

d = depth of water, measured from the still-water level to
the bottom

2z = depth below the mean position of the surface orbit

x = horizontal coordinate

L = wave length
T = wave period
t = time

From Equation (1), the semi-orbital amplitudes of the water particle motion
are:

v 1y sh 2 2)/L
a = 2 sinh 2 7w d/L
N . . (2)
bt = SH inh 2 wa/L

The horizontal and vertical velocity of the water particle can be obtained
by differentiating Equation (1) with respect to time; one has

13 Hcosh 2 w(d £ 2 x t
3t = T sinh 21r5§1. sin 27 (g - 7)

(3)
M - Hgiph2w(d £3z)/L_ _ x t
Vg = _%T' T sinh 27d/L cos 2m( 3, - 1)

Acoording to Equation (3), if the bottom friction is neglected the
horizontal and vertical components of a water particle velocity at the
bottom are:

_rH x_1t
Y= Temmawak 027G -7) (4)
v =0
2
1 l_
If we let , 27 , the angular velocity, and a'b =5 H ainh 2 7 a/L
T

the semi-orbit amplitudes of the water particle motion at the bottom,
Equation (4) becomes

, = —wa'y sin (wt = 2 7 x/L) (5)

v. =0
2

u



This is a simple harmonic motion relative to the bottom. The above
derivations can only be applied to ideal flow. Near the bottom the vis-
cosity effect cammot be neglected.

In the real case, the velocity of a water particle should be zero
at the solid bottome It is believed that the potential theory applies to
the entire flow except a very thin layer adjacent to the solid boundaries.
At a very short distance from the bottom, the velocity of the water

particle is

w s wa'b sin (wt - 2 7w x/L) -

Where a'y, is defined as before. The study of the characteristics of
the wave motion near the solid boundaries is' in itself a very interesting
problem. However, in practice it is rather difficult to set up an experi-
mental model for the oscillatory wave motion near a solid bottom, since
the model must have a scale of the same order of magnitude as that of the
prototype.

12, Ogcillatory Motion Near a Smogth Bottom

Over a smooth flat bottom, the equatiomsfor the oscillatory motion
are,with neglect of the non-linear inertia terms, pressure gradient and
viscous effect in the x-direction.

2
20 ._, 9°0
at-v 322 (7)
v = ":0

Let us suppose that the fluid lies on the positive side of the xy-plane,
and the motion is due to an oscillation.

U= wa' sin (wt - 27x/L) (8)

of a rigid and smooth surface at the xy-plane. If the fluid extends to
infinity towards the z-direction, i.e. when

2 —ex, U=0 (9)
we have a solution

U= Uoé‘Bz sin (wt - Bz - 2wx/L) (10)
with

U, = wa'y (11)

g = (57 Y/ (12)



Since Equation (10) indicates that the velocity decreases very rapidly
away from the boundary one can consider practically that only a thin layer
adjacent to the boundary is in motion. For instance, for B2 = 4.6, the
amplitude of the oscillatory velocity reduces to about one percent. There-
fore, a length scale ‘

51 =4.6 é = 6.5\'% (13)
can be defined as a boundary-layer thickmess.

The motion caused by the oscillation according to Equation (8) is
similar to the wave motion near a solid boundary. In the above amalysis
the motion is created by an oscillatory bottom and is transmitted to the
fluid by viscosity. For water as fluid for the range of periods tested,
the layer affected by this motion is very thin due to the inertia of the
fluid. In the previous case, discussed in Section 11 the fluid moves
~according to Equation (6) over the ®8till bottom. Viscosity will prevent the oc-
currence of fluid motion immediately at the bottom, but the thickmess
of the fluid layer affected by friction is amall and of the same order as
given by Equation (13).

Experimentally, it is impractical to study the motion caused by the
oscillation according to Equation (8) in the desired range of conditions.
Therefore, the motion that is due to an oscillation of the type

U:aninwt (14)

of a rigid and smooth surface at the xy-plane is studied experimentally.
For this case the solution is:

Ua er'Bz sin(wt - B3) (15)

The motion which is described by Equation (15) is different from
that of Equation (10). The latter is a function of x while the former is
independent of x « In view of Equation (14) the experimental study of
this investigation is only applicable to a very large wave length of surface
wave motion.

If the boundary layer thickness &, is to be chosen as the length
scale, U, as the characteristic velocity, we can define a Reynolds number
as

U
RS, » 2L (16)
or R8| = C!Onstut".l2 dl/u.la (17)
with d; = 2a", (18)



Where dl is the total displacement of the oscillatory motion of the
solid surface, In analogy to the steady parallel flow, ome would expect
that the oscillatory laminar boundary layer may break down at a critical
Reynolds mmber under—certain conditions. It is proposed that this critical
Reynolds oumber is given by

Raw’? d./V'/‘ (19)

The experimental resulfs given in Section 18 agree well with this
prediction.

13. Osclllatory Motign Near a Rough Bottonm

It is impossible to find the mathematical solution of a laminar flow
near a rough plates The difficulty lies in the following points:

1. The nonlinear inertia terms for flow over a rough plate cannot
be neglected. :

2. The rough surface is usually of a very complicated geometry.
3. If any separation occnrs; the real boundary conditions are changed.

Although .the theoretical solution camnot be found, it may be possible
to compare two systems of flow by using the similitude arguments. The
dynamic similarity between geometrically and kinematically similar systems
require that all homologous forces in the two systems should have the same
ratio. In the present case, only inertia and the viscous force get into
the flow picture. Therefore, the Reynolds mmber is the only criterion of
dynamic similarity for the two systems of flow.

The question arises now how to define the Reynolds mumber for the
oscillatory motion near a rough bottom. It is believed that U, = Fwd;.
may still be used aa characteristic veloclty, while the roughness scale
may be used as characteristic length in amalogy to the steady flow problem.
Thus the critical Reynolds mumber may be expected to have the form

Re = “’—‘l’}ﬁ- (20)
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CHAPTER ITI

EXPERTMENTAL EQUIPMENT AND PROCEDURE

1. General Considerations

As mentioned previously, evidence indicates that sediment movement
along the ocean bottom occurs at depth of about 60 feet, and possibly at
even greater depths. The relative motion between the water and bed with
wave motion under prototype conditions (waves of 0.4 to 60 seconds period
and 0.5 to 10 feet in height in water 60 feet in depth, or even larger)
were computed and used as the basis of this experimental study. Obviously,
the relative motion between water and bed for these prototype conditions
could not be realized in a laboratory wave channel., These conditions
could be obtained, however, by oscillating a plate in still water with
the range and amplitude and period as computed by wave theory. A channel
with an oscillating bottom, therefore, was designed based on the follow-
ing considerations:

1. The motion of the bottom must be close to simple harmonic.

2+ Any movable mechanical parts must create as little vibration
of flow disturbance as possible.

3. A wide range of the frequency and the amplitude of the oscillatory
motion must be available.

15. Experimental Setup

Figure 1 shows the general arrangement of the experimental equipment.
The channel was 12 feet long, 3 feet deep, and 1 foot wide, made of steel
plate and angles with four large panels of glass. At the bottom of the flume,
ab feet by 11~1/2-inche movable steel plate resting on six pairs of
rollers was installed. Two thin steel bands were fastened at both ends of
the movable plate, and through four pulleys located at the upper and lower
corners of each end of the flume the two bands joined together to a movable
head on top of the flume. This well-guided head was driven by a crank
mechanism and performed close to a simple harmonic motion. An A, C. motor
provided the driving power of the mechanism. The angular velocity was con-
trolled by a variable speed reducer and also by changing the size of the
driving pulley. The total displacement of the movement was comtrolled in
a range from 2-1/2 inches to 4 feet by adjusting the eccentric arm. The
range of speeds covers from 1.0 to 150 cpm.

This arrangement had the following advantages:

1. The speed (angular velocity) and the amplitude of the oscillatory
motion were easy to control over a large range.

2. The movable parts submerged in the water were reduced to a
minimim,

3. The movement was_well guided at any position.
12



4. The mechanical vibration was reduced to a minimm due to separation
of the motor from the flume.

On the other hand, this setup did not give exactly a true simple
harmonic motion. The maximm deviation of the displacement from the ideal
harmonic motion was about 2 percent for the largest stroke. The difference
was small at smaller stroke values.

Erocedure and Range of Experiment
The experiments were carried out in three different groups:

1., Smooth bottom

2. Rough bottom: half round wooden strips and steel rods (two-
dimensional case)

3. Rough bottom: sand and gravel (three-dimensional case)

For each experiment the type of bed roughness and the total displace-
ment dj (stroke) were chosen. Then the bottom was oscillated at a low
frequency and the flow pattern viewed by dropping potassium permanganate
crystals from the water surface to the moving bottome. The crystals left a
trail of dye in the water which was constantly deformed during the motion,
and the undissolved remainder of the dye was deposited on the moving
bottom where it gradually dissolved completely into a flat dense cloud
with longitudinal streaks, the total height of which was up to about one-
quarter inch for the smooth case (this height varied according to the
frequency of the motion). The frequency of the oscillation next was
gradually increased until these streaks suddenly curled up and disappeared,
indicating the development of turbulence. The details of observation will
be presented in the next article.

At that critical 1limit the speeds and the total displacement were
recorded. The experiment was repeated for various total displacements,
water depths, and bed roughness conditions. In each expsriment the temperature
of the water also was recorded. The experimental conditions covered the

following ranges:

Water Total

Bottom Roughness Roughness Depth Frequency Displacement
Copdition Element Size (£t,) (cpm) (ft.)
Smooth Wax applied 0.233- 456~ 0.667-

to the 1.884 108 4.0

surface
Two - Half round, 1-1/4"
Dimensional Wooden strip 3/4" 0.445-  1.66-

3/8" 1.892 99
Round steel rod 3/64"




Water Total

Bottom Wsss Roughness Depth Freqﬁéncy Displacement
Condition  _Element —Size  [ft,) _(om) = _(ft,)
Three- Sand 0.00308*
Dimensional 0200000
0. 289- lo 62-' 00 208-
Gravel . 0Q,0433' 1.966 64 4.0
Polystyrene 0.0104!
pellets
17.

The following is a detailed account of the observation of the trails
of dye which serve to indicate whether the flow near the bed is turbulent
or laminare

(a) Smooth Bottom — By dropping potassium permanganate crystals
from the water surface towards the moving bottom, the crystal left a trail
of dye in the water. Focusing at a single trail of dye and disregarding
the molecular diffusion, one observed that the dye trail was almost
straight down to a short distance from the bottom (say in the order of one-
quarter inch) and only then began to bend in shape. When the motion of
the bottom plate was slow, the trail of dye still maintained a clear line
near the bottom. This regular shape of the dye trail became irregular
when the speed of the bottom platq was increased to a certain speed, in-
dicating the transition from laminar to turbulent motion. The "bent part®
of the dye trail indicated the boundary layer flow., In the laminar layer,
the dye trail gave roughly the velocity distribution of the oscillatory
boundary layer as given by Equation (15). When the boundary layer, became
turbulent, no instantaneous and regular velocity could be traced.

(b) Rough Bottom, half round wooden strips - The observation of the
transition from laminar to turbulent flow over the bottom roughened by
1/4", 3/4" and 3/8" half round wooden strips was made in similar way to
that over a smooth bottom. Agaln potassium permanganate crystals were
dropped through the water and their dye trails observed. In this case,
it was observed that in all cases separation occurred at each roughness
element shortly after motion in ome direction had started (see figure below).

-

This wake was given during the stroke until the next reversal of motion began



to develop a similar wake on the other side of the strip. As long as
these wakes remained permanently in contact with the strips, the flow out-
side remained perfectly streamlined and was laminar. Whenever the wakes
would separate from the strips, they moved into the flow above and created

the characteristic mixing effects of turbulent flow. The latter case was
called turbulent.

(c) Rough bottom, sand and gravel - The flow patterns near the gravel
bed were similar to the descriptions for the half round wooden strips,
except that the wake was three-dimemnsional and the point of separation was
not so well defined. The flow patterns near the sand bottom could not be
described very well to the smaller scale of motion. But the transition

could still be determined by observing the shape of the dye band close to
the bottom. ' '
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CHAPTER IV
EXPERIMENTAL RESULTS
18. Smeoth Botton |

The results of the four different runs with different water depths

are plotted in Figure 2 using the total displacement (stroke) d,, and the

%’ as ordinate and abscissa, respectively. Run 104 (with cross symbol)
was observed independently by Dr. Chien, of the Sediment Research Laboratory,
University of Califvrnia. The fact that the results of this observation
are not significantly different from those of the other rums indicates
that the observations are not significantly affected by personal bias.
A line drawn through the experimental paints separates the graph into
stable and unstable zones; amy conditions of the upper right hand done
are unstable and those in the lower left are stable.

Although the experimental points scatter, they seem to follow a
straight line of 1 to 2 slope for lower ¥ value (see Figure 2). At
higher § values the points begin to deviate from this line.

One may recall that the characteristic Reyndélds mumber for an
oscillatory flow over a amooth bed is given by Equation (19).

. Re wllt dl/ul/t (19)

The fact that experimental polmts in Figure 2 closely follow a line
with a 1 to 2 slope indicates that the tramsition of the laminar
oscillatory flow over a smooth bed takes place at a certain constant
Reynolds pumber. This Reynolds number is found to be 800. Ome word of
caution must be added concerning the definition of smoothness of the boundary,
There exists no absolute scale to measure whether a boundary is smooth or
rough, A bed which is smooth at low values of $ may behave hydraulically
rough at higher values of % « As with increasing y » the boundary
layer thickness becomes smaller and approaches the same order of magnitude
as the roughness elements, The deviation of the lower part of the ex-
parimental data from the straight line may be attributed to the fact that
the bed no longer behaves entirely smooth in that range. Furthermore, the
elasticity of the steel band at higher value of %’- causes more distrubances
that affect the deviation,

The results of the experiments using 1-1/4 inch, , 3/4 inch, 3/8-inch.
half roynd and 3/64=inch round rods as roughness elements are shown in
Figures 3, 4, 5, and 6, respectively. The difference in the experimental
results for the three different sizes of wooden strips is very small and
almost within the range of scatter of the experimental data. The line
which fits these points assumes a slope close to 1 on 1, At higher values
of & , the deviation of the experimental data again may be caused by the
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elasticity of the steel band. This seems to indicate that the transition
occurs at a certain constant velocity. The experimental results for tle
small size 3/64-inch diameter round rods are most interesting. The ex-
perimental data follow a straight line with slope 1 on 2 for L.2 x 10 ft.~2
<Y < 6,0 x 104 £t."%. After a gradual transition, the points follow

another straight 1ine with a slope 1 to 1 for 4 x 105 ft.=2 < % < 1.0x
106 ft.2 . That is, those rods behave hydraulically smooth at low 1“,1
values and become rough at high %L values. This is to be expected, as at

low # the boundary layer thickness is so large that it practically covers
the roughness elements.

20. Rough Bottom, Three-Dimensional

The experimental results for the sand and gravel bottom are presented
in Figures 7, 8, 9, and 10. Straight lines with a 1 to 1 slope seem to
fit the data fairly well for these cases, except at low !{} values for the
0.0009-ft. sand.

A comparison of the results for two-dimensional and three-dimensional
roughnesses indicates that the gravel bottom behaves very similar to the
bottom with half round wooden s trips while the sand and the polystyrene
pellet behave somewhat differently. The experimental data for the sand
bottom shift to the right, indicating that the flow is more stable but not
as stable as the results with round steel rods. Actually, the sand size is
smaller than the diamster of the steel rod; the transition may be due to
the different flow patterns around the sand and the steel rod. In fact,
the "effective roughnesses" are different in the two cases,
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CHAPTER V

DISCUSSION OF THE EXPERIMENTAL RESULTS

21, Limitation of the Experimentg

The experiments as described in the preceding chapter are carried out
in a range where the stroke dj is larger than the roughness diameter € .,
The flow condition in the boundary layer may become somewhat different if
d] is of the same order or smaller than € . In that case the oscillatory
motion is limited to the neighborhood of an individual roughness element,
and the latter may have no effect on the transition. Or in other words,
the bed may behave hydraulically smooth when dj<< € . This case is not
studied in the investigation because of its lack of practical significance.

22, On the Scale

In finding a parameter which will describe the transition of an
oscillatory flow, difficulty arises when one attempts to select a suitable
length scale. The experimental results indicate that the water depth does
not come into the picture so long as it is much larger than the thickmess
of the boundary layer flow. For certain water depths and frequencies of
oscillation, standing waves are generated in the flume. Yet, they are of
such small magnitude in comparison with the main motion that they seem to
have no apparent effect on the results. The total displacement or stroke
of the oscillation is a well defined length scale, and the ratio
has significance as depicted before. However, under ordinary conditions
when d] is much larger than the roughness diameter, it does not seem to
be significant as a length scale. One should expect that the boundary
layer thickness and the roughness diameter are more significant.

23. he Smooth Bottom

For a smooth bottom the experimental results indicate that the
critical Reynolds number (defined by Equation 19) of the transition can
be used to definethe critical condition and that it has a value of 800.
This is also true for the 3/64-inch diameter steel rods (Figure 6) and
0.0009-ft. diameter sand bottom (Figure 9) at very low speed. The smooth
bottom is defined as follows:

1. For a smooth bottom the roughness is small compared with the
laminar boundary layer thickness (See Section 25).

2. For a smooth bottom the presence of roughness, although it created
small finite disturbances, does not change the flow pattern of the basic
flow,.

24. On the Rough Bottom

According to the experimental results, the critical Reynolds number
AE%?E of the transition has a constant value for each roughness, but
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this value changes with € . The effects of roughness have been described
in Section 8 and the flow pattern is shown in Section 17. It is not
surprising that the critical Reynolds number is not a constant for all
roughness. The transition from laminar flow to turbulence at the rough

bottom is mainly due to the instability of the flow along the wakes between
the individual roughness elements.

whe w't

The experimental results in terms of —; against = are
presented in Figures 11 and 12, with € as a parameter for two and three-
dimensional roughness, respectively, (where € = diameter of the half round
wooden strips and the diameter of the round steel rods, € = average size
of the sand and gravel).. The vertical line WY di . 8p0 represents a
smooth surface with a constant Reynolds number ¥>f the form Q.I_d' o« The
horizontal linés represent the rough walls. A transition zone”'s'eems_ to
exist between the smooth .and rough boundaries.

25, Clagsification of Yhe Smooth and Rough Boundaries

From the experimental results of the 3/64=inch round steel rods
bottom (Figure 6) and the 0.0009-ft. diameter sand bottom (Figure 9) the
smooth and rough boundaries can be classified as follows:

1. Two-dimensional roughness

a. Smooth boundary exists

—_
%l_ 6._5Je%-_> 6.5\‘6“0_ = 6.8

b. Rough boundary exists if

(7 :
'€§l = G.S\L < 6.5\ dex 0®  _ 26
Ce Transition from smooth to rough boundary
Y
68 > 6839 5 .6

2. Three-dimensional roughness
aes Smooth boundary exists if

S _ e.s‘lm‘T e.sﬂlﬁ

€~ € >~ o0009 =3
b. Rough boundary exists if
]

Iu
& _ W 65NLs st _ 185
€ " € 0.0009 '

¢c. Transition from smooth to rough boundary

4
.e.sJ:w
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26. Notes on the Experiment

Turbulence is a random motion with characteristic mixing. This is the
criterion for the visual determination of the transition. For the smooth
bed, the trails of dye follow the oscillatory motion near the bottom and
remain continuous when the flow is laminar. Although molecular diffusion
exists, there is definitely no random mixing. As the frequency of the
oscillation increases up to a certain limit, the regular motion of the dye
breaks down, and the trail of dye cannot be recognized any more. However,
the transition between the laminar and turbulent motion is not sharply
defined. This is the main reason for the scatter of the experimental
data. Over a rough bottom the trail. of dye is somewhat different (See
Section 17). Even in the laminar range wakes are present. The pattern
of these wakes is rather regular and should not be regarded as turbulent
motion.

27. Suggestions for Further Investigation

Two possible ways of approach are suggested to study theoretically
the stability of the oscillatory boundary layer flow for smooth case:
(1) by superimposing the infinitesimal disturbances to the linearized
oscillatory boundary layer equation, (2) by retaining the nonlinear terms
in the equation of motion. It seems that the first method will lead to
great mathematical difficulties, because both the oscillatory flow and the
disturbances are functiorsof time. It may be possible to get the solution
by assuming that the frequency of the oscillatory flow is much lower than
the frequency of the disturbance. The second method is very possible to
give usable results.

The present experimental study may be improved by:

l. Increasing the length of the oscillatory plate as well as the
length of the flume to eliminate the end effects.

2. Improving the steel band (either make it tighter, or use stiff
material) to eliminate the elastic effects.

3. Using heavy surface floats to eliminate the standing wave,

In order to study the viscosity effect, experiments with fluids of
different viscosity are suggested.
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CHAPTER VI

CONCLUSIQONS

The transition from laminar to turbulent flow in an oscillatory flow
near both smooth and rough boundaries has been studied. The findings of
this investigation are summarized as follows:

(1) Over a smooth boundary, the critical Reynolds mumber at which
the transition takes place is found to be a constant

R = wv29,/v'"% = 800

In this case the boundary layer thickness is taken as the characteristic
length scale.

(2) For a rough boundary, the critical Reynolds number has the
form wdi€ _ ¢ @and is a constant for each roughness. No single para-

: v
meter of transition has been found for similar rough boundaries.,

(3) Wakes have been observed to develop behind each roughness
element for the oscillatory flow over a rough bottom. The transition
from laminar flow to turbulent is mainly due to instability of the flow
along these wakes.

(4) The effect of two-dimensional roughness, using half cylinders
as roughness elements, is different from that of three-dimensional rough-
ness where the bed consisted of sand and gravel. The flow is more stable
over the former than over the latter for the same roughness size.

(5) Based on the experimental results of the 3/64-inch round steel
rods bottom and 0.0009-ft. diameter sand bottom, the bed behaves hydraulical-
ly rough if

& _ _6a5 JU_ < 2.6 for two-dimensional
€ = € R roughness

,I Y
S . b2V wW_ 18.5 for three-dimensional
€ F € oo roughness _

The bed behaves hydraulically smooth if

,Il
S 6,2VW__ 6.8 for two-dimensional
€ = € * roughness

\Il
S _ bS5 NW 30 for three-dimensional
€ - € roughness
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€
(6) The flow pattern is expected to be different for & =
and €/d>| ; the experimentation for this study was confined to the
case €/di<| which has more practical applications.
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1.

Appendix

Experimental Data and Tables of Calculation

Smooth Bottom

TABLE I

Run No,

Water depth:
Water temp.:
Kinematic viscosity:

101

1.864 ft,
6 §F

Y= 1,15%1075 ft¥sec.

Total Dis- | Angular 5
placement |Velocity g, ELJ#
cpu d, W | YE
121 rad/sec "ﬁi
28.0 1.50 2.23 '2.55%10° 757
4.9 1.323 3.61 3.05 7%3
8.5 1.167 4,03 3.51 6
46,1 1.00 4,82 4,17 645
63.8 o.8g3 6.68 5.80 633
104.0 0.667 10.3 9.53 650
18.0 2.000 1,88 1,64 810
20.3 1.823 2.13 1.85 782
22.7 1.667 2.3 2.07 757
24.2 1.667 2.53 2,20 777
57.1 1.0 5.9 g.a x 10 713
90.0 0.667 9.42 .18 601
5.07 4.00 0.5% 0.462 857
6.36 3.5 0.665 0.578 840
7.34 3.0 0.767 0.666 772
10.9 2.5 1.14 0.93 gog
13.0 2.323 1.36 1.1
15.0 2,167 1.57 1.36 798
16.8 2.00 1,76 1.53 77
7.11 3.333 0,744 0.647 40
9.9 2.833 1.04 0.905 . 850
11,5 2.333 1.21 1.045 x 10 755
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TABLE 1I

Run No,

Water depth: 1.077 ft.
Kinematic Viscosity:

102

Water temp.
ry=108x10°

s 62 F

/”c

cpm

Total Dis-
placement

-Gy
_f1.

Angular
Velggity

rad/sec
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TABLE III

Run No,

Water denth: 0.233 ft.
Kinematiec Viscosity:

103 ’

Water temp,:

5 1¥hec.

05 F

cpm

Total Dis-
plac%ment

J
ft

Angular
Velafity

rod/sec
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TABLE IV

Run No, 104 ' _ .
Water depth: 0.511 ft. Water temp.: 61.5 F
Kinematic Viscosity: Yy =1,18 x 10-5 frysec.

Total Dis- | Angul %g %

cpm pgagdemen: Vglg,gc?.iy N i—i‘-
it rad/sec. w1y
.20 .5 0.54 0.461 x 10° 0
g.lB %.o 0.35% 0.324 ggs
3.27 2.5 0.97 0,822 715
28,1 1.9 2,94 2.49 747
32.6 1.167 3.41 2.89 627
56.1 0.833 5.87 4,97 x 108 587

II. Rough Bottom - half round wooden strips and.round
steel rods

TABLE V

Run No, 201
13" did. half round wooden strips '€=59.104 ft,
Water depth: 0,630 ft. Water temp.:_ 65 F
Kinematic Viscosity: y=1.1x10-% f1¥sec.

Total Dis-| Angular @ i
'placement | Velocity 7.' we d wd, €
cpm d, w " % 4
f1 rad/sec ft ,
1.66 4,0 0.174 0.158 x 10° | 502 |6.57 x 10°
2.38 3.5 0.249 0.226 526 18.22
2.955 3.0 0.267 0.243 468 g.sz
3.30 2.5 0.345 0.313 s | 442 .13
2.98 2.0 0.312 0.334 x10° | 387 |7.78 x10°
5.07 1.5 0,530 0.482 329 (7.52
6.00 1.167 0.628 0.372 278 16.93
8.70 0.833 0.910 | 0.827 239 7.34
o | 0 | ad [ 3:3F 15 533
[ ] [ ) [ ] 2. [ ]
32.6 0.233 3.41 3.1x 10% 116 Z.?Bx 103
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TABLE VI

Run No. 202

14" dia. half round wooden strips €==0,104 ft.
Water depth: 1,077 ft, Water temp.: 65°F
Kinematic Viscosity: ¥ =1,1X 10°% ft¥sec.

Total Dis-| Angular (7}
placement | Velocity Y Wt 4| wde
cpm d w A 1
ft. rad/sec. - fre! ve 4
2.31 3.833 0.242 0.22 X10° |567 |8.78%10°
2.80 3.333 0.293 0.266 542 9,22
3.28 2.833 0.34 0.311 428 9.18
4.03 2.333 0.42 0,391 461 8.47
4,5 1.B33 0.480 0.436 382 .22
6.56 1.333 0.686 0.623 332 |8.63
8.75 1,00 0.915 0.832 288 |8.63
12,0 0.667 1.255 1.14 246 g.90
03| o3 | B O|EE B2l
33.0 o.2o§ 3.45 3.14x10°% [116 6.g2x103
TABLE VII
Run No. 203
14" dia. half round wooden strips e==0,104 ft.
Water depth: 1,892 ft. Water temp.: 66°F
Kinematic Viscosity: Y =—1.09 x §O'5 ft2/sec.
Total Dis-| Angular o 3
placement | Velocity Y wd, wd,€
cpm d, w 1 ¥ Y
ft ) rad/sec. ftt
1.91 4,0 0.200 0.181 x 10% |540 g.ézxm3
2.41 3.667 0.252 0.23 556 .82
2.96 3.167 0.310 0,285 534 ]9.4
3.53 2.667 0.376 0.345 495 19,58
4,4 2,167 0.470 0.432 449 |9,7
5,41 1,667 0.567 0.520 380 g.o
6.94 1.167 0.727 0.667 301 .1
9.23 0.833 0.966 0.887 248 7.7
13.6 0.500 1,42 1,305 180 |6.78
23.1 o.33a 2,42 2,220 157 7.7
34,2 0.20 3.58 3.29 x 10° [109 |[7.12x103
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TABLE VIII

Run No, 301 .
% ¥ dia. half round wooden stripse=o;o§25 rt.
Water depth: 0,528 ft. -Water temp.: 6@ ) 4
Kinematic Viscosity: Yy ==1,12 x10-S ft°/sec.

Total Dis‘- Angular v
placement | Véloeity Y wa, wde
cpa d, w | _ 3
1 rad/sec ft? Y 14
2.31 4,0 0.241 0.215x105 | 587 | 5.37x10°
2.86 3.5 0.299 0.267 570 2. g
3.46 3.0 0.361 0,322 538 | 6.0
3.97 2.5 0.414 0.37 480 | 5.77
g. 2 1.5 0.712 0'8%3 377 5.95.
.67 1,167 0.905 0. 1 15.9
10,8 0.833 1,13 1.01 275 5.4g
2f | Sk | iR | BE |8
30.9 oIzog 1.5 2138 x20% | 112 | 3.75x20° .
TABLE IX
Run No, 302
% " dia. half round wooden strips e =0.0625 ft.
Water depth: 1,164 ft, Water temp,: 64°F
Kinematic Viscosity: ¥y ==1,12 Xx10-5 ft®/sec.
tal Dis=| Angulai w_
Ega:emen: nggcg:y Y nﬁ w di€
cpm 4 ® t n Y
ft“ rad/sec. T 14 .

. o6 0.26 0.239 x 105| 600 | 5.79x10°
z.gg 3333? 0.323 o.aé? " 528 5.22
%.35 2,833 0.372 0.332 516 | 5.86
3.,2 : 2.333 0,407 0.3603 44 5.20
5.2 1,633 0.55 0.49 4 5.62
6.45 1,333 0.675 0,602 32 5.02
8.17 1.00 0,855 0,762 27 4.36

I S b
§glo 0:333 3:%4 2.80 x10° | 110 | 3.64x10%

39



TABLE X

Run No. 303
3%v dia, half rcund wooden strips € =0,0625 ft.

Water depth: 1,780 ft.
Kinematic Viscosity:

Water temp.:

65°F

Y=1,1x 10" #12/sec.

Total Dis-| Angular L 4
placement | Velocity Y w? d, w d€
cpm d w . A o ¥y
ft rad/sec. fr? ¢
2.31 3.667 0.241 0.219 x 10° | 532 2.02:103
3.31 3.167 0.346 0.315 562 .43
3.72 2,667 0.389 0.353 502 2.87
4,92 2.167 0.513 0.347 428 .03
5.40 1,667 0.562 0.491 368 |5.12
10.6 0.833 1.11 1.0 265 [5.27
15.3 0.500 1,60 1,45 120 4,53
2g.g 0.333 2.69 2.45 165 |5.1
28, 0.20 3,01 2,73 x10% | 109 .55%10%
TABLE XI
Run No. 401
%" dia, half round wooden strips €=0,0312 ft,
Water depth: 0,445 ft. Water temp.: 79‘?
Kinematic Viscosity: Y ==1,05 10-8fty/sec.
Total Dis-| Angular [
placement | Velocity 4 w*d. w d,€
cpm d, w | . —T Yy
. rad/sec fie 14
2.27 4.0 0.227 0.226 x 10% | 600 |2.86x10°
2.5 3.9 0.265 0.2{1 556 2.72
3.1 3.0 0.331 0.315 533 |2.9
3.32 2.5 0.388 0.35 457 |2.74
4, .0 0.502 0.477 436 (2,98
6.32 1.5 0.662 0.63 376 2.36
9.23 1.0 0.965 0.92 303 [2.97
13,1 0.667 1.475 1,40 249 12,92
22.5 o.33§ 2.35 2,24 , 15 2.32 .
30.3 0.20 3.17 3,01 x 10° 114 [1,%8x10°




TABLE X11

Run No. 402
%" dia. half round wooden strips
Water depth: 1.124 ft,
Kinematic Viscosity:

€e==0,0312 f¢t,
Water temp.: 7Q°F
y =1.05 X 10-5 ft2ec.

Total Dis-

Angular

placement Velocity Y oéd, wd€
ft. rad/sec ft. 2.
2.35 3,833 0.267 0'235 x10% | 611 {3.09x10%
2.601 3.g33 0.294 0.2 557 12.92
3.42 2.833 0.359 0.342 523 {3.03
3.76]| - 2.%33 0.39 0.374 451 |2.73
5.21. 1.833 0.35 0.528 422 |3.03
7.64 1.333 0.800 0.762 367 |13.17
12.1 0.833 1.265 1.205 26 3.12
15.6 0.500 1.6 1.56 198 |2.4
35.3 0.208 3.1 3.03x10% | 114 [1,.98x10°
TABLE XIIX
Run No.403 -
¥Ys" dia. half round wooden strips €=0,0312 f£t,
Water depth: 1.798 Water temp.: 69°F
Kinematic Viscosity: Y =1,06~x 50'5 ft7sec.
Total Dis-| Angul v,
pga:e'ments; Ve{:c;:y % wid wdye
cpm d w .__; —
fl. rad/sec. wy. |y 4
2.31 4.0 0.242 0.227 x10° | 600 |2.84x10%
2.97 3.167 0.311 0.293 542 2.90
4,69 2,167 C.49 0.462 466 |3.12
6.12 1.667 0.642 0.605 410 {3.14
8.7 1.167 0.91 0.863 342 |3,16
15.0 0,667 1.57 1.48 256 |3.08
23.1 0.33 2.42 2,28 159 |2.37
31.9 .20 3.34 3.15x10% 117 |2.05x103
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TABLE X1V

Run NO, 501 _
3/64" dia. round steel rods: '€ =0,0039 ft,,
Water depth: 1.256 ft. Water temp.: 69'F
Kinematic Viscosity: Yy ==1,06%x 1079 fi1¥sec.
Total Dis-| Angular : :
placement Ve]g.ocity % w' dy wde
cpm dl w ' yl/z R Y
£t rod./sec. Tre : '
4.4 3,833 0.463 |0.447x10% | 806 |0.667x10%
5.3g 3.g33 0.563 0.5§2 768 |0.691
6.97 2,033 0.72 0,686 743 o.g,l
9.23 2.333 0,965 |0.91 702 |0.82
11,95 1,833 1.20 l.li 617 ]0.80
20.4 1.333 2.1 2.0 597 |1.045
31.4 1.00 L 3.2 3.09 535 1,205
53'3 00667 5057 5025 4 3 10365
99.3 00323 10.4 9,82 30 |1.275
30.0 1.167 3.13 2.95 3 1.345
40,6 0.633 4,24 4,0 52 1.30
82.7 0,500 8.65 :8.,16x10° 451 }1,59 10°
TABLE XV
Run NO. 502
s34 dia, round steel rods € = 0.0039 ft.,
Water depth: 0,992 ft. Water temp,: 69°F
Kinematic Viscosity: Yy = 1,06 x10-3 ft*sec.
Total Dis~| Angular .
placecment Ve%ocity £ wg, | wde
cpm di w .Y e y
", rad./sec. " 4
8.8 2.5 0.916 |0.865 10% | 73 0.622 10°
1%.5 2,0 1.41 1.%3 72 1.025
18.9 ) 1 1.9 1.82 640 1,065 °
28.5 1.0 2.9 2.81 526 1,095
44,2 0,667 4,61 4.32 438 | 1,125
93‘3 00333 9073 901 gl 10185
‘4,36 4,0 0.459 0°428 2 0.67
6.3 3.5 0.657 0,61 667 | 0.845
7.12 | 3.0 0,743 10,702 x10° | 790 | 0.820x10°
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TABLE XVI

Run NO, 503

-..3/64" dia, round steel rods

Water depth: 1,821 ft,
Kinematic Viscosity:

¢ =0,0039 ft,

Water temp.: 71 F
Y =1,03 x10~3 1¥/sec.

Total Dis-| Angular »

. placement | Velocity. % w24, wd €

cpm d w f e

. "t rod./sec. m 14 Y

.48 667 | o0.57 0.557 x 10° | 862 |0.822x10°

2.25 ' %.16; 0. 5? o.ggé 727 0.386

7.76 | 2.667 0,813 0.72 760 |0.822

9.47 2,167 0.992 0.962 682 ]o.812
12,2 1.667 1.2 1 1.24 593 0.807
2&.7 1,167 2.90 2,81 61 1.28
g .2 3.8%3 4,00 3.88 . 52g 1,26

6,2 | 0.5 5,88 _5.72 x10° 1378 ]1.11x10°
I1I., Rough Bottom - Sand and Gravel

TABLE XVII
Run NO, 601
Average sand size: 0,00308 ft,
Dy=0,00306 ft. D,=0,00283 ft. D=0,

Water depth; 0,283 ft.

Kinematic Viscosity:

Water temp.:

00315 ft.
6131*‘5

Yy =1.19 x 1095 ft*/sec.

Total Dis-| Angular w
placement | Velocity Y W | wde
cpm d w 1 /2
f1. rad./sec. e 14 Y
3,26 4,0 0.341 0.261x10° | 670 ]0,346x10°
3.99 3.5 0.41 0.346 652 0.3&4
4,76 3.0 0.49 0.418 613 |0.387
4,96 2.9 0.521 0.436 523 0.329
6.74 2.0 0.704 0.592 485 10,365
8.76 1.5 0.916 0.770 416 o,3ﬁg
15.1 1.0 1.56 1.325 363 |0.20
22.% 8.667 2.32 1.95 %91 0.40;
[ ] L[] [ ] 2 02 00
%Z.l o.%%g- %.gé 2.93 x 10° 126 o.g%sxloa
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TABLE XVIII

Run KO, 602
Average sand size: 0,00308 ft,

D .00306 ft
Wat'godepth: 0.

834 g?f

Kinematic Vdscosity:

0.00283 ft.

Dis=0.00315 ft.
Water temp.: 61°F
7=1.,19 x10"5 #1¥/sec.

Total Dis-| Angular W
placement | Velocity Y w'd w b€
cpm d : w ' 7
ft. rad./sec. T3 Y Y
3.86 3,833 0.403 0.339 x10° | 706 |0.40 x10°
4,72 3.333 0.493 0.414 657 0.426
4,90 2,633 0,512 0.430 586 |0.37%
5.71 2.333 0.596 0.501 521 |0.360
7.65 1,633 0.799 0.672 474 10.379
11.6 1.%33 l.21 1.015 424 0.41%
16.6 0.833 1.0, 1.63 336 |0.41
e | x| 2R |ap |4 e
5%.0 o.%%g 5,74 4.82 x10° | 144 04399.103
TABLE XIX
Run NO, 603
Average sand size: 0.00308 ft,
" D,=0,00308 ft. D,,=0,00283 ft. =0,CL 315 ft,
Water depth: 1,576 ft. Water temp.: 62°F
Kinematic Viscosity: Y =1,17 x 107° ft¥/sec.
- Total Dis- gular ;
| placement elocity -‘# wd,| w d €
cpm o w | /2
ft. rad. /sec. e Y Y
3.64 3.667 0.384 0.328 x 10% 663 | 0.359x10%
4,15 3.167 ‘0,433 0.371 608 0.362 -
9.09 2.667 0.932 0.45§ 56 0.372
6.29 2,167 0.65% 0.95¢ 512 0.375
7.06 1.667 0.73 0.632 418 | 0.325
10.4 1.167 1.09 0.822 339 0'298
11.9 1.00 1,245 1,065 326 0.32
15.0 0.833 1.57 1,340 305 0.343.
21.3 0.667 2.22 1,905 291 | 0,392
22.4 8.500 2.50- 2.32. igg 8'352
%7.% 0.333 2.03 %,17 x 10°] 150 o.%31;;g3
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TABLE XX

Run NO. 701

Gravel size: 0.0453 ft. R
Water depth: 0,673 ft. Water temp.: 63 F
Kinematic Viscosity: ¥ = 118%10°5 ft2/sec.
Total Dis-| Angular W ’
placement | Velocity Y 0id | wg e
cpm 4 © \
ft. rod/sec W 7{ Y
‘1.8 .66 0,194 0.169x 105 | 477 [2.81%10°
2.15« %.16; 0.228 0.123 445 | 2.84
3. 2.167 0.387 0.337 397 13.3
4,22 1,667 0.442 0.384 326 2.80
2.10 1.333 0.234 0.463 287 12.81
.25 1.00 0.654 0.56 23 2.38
10.4 0.667 1,090 0.948 205 | 2.87
2.0 | 0% | ke | EA° AERT
_3%.2 0.208 3.48 3.03 x10% | 115 |2,86x10°
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15%10-8 ft3/sec.

y=1,

Water depth: 1,327 ft,

Kinematic Vd3cosity:

TABLE XXI

Gravel size: 0,0453 ft,

Water temp.: 63°F
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TABLE XXIII

Run NO, 801
Average sand size: 0,0009 ft, ,
D~0,0009 ft. D,~0,00004 ft. D“r0.000980ft.
Water depth: 1,896 ft. Water temp.: 75.5.F
Kinematic Viscosity: =0.96 x 10°% 1%/sec.
Total Dis- | Angular | .
placement | Velocity o w% d | wde
cpm 4 w Y T 1
tt rad /sec 'f";F Yy? 7
4, 4,0 0.42 0.446 x 105 | B43 | 1,605x102
5.2 3.5 0.942 o.56g 832 1.28
5,88 3.0 0,613 0.62 793 | 1.69
7.231 2.5 0.755 | 0.785 700 | 1.77

10.3 2.0 1,079 1.12 668 | 2.01

13.3 1.5 1.395 1,445 550 1'85

19.2 1.0 2.00 2.06 s | 467 | 1. g

32.0 0.667 3.33 3.47 x10° | 393 | 2,08 x10°

TABLE XXIV
~—Run NO. 802
Average sand size: 0,0009 ft.
D 0.0009 ft. D 0,00084 ft. D 0.00098 ft.
Water depth: 1.896 ft, Water temp,: .75,5°F
Kinematic Viscosity: Y = 0.96 x 10-5 12/ sec.
o Tgfaf Dis- engulaz w_ }
acement eloci
cpm P d, @ y _!Z ﬁ% Q__fl&g—
1 rad/sec. ft2 Y?

3,31 .0 0.460 0.478 x10%| 837 | 1.695x102
5.40 5.%%% 0,563 0.537 885 1.72
7.23 «G33 0.75 0.786 794 | 1.65
9.09 2.%33 0494 0.987 730 2.07

10,6 1,833 1.109% 1.19 621 1.20

14,4 1.%33 1.90 1.26 527 | 1. g

24,0 0.033 2.51 2,61 426 | 1.8

43 .6 0.5C0 4,56 4,73 344 2.1g

60.7 0.323 6.33 6.60 270 | 1.9

18.4 1.167 1,92 2.01 525 |2.11

44.5 1 0.500 4.63 4,86 347 [2.19 .,

65.3 0.333 6.82 7.10x10% |280 }2.13% 10!
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TABLE XXV

Run KO, 901
Polystyrene pellet:
€=0.0104 ft.

Water depth: 1,905 f¢t.
Kinematic Viscosity: .

‘Water -temp. :..

76;r
Y =m0, 95 x10°8- ft'/sec

= Total Dis-| Angular o T
placement | Velocity. i wd | wd e
cpm ds w ?;x . {1 - —
f1 rad./sec. - 1 G ¥
2.37| 4.0 0.248 | 0.253 x10°| 637 | 1.055x10°
2.851 3.5 0.29 0.312 “1 620 | 1.14 .
3.59 3.0 0.37 0.39 59% 1.24
4.og 2.5 0.427 0,448 1.11
4.6 2.0 0.491 0.517 455 1.079
6.38 1.5 0.668 0.703 400 | 1.10
8.90f 1.0 0.932 0.98 313 | 1.02_
12:40:| 0.667 1.20 1.365 28 0.948
25,30 0.333 2,05 2.80x10° | 176 | 0.97 2 10°
- TABLE XXVI
Run NO, 902
Polystyrene pellet:
€=0.0104 ft.
Water depth: 1,905 ft. Water temp.: 76°F
Kinematic Viscosity: Y =0.95x 10°5 f1'/sec.
Total Dis-| Angular "
epm placg:ent Velgcity _ _rr w'id, w4 €
1. rad./sec ‘;‘,“ ¢ | y"‘ y
2.571 3.667 0.26 0.295210° 6% 1.125x10%
3.11 3.167 0.32 0.345 7 1.135
3.73 2.667 0.389 0.413 542 | 1.145
4,22 2,167 0.442 | 0,467 468 | 1.05
5.48 1,667 0.375 0.603 408 | 1.05
7.68 1,167 0.805 0.847 339 1.02
12.2 0.833 1.28 1.34 309 | 1.1585
17.15 0.500 1.80 1.94 220 | 1.01
32,2 0.208 3.38 3.54 x10°| 124 | 0.766x10%
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