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FOREWORD 

Although the alongshore movement of sand by wave action 
(littoral drift) is generally considered of paramount import
ance in beach problems, the onshore-offshore moverrent is of 
equal iVIPortance in many cases. This onshore-offshore move
ment perpendicular to the shore line generally accounts for 
the erosion occurring during local storms, and corresponding 
acoretion during periods of relatively good weather and gentle 
waves; indeed, whether or not material once eroded from the 
shore Qy storm action will return to the beach is, to a large 
degree, determined by the mechanics of this type of moverent . 
The study discussed in the following report represents an 
attempt toward the understanding of the mechanics of this on
shore-offshore moverrent , both by ripple mechanics and by the 
differential velooities existing under the waves . Although 
the study was made Qy oscillating the bed material through 
still water , rather than by actually running waves over the 
material , it is thought that many of the conclusions may 
nonetheless be applicable to actual field conditions . 

The report was prepared at the Waves Research Laboratory 
of the Institute of Engineering Research at the univerSity of 
California in Berkeley in oursuance of contraot ~-h9-055-eng-17 
wi th the Baaoh Eros ion Board whi ch provides in part for the 
study of the mechanicS of sedirrent movement under wave aotion . 
The author of this report, Madhav Manohar , was a Research 
Engineer at that i nstitution, and this report is derived from 
thes is work performe d toward the oOlTl?letion of his doctoral 
degree . Since receiving his degree, Dr. Manohar has returned 
t o his native India. 

Views and concluSions stated i n this report are not 
necessarily those of the Beach Erosion Board. 

This report is publismd under authority of Publ i c r.m.: 
166, 79th Congress , approve d July 31 , 19h5. 
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LIS T OF SYMBOLS* 

a l = length of semi-major axis of the orbit of partiole of water 

ab = length of semi-ma jor axis of the orbit of particle of water 
bottom (ft~. 

A = point of support of particle on bed. 

Al = constant of area of grain. 

A2 = constant of volume of grain. 

b l = length of semi-minor axis of orbit of water partiole ( ft~ • 

C = constant coefficient 

CD = coefficient of drag. 

CL - coefficient of lift. 

CG = center of gravity. 

d = depth of water (ft.). 

of dra g. 

D _ size of grain: diameter of sphere (ft.). 

D50 = size of grain of which 50 per oent by weight is finer ( ft. ). 

g = acceleration due to gravity (ft./sec. 2 ) . 

H - height of surface wave (ft.). 

~H = height of ripple of sediment (ft). 

L = wavelength of surface wave (ft.). 

LI = lift fo roe on particle of sediment (l bs. ). 

R8, = Reynolds number, 
W'/2 Ob' 

1/ 1/2 

RE = Reynolds number, 
W Obi E 

II 

Rrk)=Reynolds number, 
W Ob' f (E) 

II 

t = time (seconds) . 

T = per iod of surface wave (seconds). 

( rt.) • 

near 

U = oomponent of velocity of flow in the x-direc t i on (.ft./seo .). 

Uo = max imum velocity of oscillatory bottom (ft. / sec. ). 

Uz .. hor izontal velocity of orbi t of particl e of water (ft./sec. ). 

• Conforms to Reference 35. 

or at 



V z - veloci ty of orbit of part icle of water in vertical direct i on (ft. / sec.). 

W' = wei ght of particle of sediment immersed in fluid (lbs.). 

x = coordinate in the horizontal direc t ion. 

x = drag foroe ac ting on partic le of sediment (lbs .). 

y = coordinate in ~'1ori zontal di rect ion. 

z - coordinate in vertical di rection, depth be l ow the mean position 
in the orbit of partic l es at the surfa ce (f t.). 

a - oonstant depending upon point of action of dr ag f oroe . 
1/ 2 

j3 - charac t eris t ic scale of oscillatory motion in l aminar flow (~/) (l/ft. ). 

[3' w '12 

= charact eri stio scale of oscil latory motion in t urbule nt floW( 2E)(1/ft.). 

y - ooeffi cient of packing of sediment mlxt ure. 

81 - thi ckness of boundary layer (f ,t. ). 

E diameter of roughne s s (ft. ): eddy vi soosity of fluid (rt~/sec.). 

~ - displaoement of orbital moti on in vertical direction (ft.). 

e - angle of repose (de grees ). 

A - wave l ength of ripple of sediment (ft.). 

f-L -

1/ -

t 
Pf = 

Ps = 

l = 

dynamio viscos ity of fl uid (lboseo. /rt. 2 ). 

kinematic vi scosity of fl uid (ft~/sec.). 

horizontal disp laoement of motion or orbit (ft.). 

dens ity of f luid ( lb .seo~/ft. 4) • 

density of s ediment (lb. se c ~/rt.4), 

shear stress per unit area (lbs ./ft. 2 ). 

lC = critical shear stress per unit area (lbs./ft. 2 ). 

~ - funotion repres enting intensity of shear on particle of sediment 
in unidirec ti onal flow. 

"'I' - . ~ func ti on repre sent~ ng i ntens ity of lift on particle of sedi ment 
in oscillatory fl ow. 

w = angular veloci ty of the par ti cle of water in its orbital motion 
(1/s9c. ). 



MECHANICS OF BOTTOM SEnnmNT MOVEMENT 
WE TO WAVE ACTION 

by 
MadhavManohar 

ABSTRACT 

Up to the present time, very few experimental or 
analytical studies have been made on the effect of the 
action of surface waves on the moverrent of sediment at 
the bottom. Some of t hese studies have been limited 
to a few e:xperinental observations, while others are 
expressed only in general descriptive terms. 

In the present s tudy , as a result of an analyti
cal and exper:ilnental investigation, it is found that, 
because of the action of slD."face waves, there are 
initial and general movements of sedi~ntJ and initia
t ion, various s tages of de-velopment, and complete dis
appearance, of bed undulations or ripples. The move
ment of sediment takes place in a boundary layer that 
is developed at the bottom from the effects of viscos
ity of the fluid. The initial and general motion of 
small sizes of sediment occur in a laminar boundary 
layer and are caused by laminar shear, while similar 
motions of large sizes of sediment are caused by lift 
forces in a turbulent boundary layer. Ripples, in 
general, are not formed unless the now is turbulent 
in the boundary la;yer. All motion in turbulent now 
and the various stages of development of ripples are 
found to be functions of a dimensionless function re
presenting intensity of flow of the nuid near the 
bottom. 

Flow conditions in the boundary layer at the 
interface are distinguished qy the ratio of the thick
ness of the boundary layer to the size of the sediment. 

These phenomena of initiation of turbulence and 
motion of sediment in the boundary layer at the 
bottom are expressed in terms of the characteristics 
of the surface waves. 



CHAPTER I 

INTROroCTION 

It is commonly known that the aotion of surface waves pro-

duces a constant movement of bottom sediments along and toward the 

beaches that line a great part of the shorelines of oceans and lakes. 

A correct prediction of the movement of sediment is important in the 

success of many coastal projects. Recent evidence shows that even 

though a major part of the motion of sediment takes place in the surr 

zones and in shallow water, some movement al so takes place in water of 

depths up to 60 feet, or possibly greater. Laboratory studies indicate 

that in the absence of undercurrents, these movements are mainly th~ result 

of the action of surface waves, and have the same direction of travel 

as the waves. 

a) Statement of Problem 

This study is chiefly concerned with the problem of the 

motion of sediment that is induced by the action of surface waves of 

large length and small amplitude in relatively deep water. More 

precisely, it deals with the motion of sediment that rolls, slides, 

or creeps along the bottom due to the action of waves". 

Most of the literature dealing with the mechanics of the 

movement of bed load is limited to conditions in which the flow is 

unidirectional. Although the expression,"transportation of sediment~ 

is most often used in connection with streams, these are not the only 

bodies of fluid that effect the transport of sediments. One of the 

other fields of importance is the motion of bottom sediment in oceans 

and lakes. The motion of fluid at the bottom under the surface waves 

is of an. oscillatory nature 1n relatively deep water. The present 
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study is mainly centered in this field of the motion of sediment. The 

problem under study can, therefore, be stated asr ~at fundamental 

laws apply to the mechanios of transportation of sediment beoause of 

the oscillatory movement of the fluid at the bottom caused by the 

action of surface waves." 

b) Historical Review of the Theor ies of Motion of Sediment 

The mechanics of the motion of sediment in unidirectional 

flow ha,s been the subject of a number of investigations. Since the 

motion of sediment in oscillatory flow is closely related to the motion 

of sedi~ent in unidirectional flow, a brief review of the latter is given 

below. 

1. Initial and general motion : For a number of years the 

description of transport of bed load was based upon the classical for

mulation of DUBoys(lO~in which the bed load is as sumed to move in layers 

subject to a uniform tractive force, and no layer is moved on which the 

force is less than the critical tractive force required to overcome the 

frictional resistance of the bed. Numerous formulas with various forms 

have been proposed which relate the transport of bed load to the re-

sidual tractive force, summaries of which may be found in the works of 

JOhnson(17) and Chang(7). Rubey(26), Shields(27), White(33), 

Kalinske(18, 19) and Einstein(11,12) have radically, and quite correct~y 

departed from DuBoys' type of analysis which is based on an average 

tractive force and an average critical velocity acting on bed layers. 

They have considered forces acting on individual g~ains, since it is 

the pressure drag and lift force exerted on individual grains at a 

particular instant that initiates motion. Rubey and Shields, in their 

analysis, expressed the drag force aoting on an individual partiole 

* Number s in parentheses refer to references listed at the end of this 
paper . 
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by the familiar drag formula in turbulellt flow, and equated it to the 

resistance to motion by the weight of the immersed particle. White and 

Kalinske used the same approach by considering the moments caused by 

these two forces, and by taking into consideration the fluctuations of 

velocity in turbulent flow. In his analysis of the transport of bed 

load based on the concept of probability. Einstein used the instantaneous 

lift force acting on the particle. He also discarded the concept of 

critical tractive force (or velocity) to start the motion of sediment, 

a quantity which is hard to define exactly. 

Most of the investigators expressed their results in dimension-

less forms. Shields gave the ratio of tractive force on the particle 

and the weight of the immersed particle in terms of the Reynolds number 

of the particle. These two parameters seem to control the various con

figurations of the bed which are developed during the motion of sediment. 

Kalinske expressed the transport of bed load in a dimensionless form which 

is governed by the ratio of initial traotive force to the actual tractive 

force. Einstein introduced two dimensionless functions - the intensity of 

transport of bed load and the intensity of flow - which are found to be 

universally related. In the present study. a dimensionless function similar 

to Einstein's function will be introduced to express different stages of 

motion of sediment 

2. Formation of ripplesl The mechanics of the development of 

bed undulations. or ripples. remains today a puzzling problem. Most of 

the articles in the literature (6. 8, 14.) give only a general descrip

tion of the initiation and growth of ripples. A f~ attempts have been 

made to analyze the mechanics of formation of ripples. Exner(13) derived 

an equation relating the changes in elevation of the bed to the 
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variations in mean velocity of the fluid at the grain level. von Karman 

(31,32), using the theory of a perfect fluid and introducing turbulenoe 

to account for density and velocity distribution, reasoned that the rate 

of transportation, and hence the local velocity, should be uniform along 

the profile of the ripple, and the reby derived equations which gave the 

wave lengths in terms of the velocity at the surface. Anderson(l) fol

lowed the analysis of Exner by assuming that it is the surface waves whioh 

induce variations in the longitudinal direction in the velocity at the 

bottom. Froude's number at the bottom was found to govern the wave

length of the ripples. Using dimensional considerations, Tsubaki, 

Kawasumi, and yasutomi(30) found that Einstein's ~ function also governs 

the dimensions of ripples. 

3. Motion of sediment due to surface waves: Of the few studies 

pertaining to the motion of sediment at the bottom caused by the action 

of surface waves, Bagnold's work(2) on the motion of sediment in shallow 

water is the most outstanding. With the data from experiments, he ob-

tained an empirioal relation for the initial motion of bed particles and 

for the wave length of the ripples at the time of their initiation. 

Practically no study has yet been made of the motion of sediment 

caused by the action of surface waves in relatively deep water. It is the 

purpose of this study to fill the gap by presenting both the experimental 

evidence and the theoretical considerations on the motion of sediment in

duced by surface waves in relatively deep water. 
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CHAPTER II 

THEORETICAL CONSIDERATI ONS 

In relatively deep water, surface waves of large wave length and 

small amplitude produoe an osoillatory motion in the water near the bottom. 

The intensity of motion of sediment depends upon this oscillatory velocity 

near the bed. This velocity can be predioted as a function of the height, 

period and wave length of the surface wave, and of the depth of water. 

Close to the bed there is a layer in which the conditions of flow are 

substantially affected by the presence of the boundary. This layer has 

been termed the boundary layer. Since the motion of sediment takes place 

within this layer, it depends essential ly on the conditions of flqw in 

the l ayer. Even though potential flow exists outside this layer. the 

effects of viscosity of the fluid within t he layer cannot be ne glected. 

They pl ay an important role in the mechanics of motion of sediment. De

pending on it s intensity, the OSCillatory fl ow within the boundary layer 

whioh may be described approximately as a s imple harmonic motion, may be 

either l aminar or turbulent. As will be shown later, the force s acting 

on the particles are somewhat different in laminar and in turbulent flow. 

Thus an investi~tion of the motion of sediment induced by the aotion of 

surface wave s necessitates an analysis with reference to the theory of 

boundary layer as applied to the osci llatory flaw. 

Part I. 

The Motion of Surface Waves and flow i n Boundary Layer a t the Botton! 

a) Os cillatory Flow near t he Bed 

Very low swells, that is, wave s of small ampli tude and long wave 

length are almost s inusoidal in deep water. It is well known that in such 

waves the orbital moti on of water particles is in circular paths in the 
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case of waves in deep water, and in elliptioal paths in the oase of waves 

in transitional and shallow water(3,34). The horizontal and vertioal dis

plaoement (t and 7] respeoti vely) of a water partiole from its mean po-

sition below the surface of the water when at rest are, 

and 

C J.. 00 sh 2 1T (d + z ) /L 
c. = 2 H s inh 2 1T a/t 

sinh 2 7r £ d+z )/t 
sinh 21T It 

oos 27r( - .!.) 
L T 

sin 27r( -.!.) , 
L T 

(1) 

where H = wave height, 

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

z = depth below the mean position of the orbit of particles at 
the surface, measured negatively downward, 

x = horizontal ooordinate, 

L = wave length, 

T • wave period) 

t = time. 

From these equations it oan be seen that the semi-orbital ampli-

tudes in the motion of the particle below the surfaoe are, 

a' = tH cosh 2rr (d + z)/L 
siIih 2rr d/L 

- ~ H sinh 27r(d+z)/L (2) 
and b' - 2" sirih zrr alt 

As the depth of the water approaohes infinity, Equations (2) in 

their exponential form approaohl 

a' = t H e2 1T z/t , 

b' = tHe 2 1T zit . 
(3) 

However, the horizontal and vertioal semi-amplitudes approach these 

limiting values at different rates as z inoreases, so that the orbits of 

1 
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the partioles beoome flatter and flatter with inoreasing distanoe below 

the surfaoe, until at the bottom the vertical motion is zero and the par-

ticle moves back and forth with a purely horizontal osoillat ory motion. 

b) Equation of Motion of Fluid at the Bottom 

The horizontal and vertical components of velocity of wat er par-

ticles are obtained by differentiating Equation (1 ) with respeot to t ime ; 

that is, 

= 
a ( = 7TH cosh L 

sin 21T (x/ L-t/T), uz at T sinh 
( 4) 

vz = ~ _-7rH sinh 
008 2 7r ex/ L- t/T). a t T sinh 

At the bottom, Equation (4) can be written as 

7r H 
sin 27r (x/L-t/T) , uz = sinh (27T d! L) T 

( 5) 

Equation (5) is essentially an equati on of s imple harmonic motion rela-

tive to the bottom, of the form 

uz = -w a~ sin (W t-27T x/ L), 

where a~ = horizontal displaoement , 

1 
sinh 27T d/L 

27r and the angular velocity W :: T 

(6) 

With surface waves of l ar ge vmve length (the only ones considered in 

this study) Equation (6) oan be modified to 

u = U o sin wt, where Uo = W ~ (7) 

In praotice it is r at her difficult to build a model for osoillatory 

wave moti on near a solid bottom, since t he model must have a scale of the 
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same order of magnitude as that of the prototype. This diffioulty oan 

be overoome, at least approximately, ~ oscillating the bottom with a 

velocity of the type given by Equation (7). 

0) Veloci ty Distr i bution Near the Bottom with bhe Oscillatory Motion of 

a Plane Surf aoe 

Consider a plane surface or infinite extent oscillating in the x

direotion with a velooity u; Ua sinwt, Equation (7) (20,21,28). Let 

the rluid lie on t he positive s ide of the xy plane. The z-direction 

is assumed to be normal to the surfaoe . Because or its viscosity, the 

rluid near the surface is carried along by friction. The flow is inde-

pendent of the xy direction, since the plane surface is of inrinite ex-

tent. In such a case, the e quations of motion (Navier-Stokes ' equations) 

of a non-stationary incompres s ible and viscous fluid in the x,y, and z 

direotion 

au 
at 

reduce to 

a2 
u = 1/ ~ 1 (8) 

whel-e non-linear terms are negle cted and u is assumed to be a function 

of z and t alone. This equation has the same form as the equation or 

linear transfer of heat. Satisfying the boundary condition that at 

z = 0, u • Uo sinwt, the solution or Equation (7) assumes the form 

u = Ua e-f3zsin (~t-f3z ), (9) 

wi th Uo = waf>, and {3 = ~ 2w1/ • 

Equation (9) represents a wave of transversal vibrations propagated in

ward rrom the boundary with a velooi ty -%- = -/2 1/ w • and with rapidly 

diminishing amplitude ( Figure 1). 

FOr all praotical purpose8, only a small layer with a thickness 

of the or dar of 

81 = 4.6 t :: 6.5 Jt (10) 

9 
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Fig. I - DISTRIBUTION OF VELOCITY IN LAMINAR BOUNDARY 

LAYER ABOVE AN OSCILLATING SURFACE 
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is in motion, this layer is taken as t he boundary layer(2l). 

d) Transition from Laminar to Turbulent Boundary Layer 

Condit ions of flow within the boundary layer can be either laminar 

or turbulent. In laminar flow, the entire region of flow is divided into 

an orderly series of fluid laminae or layers conforming generally to the 

configurations of the boundary. Turbulence is a random motion of fluid 

masses which mix continually with other similar fluid masses in the same 

fluid. 

Be cause of the importance of non-linear terms and the complicated 

geometry of rough surfaces. a theoretioal treatment of laminar flow over 

rough surfaoe s is very oomplex. ~ne f l ow depend~ essentially upon vis

cosity and inertia and, therefore, the Reynolds number for an osoillatory 

motion over rough surfaces depends not only on the characteristio ve

locity, Uo = w a l
b , and the hei gnt of the elements of roughness. € , but 

also on the thickness. 81, of the boundary layer in which all the motions 

take place. More specifically, it depends upon the ratio of the thickness 

of the boundary layer to the height of elements of roughness, as is 

shown by the results from experiments. With this ratio one distinguishes 

three types of flow over oscillating rough surfaces, as follows I 

1) when 81 »> E 

2) when 81 » € and 

3) when 81 > € 

1. Thickness of the laminar , boundary layer very muoh larger than 

the height of the elements of roughness .: The presence of elements 

of roughness doe s not ctange the flow, even though small finit6 dis

turbances are created in the neighborhood of these elements. Thus 
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the oscillatory bottom aots as if it were smooth. In other words, the 

oonditions of flow are independent of the elements of roumnness. In 

suoh a oase, by considering the thiokne ss of boundary layer, 8., as the 

length scale, and wab as the charaoteristio velooity, t he Reynolds 

number at trans~tion from laminar to turbulent flow can be defined as, 

Uo 81 
RS = , 1/ 

or 

RS 
1 

= W'/ 2 Obi 
constant. 1/2 

1/ 
(11) 

2. Thickness of the laminar boundary layer much lar ge r than the 

height of the elements of roughness: The effect of elements of roughness 

on oscillatory flow becomes increasingly important in this case, and the 

oscillating bottom can no longer be considered as smooth. To define the 

Reynolds number, in such instances, uo = wat may still be used as the 

characteristic velocity, and the element of roughness, €, may be used 

as the characteristic length parameter. ~us,the oritical Reynolds number 

at transition from laminar to turbulent motion can be expressed as 

(12) 

3. Thiokness of the laminar boundary layer slightly lar@Br than 

the height of the elements of roughness. Observations from experiments 

(21) indicate that when the thickness of boundary layer is only slightly 

larger than the height of elements of roughness, separation of flow exists 

at the elements, with the formation of vortioes in the wakes around the lat-

ter. As long as these vortioes remain in contact with the elements of 

roughness, the flow outside is essentially laminar and streamlined. With 

further increase in the velocity of oscillatory flow, however, these 

vortices in the wakes separate from the elements of roughness and move 

12 



away f rom the bed i nto t he f l ow above, causing the flow to become tur-

bulent. 

To define the Reynolds number in such instanoes, it may still be 

reasonable to use uo : Wa{ as t he charaoteristic velooi ty. The question 

arises whether the element of roughne ss can still justifiably be used as 

the characteristic length, because of the formation of vortices. Sinoe the 

transi tion from laminar to turbulent flow is mainly the result of the in-

stability of flow along the wakes between individual elements of roughness, 

the oharacteristic length may be assumed to be a function of the element 

of roughness. Thus the critioal Reynolds number at transition rrom 

laminar to turbulent motion may be expressed as 
W Obi f (E) 

Rf(E)= v 1 

where f{E) is to be determined experimentally. 

Part II 

Motion of Sediment 

(13) 

The foroes aoting on the particles depend upon the nature of the 

motion in the boundary layer of fluid. Aooordingly, the motion of sedi-

ment should be described separately ina (a) a laminar boundary layer, and 

(b) a turbulent boundary layer. 

a) Motion of Sediment in a Laminar Boundary Layer 

It has been shown before that a boundary layer with a thiokness 

of the order of 6.5 ~ is formed next to the horizontal smooth plate 

osoillating in still water of great depth. The motion within the whole 

laminar layer is very nearly a uniform shearing flow. It is justifia-

ble to consider that similar oonditions and foroes exist in the oase of 

a oarefully mnoothed bed oonsisting of grains whose sizes are very 
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small oompared to the thickness of the boundary layer. 

Under these conditions of flow, i t may be expeoted tha t two types of 

motion of grains will preoede the formati on of irregularitie s sucll as 

ripples. They may be termed (1) initial movemen~, and (2) general move

ment. 

1. Initia l movement: The analysis of the initial movement of 

sediment resolve s itself into a study of the hydrodynamios of force s acting 

on individual particles at rest. The basic consideration in such an 

ana lysis is t hat there is a minimum fluid f orce that will set a par ticl e 

in motion. Even in a sediment of uniform s ize , a l l partio les do not 

rest in identical positions. A few may pr oj ect above the rest of the 

part icles} suoh a partiole is shown in Fi g. 2. 

Fig. 2 - PARTICLE PROJECTING ABOVE MEAN BED L EVEL 

The forces acting on the particle are, (1) gravity , whi oh aots 

to keep the particle in its resting position; and (2) the vertioal l ift 

and the hor izontal drag exerted by the moving fluid. In uniform shear 

f l ow, the lift foroe is negligible compared with the dra g f orce . The 

only appreciable forces acting on the particle, t herefor e, are the drag 

fo r oe and the effective weight of the particle. In laminar flow the 

fl uid sl i des past the solid particle smoothly, and the drag force aoting 
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on the partiole is steady and tangential to the surface. '!he tangential 

foroe,. X/required to move a partiole subjeoted to such foroes must exceed 

the value 

x = a A2( Ps - Pf ) g D3 tan e (14) 

where (Ps-Pf l - effeotive density of particle, 

g = acceleration due to gravity, 

D = diameter of partiole, 

e = angle of repose of sUbmerged particle, 

a = a oonstant depending upon the point of action of the drag 
force, 

and AG = constant of grain volume. 

To relate this force acting on an individual grain to the fluid 

shear, consideration should be given to the number of grains per unit 

area on which shear is exerted. This number depends upon the closeness 

of packing of the grains lying in the top layer of the bed. A packing 

coeffioient, r, defined as D2 times the number of grains per unit area 

expresses their closeness. Therefore, 

each partiole is subjected to a force 

when a 

T D2 

r 

fluid force) T .is applied, 

• The critical drag 

force per unit area at initial movement of particles is, therefore, 

TC • a y A2 (Ps - Pf) g D tan 8 

= a p (Ps - Pf) q D tan 8, 

where p = y A2e 

(15) 

The oritical drag force can also be obtained from the velocity distribu-

tion of flow in the boundary layer as given by Equation (9), 

u • W a~ e - f3 Z sin (w t - f3 z ) • 

Since the velocity of the plate changes from instan~ to instant during a 

cycle of oscillation, the initial movement may be expected to occur when 
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the shear ~orce is a maximum. 

Sinoe the shear ~oroe at the bed is equal to 

1': - II. au I o - r dZ ~=O (18 ) 

the maximum shear stress oan be obtained f r om Equations (9) and (16 ) as 

-,/2 312 I 
Tomox = fL 1/- W ab • (17) 

When the partiole starts to move 

(lS ) 

and 

(19) 

This equation define s the angular ve l ooity neoessary to start the 

initial movement of part i oles in the l~inar layer. 

It is to be noted that if the same ~low oonditions are maintained 

long enough aft er the initiation of mowment of grains, the rate of 

transfer of s ediment deoreases. Some of the moving partiol es roll into 

depressions at the surfaoe of the bed, and onoe settled in t hese holes, 

they no longer protrude above the r est of t he bed so that the drag foroe 

is not su~fi o ient to set them in motion again. Evidenoe of suoh a oon-

dition from experiments, strengthens the hypothesis made at f i rst that 

the initial movement is t he movement of a few grains protruding above 

the rest of the bed. 

2. General movement~ General movement is defined as the move-

ment of the entire top l ayer of gr ains that preoedes the f ormation of 

ripples, induced at velooities that are below the oritioal velooity 

neoessar y f or t he f or.mation of ripples, and above the or i tioal velooi ty 

tor in! tial movement. 

16 



x 

Fig. 3 - PARTIC LES AT MEAN BED LEVEL 

As in the case of ini tial movement, the force that oauses the 

movement is esse~tially drag for oe acting t angentially to the surface; 

and when this for oe exceeds the fri ctional resist ance of the bed material, 

general movement occur s. The essential differenoe between it and the 

initial movement is probably the result of the dif ferenoe in the olose

ness of packing ( see Figure 3). In this oase ap is neoessarily greater 

and the movement of the bed material i.~ more intense. Beoause of the 

laminar character of the flow, the shear force is uni for.mly distribu-

ted over the entire bed, and the motion consists essentially in a 

general rolling of all the particle s i~ the top layer. If a p in 

Equation (19) is given a higher value than is required to give the 

oritical value of we that i niti ates movement, then the equation should 

provide the criterion for defining the oritioal angular velooity at 

general movment. 

b) Motion of Sediment in a Turbulent Boundary Layer 

Results from experiments show that when the ratio of the thiok

ness of the b oundary layer to the he ight of elements of roughness is 

not too lar @8. motion of sediment takes plaos in a boundary layer in 

which the flow is turbulent. 

Purely empirioal methods cannot be depended upon to yield 
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satisfactory results in the whole range of condition's of flow and give 

truly general law for transport of sediment; on the other hand purely 

mathematical methods and the physical understanding of their use cannot 

be considered sufficiently far advanced to cope with such a complex 

problem as motion of sediment. It is therefore necessary to combine em

pirical and rational processes to correlate the physical analysis with re

sults from experiments. Factors of minor importance are eliminated or ab

sorbed in others, and the results from the experiments are considered 

in as rational a manner as possible through the introduction of a uni

versal function containing all the important variables. 

Experiments on grains having a density only slightly higher than 

that of the fluid indioate that the sediment has a tendency to be lifted. 

The movement. in general. is essentially in the form of rolling, sliding 

and short hops. Because of the tendency of the particles to be lifted, it 

is reasonable to assume that the motion of sediment is mainly due to lift 

forces acting on it(25). The analysis below is based upon this hypothesis. 

1. Initial movementr As was defined before in ( a), initial 

movement is defined as the movement ofa small number of particles pro

jeoting above the general level of a smooth, horizontal bed of sediment. 

Consider the case of such a particle as the upp~rmost one in Figure 2. 

During the motion of the bed with the particles resting upon it, the dif

ferential velocities existing about the particles produce higher pres

sures below and lower pressures at the top of the particles. and the 

particles tend to be lifted upward. A drag force which always exists 

around the particle .must also be aooounted for when dealing with the 

initial mQvement, since the particle by i tself is projecting above the 
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general bed level. This force, which may be regarded as very small, is 

diffioult to determine. 

Using the same notations as before, such a particle as is shown 

in Figure 2 will be considered. The-effeotive foroe exerted by the flow 

on the partiole can ,be expressed by the usual formulation of lift and drag 

foroes. The lift force,aoting vertioally upward through the oenter of 

gravity of the partiole, oan be expressed as 

L' = u2 
CLPf"'2 

2 Al D , 

where CL = ooefficient of lift, 

u = velooity of flow at partiole level, 

Pf = density of fluid. 

Sinoe the ooeffioient of lift is a funotion of the Reynolds number, the 

above equation oan be modified as 

(20) 

Similarly the drag foroe, aoting parallel to the flow" oan be expressed 

as 

:x: = 
where CD is also a funotfon of the Reynolds number, so that 

(21) 

In turbulent flow, drag foro~X,is mainly due to form resistanoe and not 

surfaoe resistanoe, and therefore, passes through the oenter of gravity 

of the partiole. 

It can further be assumed that the resistanoe to movement of 

partioles is proportional to .the weight of the immersed particle, act-

ing vertioally downward through the center of gravity, so that 

(22) 
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When the particle begins to move, the moments of the drag forc~ 

X, and the lift force~L', just overcome the counter-moment due to the 

wei ght of the immersed particle. 

Taking moments about the point of support, A, it is seen that 

or 

X D cos 8 + L D sin 8 = W' D sin 8 

XI (~D) Pt Al ·02 u2 sin 8 + X2 (':tD)Pt Al ~ u2 cos 8 
= A2 {Ps - P t) g oJ sin · 8 . 

(23) 

( 23a) 

This equation is rather difficult to apply to the data obtained from the 

experiments because of the difficulty in determining the drag force. 

However, it can be sllnplified without loss of its major characteristios 

by modifying those variables which are of minor importanoe. 

Since the ooefficient of drag for a sphere (the assumed shape of 

a particle) varies only very slightly ~th the Reynolds number in tran

sitional and turbulent flow(25), it can be assumed to be a constant within 

that range. The effect of drag force on the motion of sediment is small 

compared with the lift force, so that such an assumption will not affect 

the essential characteristics of Equation (23a). The coefficient of 

lift, however, varies with Reynolds number (9,15,22,29) in the range of 

flow, although at high Reynolds numbers it is a constant. Thus Equation 

(23a) can be modified as 

Al Pt n2 u2 [c + X, (~)]= A2 (Ps-Pt) g n3 
or Al pt 02 u2 

fl(':f ) = A2 {Ps - Pt) g 03 (24) 

For initial movement, therefore, 

Al Pt D2 u2 fl( ~) 
A2 (Ps - Pt ) g 03 should be greater than 1. 
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As a dimensionless fun otion this oan be expressed as 

= s Pf u
2 

f1 (~) 
0/ (25) 

I (Ps - Pf ) g 0 
The function , 0/1' has certain physical interpretations. It 

has the same physical meaning as the bed-load function, 0/, obtained 

by Einstein(11,12) for conditions of unidirectional flow. It is the ratio 

of the weight of submer@9d particle to the lift force acting on the par-

ticle, and can be interpreted as a function representing the intensity of 

flow or intensity of lift on a particle. It should be noted that the ve-

locity, u, at the particle level, is the velocity under conditions of 

turbulent flow. 

It has been shown in Part 1 that the distribution of laminar ve-

locity ~long the normal to a flat plate oscillating harmonically in still 

water of great depth is obtained from the fundamental Navier-Stokes 

equation, namely, 

au = II a2 
u 

a t a z2 
where II denotes the kinematic viscosity. In order to obtain a similar 

equation for turbulent flow, use is made of the simplifying relationship 

between the laminar and turbuelnt motion proposed by Boussinesq(5) 

and verified by others. The two types of motion can be described in a 

similar fashion because of the simila.rity between the molecular motion 

in laminar flow and the molar or eddy motion in turbulent flow, in 

which finite masses of fluid participate. It is therefore possible to 

replace the kinematic molecular viscosity, II, by the kinematic eddy 

viscosity, €, in the Navier-Stokes equations to represent conditions 

of turbulent flow. Thus the fundamental equation for turbulent flow 
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above an oscillating plate in still water oan be written as 

au a2 u 
at· € ~ (26) 

It should be noted that the eddy viscosity varies from point to point 

in a ~nn.r which can be predicted only from a knowledge of the charac-

teristics of turbulenoe. while the molecular viscosity in laminar flow is 

the same at all points. 

Attempts in this study to obtain profiles of velocity distribu-

tion in turbulent flow within the boundary layer, similar to the profiles 

of velocity distribution in laminar flow. by the introduction of the 

mixing-length theory of prandtl(23.24). which is usually applied to 

unidirectional flow, were not successful. The main di££iculty lies 

in the fact that one deals with average unsteady conditions in oscil-

lating flow. unlike average steady conditions in unidirectional flow. 

Thus a mathematical solution for velocity distribution in turbulent 

flow within a boundary layer with oscillating flow is very oomplioated. 

However, in the present study. where one is ooncerned with ve-

locity distribution only fG~ very short distances above the plate, a 

distance of the order of magnitude of the size of the particle, the 

eddy viscosity. €, can be assumed, at least as a first approximation. 

to be a constant with constant intensity of mixing within such short 

distances. With this assumption. it oan be shown, as was shown with 

laminar motion. that the velocity distribution in turbulent flow above 

the oscillating bed is of the form 
()I 

u = w ab I e - JJ Z sin (w t - (3'~) , 
I 

where {3' - /JiL V2E 
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Assuming that the maximum instantaneous velocity that will initiate mo-

tion is a fUnction of the maximum velooity of the oscillating bed, namely, 

w~, the dimensionless function \jII, representing flow intensity, can 

be written as 

[ w'ab,2 £2 (wab: D) 1 
CPs-Pf)gD (28) 

Thus it is reasonable to assume that initial movement will be a function 

of the function \jI1' 

2. General movement, At velocities intermediate between the 

formation of ripples and the initial movement, observations from the ex-

per imenta i ndicate that there is a general movement of the particles in 

the top layer of the bed. Analys i s of this movement is quite similar 

to that of initial movement. The relative magnitude of the foroes acting 

on the particles is different, partly because of the positions of the 

particles, and partly because of the slight increase in the velocity of 

fluid. The movement can be explained as follows, the flow around the 

particle (Figure 3) is turbulent; as in initial movement, the particle 

is subjeoted to drag force and lift force, which are opposed by the ef-

feotive weight of the particle. 

A scrutiny of the faroes i~dicates, however, that the drag foroe, 

which is mainly the result of surfaoe resistanoe and which acts tangen-

tial to the surface of the particle, has very little effect on the 

movement of the par ticle at the instant it is being lifted upward. The 

predominant foroe, therefore, is the l~ft force. If the lift force is 

greater than the weight of the particle immersed in the fluid, there 

will be general movement. 

23 



-~------ -

The equation that represents genera l movement is the same as that 

of initial movement in turbulent flow, except that the dra g force is ne-

glected. The dimensionless function, tl' oan then be modif ied to yield 

the following er i terion for general movement s 

1 
2 12 (w ab D ) 

[ w ab Pt £2 ZI ] 

(Ps - Pt ) g D 

(29) 

It should be noted, however, tha t as soon as t he par ti cle is 

lifted, it is acted upon by a relatively great er velocit y at t he bottom 

than at the t op, since the velocity o£ t he oscillating bed is great er 

than the veloc i ty of the fluid above i t. The directi on of the gradient 

of the pressures acting at the top and bottom of the parti cle is thus 

rever sed , and the particle drops back to t he bed. 

Par t II I 

Ri pp l esl Initiati on, Deve l opment and Di~ppearanoe . 

The term ftripples" is used to de s i gnate t he undulations or waves 

tha t are obs erved to form on an otherwi se smooth bed at oert ain ori t ical 

velooi t ies of the fluid in motion above t he bed . Natural ripples are 

formed at velocities of the fluid greater than those re quired at 

general movement of sediment, and are generated dire ct ly on a smoot h 

bed by the intense movement of partioles and not by conspiouous external 

obstructions, which tend to hasten their for mation even at much lower 

velocities. 

It is the purpose of the explanat ion and the analys i s gi v en below 

to examine the formation of ripples in nature under the aot ion of surface 

waves. 

a) For mat ion of Ri pples 

I nsof ar as is known, no satisfactor y explanat i on ha s been of fered 
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either for the origin of ripp l es or for the ir regular arrangement at 

equal distanoes. It appears that periodio eddy fo rmati on in t he f luid 

canno t explain their almost perfect regularity. The the ory that some

how a ripple is fo rmed initially whioh becomes the nucleus for the for

mation of other ripples does not exp l ain the fact that s ometimes several 

ripples are fo rmed instantaneous ly at roughlY equal dis t ance s on an other

wise smooth bed. Nor can the differen t rates of transportation of indi

vidual particles of a mixture of sediment be the primary cause for the 

for mati on of ripples, s ince ripples are observed to form on a bed of 

sediment c ons i s t ing of grains of uniform size. These and other expla

nations gi ven to date seem to be only secondary causes, either for the 

initiation of ripp les or for t heir subsequent stages of development. 

The primary cause seems to be related to stability at the interface 

between the sediment in motion and the flow of fluid over it. A sta

tionary oscilla~ion seems to develop in the fluid at a certain critical 

velocity at the interface, which is a ccompanied by a periodic removal 

and deposition of sediment on the bed, and which results in the formation 

of ripples. The so lution of the pr oblem, mathematically or otherwise, 

is complicated. 

However, there are a number of secondary causes that may have 

some effect on the formation of ripples, namely: 1) pulsations of fl ow. 

in which a higher local velocity results in an increase in the movement 

of sediment, whereas a lesser local ~locity results in the deposition 

of sediment; 2) irregularities of the bed surface which may be so 

small that they escape casual observations, yet are sufficient to create 

local disturbances; and 3) different rates of movement of individual 
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particles which result in the crowd i ng of particles a t oertain l ocalities. 

Pulsations and irregular ities perform the same function, since pulsa

t ions cause irrsgMlarities. Unsteady flow develops about an irregula

r ity, resulting in local scour. In due time the particles scoured from 

the bed about the irregularity collect into transverse ridges perpen

dicular to the direction of flow. As t ime passes, thes e transverse ridges 

multiply and assume stable positions. 

Many such irre gularities are f ound in nature. They may be in 

the form of an irre gular bed or of a. few projections or depressions in 

the bed. If the bed is smooth with no consp~cuous i rre gularities, the 

larger grains of a non-uniform mixture may serve as irre gularities, 

finer grains collecting about the larger particles. On a smooth bed 

containing grains of uniform size, local higher and lower velocities due 

to fiuctuations in turbulent flow may cause undulations. 

In order to solve the intricate problem of the formation of 

ripples, the dimensional analysis used to describe the initial and the 

general movement of sediment in turbulent flow in Part II is used. 

b) Initiation, Size and Disappearance of Ripples 

It was shown in Part II that the commencement of the initial 

and of the general movement of sediment particles in an oscillating bed 

is controlled by a universal dimensionless function, 1Jr1' which repre

sents essentially the intensity of f:ow at the grain level. The suc

cess in defining two stages of motion of sediment by one parameter 

leads to the deduction that this function, 1Jr1' actually determines 

the intensity of motion of sediment, as in the case of unidirectional 

flow. It can be argued further that since the configuration of the bed 
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is closely associa ted with the motion of particles that compose it, 

perhaps the same function also controls the formation, size and disap-

pearance of ripples. Thus the dimensionless function at initiation and 

disappearance of ripples may be described as 

~ 3 1JI1 J 

and S 4 tltl • 

(30) 

(31) 

respectively, where ~3 and S4 are constants to be determined from the 

results obtained by experiment. 

Similarly, the size or steepness of ripples defined by the ratio 

of the height, 6H ,of ripple to its wavelength, A , can also be defined 

as a function of tltl; that is, 

6H ,. 
T = ':>5 1JI1 (32) 

Equation (32) should express the steepness of ripples throughout their 

various stages of development attained at different velocities, until 

their final disappearance. 
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CHAP TER II I 

DESCRIPTI ON OF APPARATUS AND PROCEDURE 

With waves in b oth deep water and shallow water where the wave 

heigh t is small compared to the depth, hor i zontal oscillati ons of water 

near the bottom approx i mate closely simple harmonic motion. The re l ative 

moti on between water and bed, with wave motion under prototype conditions, 

that is, waves of periods from 0.4 to 20 seo onds and wave heights of 0.5 

ft. to 10 ft. in water of 60 ft. depth or greater . cannot possibly be ob

t ained in wave channels in laborator i es. However, by oscillating the 

bottom harmonically in still water, with amplitudel3 and periods a s com

puted by wave theory. conditions similar to the prototype can be obtained 

provided the accelerating effe cts of dr i ving mechanism are small compared 

with the fluid for ce acting on the sediment composing the bed. 

a) Apparatus Used in the Experiments 

Figure 4 shows the general arrangement of the apparatus. The 

glass-walled flume shown in the figure was 12 ft. long. 1 ft. wide, and 

3 ft. high and was made of steel plates and angles with four large panels 

of glass at the sides. At the bottom of t he f lume a horizontal stainless

steel platform ll~ in. wide and 6 ft. 6 in. long. capable of holding 

a thick layer of sediment. was made to oscillate longitudinally on rollers 

fixed to two rails placed at the bottom of the flume (Figure 5) . The 

power mechanism for the oscillations was provided by a half-horsepower 

A-C motor, which was connected to the movable platform through a speed 

reduction unit and an adjustable lever arm. The stainless-steel plat

form was connected to the lever arm by means of stainless-steel straps 

3/4 inch wide, which were passed over four pulleys located at the upper 
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Fig. 4 _ Flume with osci llatory bed and driving mechanism 
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and lower corners of eaoh end of the flume. The angular velocity was 

oontrolled by t he eccentrio adjust able lever arm. The range of hori

zontal amplitude wa s f rom 2t in. to 4 ft., and the range of angular speed 

was from 1 to 150 oycles per minute. 

The advantages of this apparatus were : 

1. The driving mechanism waS not an integral part of the main apparatus, 

so that there was no vibration of the flume. 

2. Speed could be i ncreased or de creased gradually through a speed-re

duction unit. 

3. Horizontal displacement of oscillation could be changed easily. 

4. The movable part submerged in the fluid was essentially a flat 

plate. 

Though this apparatus did not give exactly a truly simple harmonic 

motion, the deviation of displaceme nt from ideal harmonic motion was only 

about 2 per oent with the longest stroke. 

In all the experiments r eported in this study, the fluid used 

was water. 

b) Desoription of the Granular Mater i a l Used 

In all the experiments, seven different sizes of sand, two 

sizes of glass beads, one size of polystyrene pellets, and one size of 

polyvinyl chloride pellets were used. A description of the materials 

used in the test is presented in Tab~ 1. 

materials are shown in Figure 6. 
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Sand 
O~= 0 .<xx)483' (0.147 rrm ) 

Gloss beads 
O~o = 0.0020' (0.610 mm) 

Gloss beads 
D~" O. fXX)77 ' (0.235 nm) 

Sand 
050 = 0 .00258' (0.786 mm ) 

Sand -- , 
D50= 0 .0060 

(I. B29 mm) -
Sand 

D!IO= 0 .0065' 
(1.9BI mm ) 

Polyvinyl chlor ide 
pellets 

equiv. diameter 
= 0 .0104 ' 

(3.1 7 rrvn ) 

Polystyrene 
pellets 

equiv. diameter 
=0.0104 ' 
(3. 17mm) 

Fig. 6 - Photomicrographs of materials used 
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D50 = 0 .CXX>92' (0.280 mml 

Sand 
D!J0=0.0033' (1. 005mm) 



No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

Table 1. 

Description of Granular Materials 

Grain 
Description size sp.gr. 

D50 Q" E 
mm. 

Del Monte· 0.147 
Sand No.1. 

Glass Beads 0.235 
No.1. 

Del Monte 0.280 
Sand No. 2 

Del Monte 
Sand No. 3 

Glass Beads 
No.2 
Beach Ero
sion Board 
Sand No. 1 

0.421 

0.610 

0.786 

Coarse Sand 1.006 
No. 1 

Coarse Sand 1.829 
No. 2 

B. E. B. 1.981 
Sand No. 2 

Polyvinyl 3.17 
chloride 
pellets 

Polystyrene 3.17 
Pellets 

2.65 

2.49 

2.65 

2.65 

2.54 

2.63 

2.60 

2.60 

2.63 

1.28 

1.052 

A commercial grade of sand. 

Character of flow 
when motion of 
material occurred. 

Used to test 

laminar (81/E > 30) General movement and 
initiation of ripples 
of sediment. 

laminar (81/E > 21) Initiation of turbu
lence at bed; initial 
and general movement, 
initiation and disap
pearance of ripples of 
sediment. 

laminar (81 /E>18.5) Initiation of turbu
lence at bed; initial 
and general movements, 
initiation, disappear
ance and various stages 
of development of rip
ples of sediment . 

turbulent 
(8 1 /E < 18.5) 

" 

It 

" 
" 

" 

It 
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initiation of turbu
lence. 

Same as No.2. 

Same as No.2. 

Same as No.3. 

Same as No.2. 

Same as No.2. 

Same as No.3. 

Same as No.3. 



The sand and glass beads used were rather uniform in size; their 

sieve-analysis is given in Figure 7. 

0) Procedure of Experiment and Description of Movement of Sediment 

Fbr various horizontal displacements of osoillations ranging from 

0.208 ft. to 4 ft. (see Figure 5),a series of horizontal oscillations of 

the platform containing a horizontal bed of sediment under investigation 

were made at several velocities. The general procedure was to obtain data 

pertaining to the following critical conditionsl 

(A) velocity necessary forI 

1. initiation of turbulence at interface, 

2. initial movement of sediment, 

3. general movement of sediment, 

4. initiation of ripples, and 

5. disappearance of ripples} 

and (B) stability profiles of ripples at different velocities. 

In all cases. the bed of sediment was smoothed out after each run before 

the following run was made. 

1. Initiation of turbulence at interface: In eaoh run with a partic

ular sediment and a particular horizontal displacement, the bottom plate 

containing the horizontal bed of sediment was oscillated at a low velocity. 

To ascertain whether the flow in the boundary layer was laminar or tur

bulent, a thin line of color was threaded through the water by dropping 

very fine crystals of potassium permanganate from the water surface to the 

bottom. This procedure was checked by two observers in order to minimize 

personal error. Laminar flow was assumed to exist if there was no dis

turbance in the streak of the dye in the boundary layer at the interface; 

that is, if the trail of dye maintained a clear line near the bottom, 
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though bent in shape and following the direotion of travel of the bed. 

As the frequency of oscillation was gradually increased, these streaks 

of dye suddenly curled up and disappeared, indioating the appearanoe of 

turbulenoe in the boundary layer. The speed and the horizontal dis

placement at which turbulence appeared in the boundary layer were recorded. 

The procedure was repeated with other displacements as well as with other 

types of sediment. Very fine sediments were set in motion even before 

turbulence was initiated in the boundary layer. In such cases a layer of 

sediment was fixed to the oscillating plate (in order to eliminate dis

turbancesjn flow in the boundary layer due to the motion of partioles) and 

the velocity necessary for the initiation of turbulence in the boundary 

layer was recorded. 

2. Initial movement, general movement, and initiation of ripples of 

sediment, As the speed of oscillation was increased, it was found that at 

certain critical velocities a few particles in the horizontally smoothed 

bed were dislodged from their pOSitions of equilibrium at a oertain in

stant during the travel of the bed, that is, when the velocity of travel 

of the plate was at its maximum, w ab , and moved a short distance from 

their initial positions. lhe movement of a few partioles in the top 

layer was defined as the initial movemefit. 

As the velocity was further increased, more grains from the top 

layer were dislodged from their pOSitions of equilibrium during a part 

of a period of travel of the plate. The distance traversed by the 

particles was greater than in the initial mov~ment. With general move

ment, most of the particles in the top layer were in motion. 

Initial and general movement of sediments of small size (Nos. I 
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through 3 in Table 1) was observed with laminar flaw in the boundary layer, 

while the movement of large sizes (Nos. 3 through 11 in Table 1) did not 

occur except when the boundary layer was turbulent. 

The motion of the particles was essentially a rolling motion. 

except with the light weight materials. namely, polyvinyl chloride pellets 

and polystyrene pellets. the movement of which was in the form of skips and 

hops. 

Further increase in speed resulted in the initiation of undulations 

or ripples on the otherwise smooth bed. The intense collective motion of 

the particles which was seen to occur during the entire period of travel of 

the plate in either direction created ridges at roughly equal distances 

transverse to the direction of flow. Continued action of the same ve

locity resulted in the congregation of grains in the ridges and the sub

sequent growth of ridges, and the formation of a stable systematic pattern 

of equidistant ripples. 

3. Stages of development of ripples, First stage. After the 

initial formation of ripples. because of the increased velocity at the 

front side of the undulation. more particles were rolled to the crest 

from the adjacent trough and fell over the edge. developing an abrupt 

downstream edge that approximated the angle of repose of the sediment. 

The velOCity of eddys in the reverse direotion at the baok side of the 

crest threw more particles into the ridge. During the succeeding re

verse stroke. a similar profile was es t ablished in the other direction. 

As more and more grains were added to the ridges. the height of ridges 

increased as their crest swayed from lee side to lee side during succes

sive reversals of stroke, and the entire bed appeared to become more 
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wavy in profile. In general the larger grains came to rest at the orest 

of the ridges while the finer grains were kept in motion most of the time. 

As the ridges grew they sheltered the trough zones from the moving water 

and when the sheltered zones ocoupied the full distanoe between t he ri dges 

no further movement of grains took plaoe exoept on the ridges, where they 

were thrown baok and forth with the forward and backward osci llations of 

the plate. Since the ridges could col lect no more grains. they oeas ed to 

grow and became stable at the angle of repos e of the grains (Figure 8). 

Vfuen the speed of osoillation was increased, more grains were set 

in motion and added to the ridges. With the oscillation held oonstant at 

the higher speed, the height of ripples increased until a new state of 

stability was reached. In the meantime adjaoent ridges joined together , 

resulting in an i norease in the wave-length. The trough wa s flat with 

fine grains,and curved like a oircular arc of large radius with lar ge grains. 

Seoond stage , Above a certain critioal velooity, however, a change 

in the mode of motion of the grains in the trough and on the ridge was 

observed. During the travel of the grains toward the ridges, the grains, 

instead of following the slopes, were lifted from the surface as if they 

were scooped up and deposited on the orest of ridges. so that the height 

of ridges inoreased. The wave-length of ripples also increased until 

oonditions of stability were again attained. The scooping effect on the 

grains oan be attributed to the formation of vortioes between the ridges. 

The presumption that vortices were generated between the ridges is 

strengthened by the faot that longitudinal scour marke or lines in the bed 

between the ridges were observed in many plaoes. 

rni rd stage: In the third stage of the development of ripples. 
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the steepness of the ripples began to de crease again. As the velocit~ was 

inoreased further above a oertain critical value,the scooping effect 

and the swaying motion of particles at the ridges during successive strokes 

were reduced. Instead of the rolling and lifting motion of the grains, 

there was an intense motion of the top layer of the bed, as if the par-

ticles composing it were in suspension over the whole profile of ripples. 

Such motion tended to reduce the height and increase the wave- l ength of 

ripples. This tendency was accentuated with further increases in velocity, 

as a result of which the height of ripples was reduced, the pattern of 

ripples broke down, and the grains assumed a state of suspension close 

to the bed, moving back and forth with the motion of the plate. The rip-

ples disappeared and the bed became level again. 

With very short horizontal displacements, and with sediment of 

smaller sizes, [D50 = 0 .• 00092' (0.2804 rom) and less] J a very interesting 

phenomenon was noticed. Equally spaced longitudinal ridges appeared be-

tween the transverse ripples at velocities a little less than those at 

whioh thd ripples disappeared. They broke joints evenly with those across 

the troughs on either side as is shown in Figure 9. 

Transverse 
ridges 

Longitudinal 
ridges 

Fig. 9 - LONGITUDINAL AND TRANSVERSE RIPPLES 

40 

Flow -



Sometimes these ridges rose higher than the transverse ridges. They 

disappeared, however, at speeds less than those required for the complete 

breakdown of the pattern of transverse ripples. This rather peculiar 

form has also been found in studies of unidirectional flow(4,6). In 

the present study, neither are experimental data given, nor is an expla

nation attempted. 

In order to acquire data for a complete analysis of these different 

stages of development of ripples, each run was continued after the initia

tion of ripples until a pattern of stable ripples was obtained. Photographs 

of the profiles of the bed were taken for an accurate determination of the 

heights and the wave-lengths of r ipples under stable conditions. The ve

locities were increased gradually and photographs of the corresponding 

stable profiles were taken. This prooedure was continued until the rip

ples completely disappeared. It was repeated for different horizontal 

displacements and different sizes of sediment. 

No ripples were generated when the flow in the boundary layer was 

laminar. Since the criterion for initial and general movements and init

iation of ripples was affected to a large extent by personal bias, rates 

of transport of the sediment in motion for each oondition were obtained. 

Two metal boxes, closed at the top by a wire mesh with openings larger 

than the largest size of sediment, were installed side by side in the 

center of the oscillating plate to trap the sediment in motion during 

the travel of the plate. The wire mesh over the top of the plate pro

vided roughness over the traps almost the same as that of the bed of 

sediment on either side of the traps, and thus eliminated scouring at 

the sides of the boxes. 
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CHAPTER IV. 

DISCUSSION OF RESULTS 

a) Transition from Laminar to Turbule~~ flow in BoUndary Layer 

The results of two typical runs, for sediment with m.aium diameter, 

E = 0.00077' _(0.235 rom) and E = 0.0065' (1.9Bl mm), are plotted in 

Figures 10 and 11, in which the ordinate is the horizontal displacement,ab, 
and the abscissa is the ratio will • A line drawn thr ough the re su 1 ts 

obtained by experiment separates the graph into laminar and turbulent 

zones, indicating laminar oonditions below the line and turbulent condi-

tions above the line. With the lar~r size of sediment, thepoints(Figure 

11) lie on a straight line at all values of Will. With the smaller size 

of sediment (Figure 10), however, the points follow a line of slope 1,1 

at high values of WI .lI, but as Will becomes smaller, they approaoh a 

line with slope 1.2. 'lhs line with slope 112 indicates that the transi-

tion from laminar to turbulent flow takes place at a constant Reynolds 

number of the form At low values of Will, the thiok-

ness o.f' the boundary layer is much larger than the height of the elements 

of roughness, ( 01 IE> 30), and the elements of rou~ness have practically 

no effeot on the transition from laminar to turbulent flow in the boundary 

layer. The boundary layer is of the kind formed next to a hydraulically 

smooth surface, and the Reynolds number, is the oriterion 

governing the transition. lhe critical value of the Reynolds number as 

represented by this line is 400. 

With increasing values of Will, the thickness of the boundary 

layer decreases, and the flow in the boundary layer is affected by the 
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presence of the .1 ments of roughness. Data from experiments (see 

Figures 10 and 11, nd Table 2) show that when the elements of roughness 

govern the tran it' on, the representative maxii.mum ve l oCity, wab, at the 

initiation of urbulence i s a constant (as indi cated by the line with 

slope 1,1) wit ch mixture of sediment, irrespective of the horizontal 

d18placemen~ ~. The expressi on for the Reynolds number at the transition 

assumes two different f orms , dependi ng upon D, / € • When 30 > D/E > 18.5, 

the Reynolds r. er at transition has the f orm • Thi s 

Reynolds number sumes a value of 104 at the transition from laminar to 

turbulent fl ( Figures 12, and 13). When D, h < 18. 5, t he flow in 

the boundary layer is affected not on~y by the elements of roughness, but 

also by the wale behind the e lements. In t his case, as a consequence of 

the modification made by the presenoe of wakes , the l ength scale that 

enters the ex re sion for Reynolds number is not the hei ght, E, of the 

element of ro ghnes , but rather some function of this hei ght. !he 
Wo.bf(El 

Reynolds number hat controls the t ransition can be ~xpres8ed as 11 

where f( E) , fr 

(see Figure 1 

the. data obtained by experiment) is found to be € ~2 

Table 2). Figures 12 and 13 represent the plot of the 

data from exper ents based upon the above an~lysi s. Figure 12 is plotted 

from the data from experiments [( lB-ble 2) and Ref erence · 21J ) wi th 
W'/! Qb' W Qb ' € 

11,12 a8 abs~i ssa and v as ordinate. '!he vertioal line. 

W,/2 Q.b l 

11'/2 = 400J represents the smooth surf'ace., ( 8, /€>30), with 
w II , b l 

Vi 2 = 400 (independent of £). The hori zonta l line s show = 
the effect of r u~ess on the transition fr om laminar to t urbulent flow. 

'lhe horizontal ine 
Wabl E 

V = 104 represents the Reyn olds number at 

transition en 30 >8,1£-> 18.5. 'l're .. nsiti omal conditions nth 8.k<30 

are also shown Figure 13. In th1S fi gure the data from experiments 
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following the line with slope 1.1 represent a constant HE" = wabE 
1/ 

• 104, when 30 > OI/E >18.5, while the data falling in the line with 
w Obi f(E) 

slope 1,5 represent a constant Rf(E)= 1/ = 1.78xl04 , 

where 0.2 
E 

With the ratio 8, IE, it is also possible to classify the boundary 

as smooth or rough. Thus with three-dimensional roughness 

1) a smooth boundary exists when 

8, IE > 30, 

2) a rough boundary exists when 

81 IE < 18.5, and 

3) a transitional boundary exists when 

30 > 0, IE > 18.5 .• 

These results verify those obtained by Li(21). With reference to 

Figure 13, mention should be made at this stage that the da ta obtained by 

Li(21~ which define the transitional flow obtained with elements of rough-

ne ss fixed to the oscillating bed, show that much smaller velocities . are 

required at the initiation of turbulence when the elements of roughness are 

fixed to the bed than y~hen they are r esting on a loose bed. This dii'-

ferenve nan be explained by the fact t hat a loose bed having grains 

compacted together in natural equilibrium probably has smaller irregu-

larities than the fixed bed on which the grains lie beside one another. 

In Figuz:oe 13, data representing the transition from laminar to turbulent 

flow are plotted for two-dimensional roughness also, though these are 

not of importance in the present study. Th~ similarity between two-

dimensional and three-dimensi onal oases is quite evident. 
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b) Motion of Sediment in Laminar Boundary Layer 

1. Initial movement. The i nitial motion of the two fine sands, 

D50 = 0.000483' (0. 147mm), and D50 = 0.00092' (0.280 rom), and the f iner 

size of glass beads, D50 = 0.00077 ' ( 0.23 5 mm), occurs with laminar f low 

in the boundary layer. Application of the l aminar shear theory to the 

data frbm experiments ( Table 3), and the as s umption that the angle of re-

pose of the submerged particles is 450, yields a value of 0.122 for the 

coefficient op, which repr esents the number of grains on which shear 
w 

is exerted. Fi gure 14 shows a plot of Ds labagainst [(Ps -Pt) q tan 8]?f3 
~. ~ v ~ 

As can be s een , t her e is excellent agreement with Equation (19) which is 

represented by the str aight line defined by ap = 0.063. 

2. G6nera1 movement I When there is a general movement of all 

particles in the top layer, the coefficient ap should be greater than 

that required for initial movement because shear is exerted on a large 

number of grains. This conclus ion is confirmed by the data from ex-

periments, which yield a value of 0.077 for a p. In Figure 15 the 

data from Table 4 are plotted with D/ab as ordinate and 
w 

[
(Ps -Pf ) g tan 8 ]2/3 

~ V 112 

and Equation (19) is quite evident. 

as abscissa. The agreement between the data 

The movement of sediment with laminar shear occurred in a boundary 

layer in which 81/E >18.5 (see Tables 3 and 4). Thus the motion in the 

transitional boundary zone also can be considered to be the result of 

laminar shear. It can be said of both the initial and the general 

movement of grains that a) laminar shear forces govern the motion when 

81/E >18.5; and b) lift forces govern the motion when 81/E <18.5. Sed-

iment of the same size may be. acted upon by either laminar forces or by 
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turbulent foroe 5, depending upon 8, / € (see 'Dlble 3). 

To oompensate for personal bias in t heir determination, the r ate s 

of transport obtained at the initial and general movement of sediment are 

s hown in Figure 16 with the diameter of particl es. D50, plotted against 

t he weight in grams per foot width per osci llation. Although, because of 

experimental difficulties. rates of t ransport of all sizes of sediment 

used in this study hav~ not been determined, the extrapolation of the 

straight lines at each phase of movement is expected to indicate ap

proximately the rates of transport for each mixture under t hese several 

conditions. It is not possible to express the rates of transport in 

weight per uni t time. per uni t width, because t he initial and general 

movement did not persist through the complete period of the stroke ir

respective of the horizontal displacement,~. It is to be noted 

that the net rate of transport is zero, since the t ransport is the same 

in both directions of the travel of the plate. 

Glass beads of size D50 = 0.00077' (0.235 rom), spherical in shape 

(see Figure 6 ). were used to determine the effect of shape of partio les 

on their motion. As can be seen from Figures 14 and 15. the effect of 

shape, if any. is not evident. 

0) Motion of Sediment in Turbulent BoulJ.dary Layer 

1. Initial movement, It has been shown that with 8,k<lS.5, 

the boundary layer behaves as if it res ted on a hydraulically rough 

surface. and that the flow within the boundary layer is turbulent. The 

movement of sediment (Numbers 5 through 11. Table 1) taking place in such 

flaw, is analyzed by the lift theory as described in Chapter II. A 

dimensionless function, "'" Equation (28), representing intensity of 
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lift on the particl e. is found to govern the initial movement. 

For a better understanding of Equati on (28), it i s necessary to 

know in what manner the coefficient of l ift, CL, varies with the Reynolds 

number . A survey of the literature reveals that no systematic study has 

been made in this field. From the meager informati on avai l abl e, it appears 

that the lift coef ficient incr eases with t he Reynolds number , at least in 

the transi tional rang~. be tween laminar and t urbulent flow. We may assume 

that 

(33) 

in whioh the , exponent. 17 , is to be determined frOl!l the results of exper iment . 

Analysis of the data from exp er iments indicates t hat the re spr esentative 

velocity. which is the maximum velocity, w a~ , of the plate during i ts 

travel, is a constant at the i nitial movement of the particl es. It is 

also cons t ant at each of the other phases, namely, genera l movement, 

i niti ation of ripples, and disappearance of ripples, as wi ll be seen 

lat er . Such a relation implies that an increase in the hori zontal dis-

placement,ab,necessitates a decrease in the angular velooity, w , in 

such movments with grains of all si ze s, i rrespect ive of their density or 

shape. Results from experiment suggest that in order to obtain a suitable 

dimensionless function, t , , the exponent. 7), in Equation (33) 

should have a value of 0.5. Using this value of TI , and E~ua-

tion (33). Equation (28) becomesl 

J 
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or 

( 34) 

Equation (34) is a strai ght l ine with slope 1.5 if plotteQ on log-log 
W Qb' Pf 0.4 

graph paper with ( j 0 4 04 0 as abscissa a.nd size of Ps -Pf • q. 11' 

grain, D50,as ordinate. Fi gure 17 is such a plot; it shows exoell'ent 

agreement between the theory a.nd the results obtained by experiment . 

In turbulent flow, initial movment ooc urs when 

(35) 

Table 5 is a summary of the data. obtained ~ experiment and plotted in 

Figure 17. 

2. General movementl As was shown i n Chapter II. the dimension-

less function, 0/1' should also govern the general movement in turbulent 

flow. The data from experiment, plotted in Figure 18 with D50 against 

shows again the agreement between the theory 

and the results from experiment. Thus, in turbulent flow, general move-

ment occurs when 

.J'I ' 'f' = 8.20 • (36) 

The data are summa.rized in Table 6. 

d) Initiation of Ripples 

From Chapter II it is found that the initiation of ripples is also. 

funotion of the f unction representing intensity of lift, ~1. Fig. 19 shows 

this indeed is the oase. Ripples will form when 

IJII I = 9.23 • (37) 

The results obtained by experiment with all sizes of sediment 

listed in Table 1 (except D50 = 0.421 mm), are summarized in Table 7. 
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e) Various Stages of Development of Ripples 

It was f ound in Chapt er II t hat the scal e of rippl es represented 

by t heir st eepness, that is, the rati o of height, ~ H , to wave-length, 

A , is a funotion ot the intensity of lift, IJII' in all stage s of 

their ocourrenoe. lh~ steepness of r i pples, ~H/A, obtai ned trom the 

photographs, is plotted aga i nst 0/,' in i" igure 20. In spite of the scatter

ing of points, it is evi dent that their s teepness, when in a stable s t at e, 

oan be adequat e ly descri bed by the func tion, IJII', from their initiation 

until their disappearance. lhe val ues ot IJII ' ,corresponding to the 

initial and general movement and the initiation of rippl es in turbulent 

f law are shown on the same graph. Furt her analysis indicates that the 

height ot r 1ppl e.AH, and wave-length,A , each expressed as a ratio 

with DO .S(whi ch is not dimensi onless), can be described as functions of 

.1'1 I ~ , as is shown in Figures 21 and 22. The data used in this part of 

the analysis ar~ given in Tab le 8. The following salient features can be 

observed in Figure 20. 

1) In t he ri s ing branch of the curve, both ~ H and A increase, but ~H 

inoreases at a grea ter rate th~ A 

2) ~H/A reaches a maxi mum. value of 0. 06 when IJII' - 12.50. At that 

stage" ~H is also at its maximum. 

3) In the fall ing branch of the curve , ~.rr deoreases and A lengthens 

until the r ipples disappear. 

The height and wave-length of ripples increase with increase in 

the size of sediment. With a ll size s of sediment,LJ.H and. A are independent 

of the horizontal di splacement, a~, and depend mainly ou the velocity 

~t the interface under the condi tions employed, namely, 0.751<a~< 

1.917" • 
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Pour of the sizes of sediment listed in Table 1 were used in 

testing the deve lopment of ripples. Contrary to some observations of 

unidirec tional f low where ripples were not generated on a bed of 

sedi ment consisting of parti oles of uniform si ze , ripples were generated 

in Oscillatory flow with such sizes of sediment. · 'lbese facts further 

strengthen t he hypothesis that the generation of ripples is a phenomenon 

connected with the s tabi l ity at the interface between the sediment and t he 
() 

fluid above it. It is also signif icant that ripples,in general, are not 

formed unles s the flow ist;urbulent in the boundary layer, unlike observa-

tions of unidirectional fl ow, where the generation of ripples in lami nar 

flow is not uncommon. The fact that r ipples were generated only in tur-

bulent fl ow, even with s izes of sediment whose initial and general movement 

occurred in laminar f low (when 81 /! > 18. 5), may be attributed to the in-

tensive movement of partioles preoeding the formation of ripples causing 

f inite di sturbances in the boundary layer whioh result in turbulence 

in the layer. 

f) Disappearance of Rippl e s 

That the disappearance of ripples is also governed by the function 
o 

"'1 I ~ ,representing intensity of lift on the particles, as discussed 

in Chapter II, is also evident fr om Figure 23. 

"'1 I ~ = 20.90. 

Ripples disappear at 

(3'8) 

A summary of the data obtained by experiment is shown in Table 9. 

The form of the function) 1/11 I J as represented by Equation (28) 

is based on the fact that the coefficient of lift increases with the 

Reynolds number. Whether euch a relation holds with high Reynolds 

numbers is not known, and is beyond the scope or the present study. The 
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maximum value of the Reynolds number, 
W db' D 

~ ,obtained in this study 

is about 2500. 

The r esults of initial and general movement, initiation, various 

stages of devel opment, and disappearance of ripples w1~ various sizes of 

sediment, showing that the dimensi onl e ss function ~I" representing in-

tensity of lift. can be used to describe the motion of sediment in oscilla-

tory flow. are analogous to those obtained in unidirectional flow, where 

a similar function, '" (11. 12), is used to represent similar motion. 

g) Possible Sources of Error in t he Experiments 

The deviation of the data obtained by experiment from the results 

of theor etical anal ysis IllAy partly be the resu l t of the following souroes 

of error. 

1. It was difficult to obtain uniform material. 

2. Distinction between the movement of representative grains and that of 

grains with air bubbles sticking on them. or grains having relatively 

lesser denSity or size, had to be made when considering the movement 

of representative grains of the sediment under investigation. Air 

bubbles were eliminated to a large extent by the use of a wetting 

agent in the fluid. Polyvinyl chloride pellets had a tendency to 

stick together, a difficulty that could not be eliminated entirely. 

3. Distinction between initial and general movement was difficult to 

observe, especially with fine grains moving in the laminar boundary 

4. Standing waves and secondary currents in the flume were eliminated by 

means of horizontal dampers and vertical baffles. However, at short 

strokes and high speeds of the plate. elimination of these effects 
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was not entirely successful. 

5. At long strokes of the plate. a uniform speed of the driving mecha

nism could not be obtained. 

6. Difficulty in distinguishing laminar flow from turbulent flow was 

enhanced by personal bias in the observation of the s treak of the dye. 

7. Le,velling the be'd before each run c ould not be done to perfection. 

especially with fine grains. 

8. The metal blocks installed at the two ends of the traveling plate to 

retain the material on the plate were particularly troublesome because 

of the scouring action near t hem. Scouring action was partly elimina

ted by providing uniform roughness on the blocks. In spite of this 

precaution, the end-effects were trouble some, especially during the 

initiation of ripples and the development of their stable profiles. 

Ripples initiated as a result of the se effects moved slowly toward 

the oenter, and thus necessitated a restart of the run. 

h) SUggestions for Further Investigations 

The £ollowing topics should be investigated to obtain a more com

plete understanding of the motion of sediment resulting from oscillatory 

flow in the boundary layert 

1. Comprehensive study of the velocity distribution with turbulent os

cillatory flow in the boundary layer. 

2. Effect of non-uniformity of the materials on the motion of sediment 

and on the dimensionless funotion. ~I/. 

3. Variation in the lift-coefficient of the particle at high Reynolds 

numbers in turbulent flaw and the consequent modification of the 

function 
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4. Extension of the range of the s izes of sediment used, to i nolude 

larger sizes. 

5. Extension or t he study to inolude development or ripples with 

horizontal displace rents l ess than the natural wave length cd 

ripples at their init iation, and 

6. Use of fl uids of different visoos i ties to study the efreo~s of 

viscosity on the motion or sediment. 

~n order to oonduot some of these studies, improvsments in the 

present apparatus may be necessary. It may be improved by. 

1. Inoreasing the length of the osoil l ating platform as well as ~he 

l ength of the flume to eliminate the end-effeots. 

2. Inoreasing the height of the platform to acoommodate inoreases in 

the height of ripples, espeoially ripples of coarse sediment . 
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CHAPTER V 

TRANSPORTATION OF SEDIMENT CAUSED BY SHALLOW WATER WAVES 

It is well known that the constant shifting of sediment that takes place 

at the bottom of the ocean is more pronounced in shallow water and the surf 

zone. Theoretical and experimental studies of oscillatory waves prove that 

since the water particles under the waves do not move in a closed orbit there 

exists a resultant mass transport of water in the direction of wave propagation. 

In addition. there is also proof that with such waves there exists a differential 

in the velocity of the forward and backward motion of the water particles. This 

differential velocity. together with the velocity of mas's transport causes the 

shoreward movement of sediment at the bottom, especially in shallow water and 

the surf zone. 

It is believed that because of the relatively small velocity of mass 

transport only fine sediment of low specific gravity is moved by the velocity of 

mass transport(43)o The fine sediment, during its motion, is kept in suspension, 

moving forward toward the shore under the wave crest and backward under the wave 

trough. The resultant movement of this sediment is the same as is the resultant 

drift of the water, whether it is towards the shore or away from the shore. Thus, 

the velocity of mass transport causes motion of fine sediment in suspension. 

The movement of the relatively coarse sediment that rolls or creeps 

along the bottom is, however, believed to be caused by the difference in the 

forward and back\mrd velocities of the fluid at the bottom. The forward velocity 

exceeds the backward velocity and furnishes a means of transporting the sediment 

towarrn the shore. The building of sand beaches in the summer and their degra

dation in the winter can be explained by this differential velocity. Its effect 

on the bottom covered with ripples is to cause movement of the ripples them

selves towards the shore without ever moving the individual grains more than 
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a. few inches away from their original pos itions. When the waves are long and low. 

the velocity differential is great. resulting in increased movement of sediment 

towards the shore (44); .while illlder short steep waves. where the velocity dif-

ferential is small, the net transport is small. Differential velocities also 

can exist under ¥ffives as they approach diminishing depths. Deformation takes 

place in the form of steepening and shortening the crests in relation to the 

lengths of the troug4s. so that the particles move forward with the wave crest in 

less time than they return with the trough. 

wave~ 

The existence of differential velocities at the bottom illlder oscillatory 

has ~een verified in the field(37) and in the laboratory(38,39). Both 

observations show that the forward velocity is greater than the backward ve-

loci ty. In the present study, ar:.. attempt is made to analyze the transportation 

of sediment under conditions of differential velocities at the bottom. 

a) Theoretical approach 

When OSCillatory waves enter shallow water, the crests increase in height 

and curvature. the troughs become flatter. and the behavior of an individual crest 

becomes nearly independent of the wave length, approximating the characteristics 

oi" a 30litary wave. In the present study, this analogy will be used to pre-

dict the transportation of the bottom sediment caused by oscillatory waves 

moving in shallow water. 

The theory of the solitary v~ve is based upon the assumption of an in-

finite wave length. irrotational bvo-dimensional motion. a permanent wave 

form. and a constant pressure at the free surface. The most important con-

tributors in this field are Russell. Boussinesq. Raleigh. MCCovmn, Munk. 

Keulegan and Keller (for an extensive bibliography see Daily and Stephen(4~. 

Assuming a constant depth of water. and choosing a system of co-

ordinates lyinG in the plane of the still-water level vnth a horizontal 

x-axis and a vertical z-axis (in the upvmrd direction). the expression for the 
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elevation "l1(X. t). of the free surface in the case of a solitary wave oan be 

written as 

where 

= H sech2 a I ( X - c t ) 

c = + Jgd (2 + Hid) 

H - maximum elevation of free s urface above z = 0, 

n = surface elevation at any point • . II 

d = depth of water below still-vmter leve l and 

c - velocity of propa~tion. 

c > 

~Q 
=-=-===- - -T -· -===--== 

d 

7 7 7 77 7 7 7 7 7 I t';J 7 7 7 7 7 7J 

FIGURE 23a . sOLi r ARY WAVE 

(38a) 

As a first approximation, the relative velocity at t he bottom, that 

is, the change in velocity during the passage of the wave, can be shown 

to be of the form 

Ux = C 
7], 

d 
I J97d [2 + Hid] H sech2 

al ( X - ct) =2 

and Uz = O. (3 8b) 

Therefore , the analysis of the meohanics of sediment t ransportation under 

oscillat ory waves in shallow water neces sit ates that the equation of 

motion of the fluid at the bottom should be of the form gi ven by Equation (38b). 
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Considering the faot that the transportation of sediment at the bottom 

occurs mostly by the movement of the ripples,an~ assuming that the wavelength 

of the ripples is small compared to the width of the solitary wave, the above 

equation can be further simplified as: 

U x = 1- ./g/d [2+ Hid] Hseeh 2 a,et (38c) 

Munk( 41) has shown that the differential velocity factor which governs 

the transport of sediment towards the shore is also consistent with the soli-

tary wave theory. The following analysis is based upon this hypothesis of dif-

ferential velocities existing under the solitary waves and hence under the os-

cillatory waves in shallow water. 

b) Transport of sediment and velocity of ripples 

It was sho,m in the previous chapters that the motion of sediment 

through all its phases in turbulent flow in the boundary layer at the bottom 

is a function of the dimensionless parameter 

which represents intensity of flow or lift on the sediment particles. The suc-

cess in defining the motion of sediment and the behavior of configurations or 

ripples suggests that the transport of sediment and the velocity of movement 

of the ripples,which are 60verned by the intensity of flow on the par-

ticles.) also should be functions of the same parameter IJI/. 
Experiments indica.te that as lone; as differential velocities having the Same 

horizontal displa.cement of oscillation in both directions exist at the bottom, the 

transport of sediment and the velocity of movement of ripples are functions of the 

greater velocity in whichever direction it may be. Thus, assuming that the 

maximum veloci ty toward the beach, we Obi is greater than the maximum 

velocity toward the sea, Ws Obi , the relationships of the rate of sediment 

transport, G, a.nd the velocity of movement, Ur , of the ri pples wi th the 
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function ti', oan be expressed as 

G (38d) 

and 

= (38e) 

c) Desoription of apparatus 

The same apparatus (Fig. 4) that was described in Chapter III VIa s 

used in these experiments. Ho,;ever, some modifications were made to obtain 

the desired differential velocities in the forV'18.rd and backv18.rd moti on s of 

t he plate. The differential velocities were obtained by c hanging the speed 

of the drive unit at every half revolution. This 'was done by a simple ar-

rangement in 'ilhich a microswi tch was provided to make and break contact at 

every half a r evolution of the shaft connected to the motor. The micro-

sv;i tch was in turn connected to a s o lenoid operating the adjustable cam of 

the speed reduction unit so that the change in the position of the oam at 

every half revolution resulted in a change of the speed of the drive unit. 

The change in speed thus obtained was transmitted to the motion of the plate 

through the wheel connected to the speed r educti on unit. the ecoentric arm. 

the connecting rod, the cross-slide at the top of the flume and the sta inless-

steel straps. The velocity of movement of the plate at diff e rent instances 

during its forward and backward motion Vias obtained by means of a Brush recording 

oscillograph. The oscillograph was connected to a number of co pper c ontacts 

placed at different positions in the path of the moving cross-slide. with 

the result that impulses were recorded on the oscillograph charts (moving at 

a known speed) when the cross-sl ide. during its motion, made contacts with the 

copper elements. 
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As desoribed before i n Chapter III, two sediment traps were provided 

on the oscillat ing p late to obt ain the rate of transport of the sediment. 

d) Prooedure of experiment 

With the s ize of sediment and the horizontal displaoement seleoted, the 

initially leve l bed of sediment at t he bot tom l~a s osoil lated in still water 

such that the forward velocity was greater than the baokwar d velocity. 

Because of the fact tha t the rat es of t ransport of sediment were very small 

at initial and general-motion of sediment, all runs were made with f orward 

velocities greater than those required for the initiation of ripples. Two 

different size s of sand were used, namely, DSO = 0.00092 ft. (0.280 mm) and 

DSO = 0.0033 ft. (1 .006 mm) (see Table 1). In general, the procedure was to 

obtain. 1) the veloci ty of movement of the ripples formed on the bed and moving 

in the direction of the fo rward velocity, and 2) the rates of trall~port of 

sediment in the direction of the f orward velocity. 

With the same size of sediment, this procedure was repeated with dif-

ferent differential vel ocities, including velooities exceeding those required 

for the complete disappearance of ripples. 

The velocities of movement of the plate at different instances in the 

forward and backwar d directions were obtained by means of the oscillograph 

recorder. 

e) Description of movement of sediment 

With t he fo rwar d velocity of oscillation greater than that required 

I 
for the initiation of ripples (that is , with ~I = 9.23), ripples were seen to 

form at roughly equal distances on an otherwise smooth bed. Continued action 

of the same magni tude of velocity resulted in the transfer of particl es into 

the ridges from the troughs with the subsequent formation of a stable pattern 

of equidistant ripples. Because t he velocity ~~s greater in the forward 
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direction, more partioles were ro l led to the crest and over the orest fram 

the adjaoent trough. The downstream faoe of the ripples approximated the 

angle of repose of the sediment while the upstream foroe had a very flat 

oS l ope J the slope being f l atter wi'th the finer sediment. During the stroke 

of the plate in the revers~ direction, the movement of the partioles in general 

was l imited to the orests from whioh the particles were thrown forward into 

the adjacent trough (see Fig. 23b). 

Forward direct ion 
> 

position of ripple 
at the nex t 
for word stroke 

Reverse direction 

profi le ot the 

j previous 
forward stroke 

• • ~,~ f 

~ , . , \ ' \ 
\ 

/ 

FIGURE 23b · PROFILE OF MOVING RIPPLES IN SHALLOW WATER 

However , at high.er velocities in this direct ion, there was appreoiable movement 

of particles in the t rough zones al so, a l though the movement was greatest at 

the ores t s. With the same magnitude of vel ocity, rippl es in their stable 

form slowly moved in the direction of t he forward (great er ) velooity, with the 

individual grains not moving far away fram t heir or i ginal positions. It was 

found that with a partioular sediment , the prof i les of stabi l i ty of the rip-

ples as distinguished by their wavu ~ngths and height s depended mainly on the 

greater velooity of moti on. stages of development of ripples similar to 

those observed in oscil latory fl ow in relatively deep water (see Chapter I II) 

were also found to ocour in these i us t anoes of differential velooities at the 

bottom. Increases in t he velooi ties of oso'i l la tion re sul ted in increase in 

the height and wave~ngth of the ripples up to a oertain oritioal velooity. 
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Further inorease in ve l ocity resulted in deoreases in height and increases i n 

wavemngth until the f i nal disappearanoe of the ripp l es . The velocity of 

movement of the ripples was found to inorease with inoreases in the forward 

velocity , and after the disappearance of the ripples the transportation was 

in a state of suspens i on olose to the bed , mo~ng in the direotion of the 

forward velooity. 

t) Disoussion of results 

It was shown in seotion (a) that the motion of the f l uid at the bottom 

under solitary waves, and henoe under oscillatory waves in shallow water , oan 

be approximated by Equation 380 . A oompar i son of the experimental result s 

of the velocjty of movement of the pl ate with the equations 

u = Uo cos w t (Theory of osoillatory waves in deep water)(7a) 

and 

u = t .J97d [2+ ~ ] H sed1
2

0l ct (Theory of solitary waves) (380 ) 

is shown in Figure 230. Velocity pr ofi les (a) and (b ) constitute a typical 

run of the experiment representing forward and backward velocit i es of os

oillation, respectively. Good correlati on i s obtained between the experi

mental results and Equation 7a, while the agreement between the experimental 

results and Equation 38c is oonsidered sat isfac tory, espeoial ly with large 

velooities (when transportation of sediment i s considerable) and at ~bout 

the maximum velooity of oscillation. Considerable deviation between the 

experimental and the theoretioal values based on the theory of sol itary waves 

oocurs at depths less than 25 ft . Thus the analYSis of t he transportation of 

sediment as described in this ohapter is applicable only at depth s greater 

than 25 ft. 

Transportation of sediment 

It was shown in seot ion (b that the I.'ate of transport, G, of sediment 
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and t he velooi ty of movement , Ur, of the ripples are funot i ons of the 

t .If J' param.e er 't' representing maximum intensity of f l ow on the particles. 

That t hi s is true is shown by Figs. 23d and 23e, in which G and ur, re

spect i vely, are plotted agains t all . With Fig. 23d, the r ate of transport 

of s ediment (dry wei~t in I bs/ sec/ft ) Can be expres sed as 

G = 2.50 x 10-11 ¥t;6.90. (38f) 

Simil arly, the expression 

ur = 9 .42 x 10-9 ~ 4.60 (38g) 

representing the ve l ocity of movement of ripples (ft/sec) in t erms of ~ ' 

is obtained from Fig. 2 3e. 

As was mentioned before, the rate of sediment t ransport is ma i nly the 

result of t he movement of ripples as is shown by the relati onship 

Ur = 0.11 G2/ 3 (38h) 

obtained fr om Equation s 38f and 38g. A plot of Ur against G in Fi g. 23f 

a l so verifie s this relationship. It is Significant to note that an equation 

similar to Equation 38h (with a diff erent constant) also has been found to 

govern the rate of sediment transpor t and the velocity of ripples in uni

directional flow(40). 

From Equations 38f and 38g one may visualize the sediment motion under 

shallow water waves as if it was taking place in a ficticious horizontal 

layer along the bed with a thickness of 

8
2 
__ G_ = ~ Gi/3 

W Ur W 
(38i) 

where w is the unit of weight of sediment. Equation 38i is again similar 

to the one obtained in unidirectional flow(40). 

Rates of transport of sediment and the velocity of movement of ripples 

are also funotions of the maximum acceleration of flow at the bottom, as 
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sh OlVn by Figures 23g and 23h. The relationships of W 2 0}) ' with G and ur 

as obtained from the se fi gures are given by 

G = 2.60 x 10-4 ( Wa2 Obi )2.59 

and 

(38 j ) 

(38k) 

Equations 38j and 38k are applicable only to sediment having a specif ic gravi ty 

2.60 to 2.65. A summary of the data obt ained from experiments is shown in 

Table 10. 

It is to be noted that these relationships indicate that when differ-

ential velocities exist at the bottom, rates of transport of sediment and 

ve locity of movement of r ipples can be reiated to the greater of the two ve-

locitie8 of oscil lation, provided t he horizontal displacement of oscillation 

is the same in both di recti ons . Thus, under these conditions, these exper-

iments show tha.t a knowledge of the lMximum velocity of o'Bcillation is suf-

ficient to determine the rates of transport of sediment and rates of movement 

of ripples. 
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CHAPTER VI 

SUMMARY 

The aotion of waves of small amplitude and long wave-len gth on the 

movement of sediment at the bottom was studied by osci l lating a seotion 

of the bed harmonically in still water of relati vely great depth • . The 

movement of the particles on the bed depends upon the f low, whether laminar 

or t ].11"bulent, wi thin a small thiokness , 8 " of the fluid above th·e inter 

face called the boundary layer . The r atio of 8, IE, where € is the 'height 

of t he element of rou@nne ss, can be used to define the var i ous types 

of bo undaries existing at t he bottomt 

1. A smooth boundary exists when 

8, IE > 30 s Cr itical Reynolds number at transi tion fro~ laminar to 

turbulent flow, = 400. 

2. A rough boundary exists when 

8, IE < 18.5" Critical Reynolds number at transit ion from l aminar 
w ab' f (E) A 

to t urbulent flow, R f(t;J= 1I = 1. 78][1u-, 

where 

3. ~ansition from smooth to rough boundary exists when 

30> 8, IE >18.5. Criti cal Reynolds number at t r ansition from 
w ab ' E 

laminar to turbulent , R€ = JI = 104. 

The movements of grains preoeding the formati on of ripples oan be 

described as t 

1. I nitial movement when only a few grains move; and 

2. General movement - when the top layer of the bed move s. 

With 8~>l8 .6, t he motion of partiole s is essentially the oause 

of uniform laminar shear. The velooity r equlredto start motion is of the 

form. 
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(Ps -Pf q D tan 8 ]213 
f.L V-

1/2 

wi th op = 0.122 at ini tial movement , and 

op = 0.15 at general movement . 

J 

With 8l€< l S.5, the initial and general movements occur only when the 

flow is turbulent in the boundary l ayer. The initial movement occurs beoaus, 

of lift and drag fo roes, while the general movement occUrs because of lift 

fo roe only. The maximum velooity necessary to start the initial and general 

movement is a constant, irrespective of the horizontal displacement. A. 

dimensionless function of the form , 

representing the intenSity of lift on the particle governs these motions 

with 1jJI' = 7.45 at initial movement, 

111
1

' -- 1 and ~ 8.20, at genera movement. 

Ripples are generated on an otherwise smooth bed at certain oritioal 

velocities greater 'than those required to start general movement. Rlpples 

are not formed unless the flow is turbulent in the boundary layer. Maximum 

velocity,wab, at initiati6n or disappearanoe of ripples is a constant, 

irrespeotive of the horizontal displacement. There is a stable profile 

of ri~s at every particular velicity at the interface. Inorease in ve-

looity results in increase in height and wave-length of ripples up to a 

certain critioal value, above which further increases in velocity result in 
decreases in height and inoreases in wave-length of the ripples until the 

ripple~ oompletely disappear. At the oonditions tested, the steepness ot 
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ripples tor e&oh s ize ot aedimept 1 dependent only on the Te1001t,r 

at the interfaoe and 1s 1nde~end.nt ot the horizontal displaoement. !he 

dimensionless f'unotion. 0/1 I t representing intensity of 11ft Also govern. 

the initi&tion a.nd steepness, !!:l H/A . of ripples, the salient POintl ot whioh 

are 

t/I/ !!:lH 

9.23 --.- . 
i.a.oreases inoreases 

12.6 
decreases increases 

20.90 

With larger sediment sizes , 

at '11.' may have to be modified. 

Remarks 

Ripples are initiated 
inoreasel 
-- ~iS maximum and • 0.06 

deore&ses 

Ripples disa.ppear oom
pletely 

[ > 0.0104' (3.17 mm)],the present t'orm 

the phonomenon ot' initiation of' turbulence and various phases of 

motion ot sediment in the boundary layer at the bottom can be related to 

the oharaoter ot' sUrface waves with tho aid of' the maximum velooity of' 

oscUlation, CiJ at, • at the bottom. 

Sedi~~ntl'ra.nsport caused by Shallow Water 'ViI.ves . 

The t ransport of bed sediment in shallow water a s caused by t he 

exi s tence of differential veloc i ties under the waves is obtained by 

osci l l a ting a bed of sediment in still water wi t h differential veloci t ies in 

its for\vard and backward mot i on. The ol ose analogy between waves in shallow 

water and solitary aves i s used to descr i be the motion of the fluid at t he 

bottom. As l ong as differential ve l ocit i es having t he same horizonta.l dis-

placement of os oi llation i n both direct i ons exi s t at the bo t tom, transporc 

of sediment and movement of ripple s can be related to the great er veloc i ty 

of oscill ation. Trans port of sediment and movement of r ipples which occur 

86 



mostly in turbulent flow are desoribed by a dimensionless function 

representing maximum intensity of flow on the particles. The ra t e of transport,G. 

of sediment in Ibs/sec/tt. and the veloei ty. Ur of the movement of the rip-

pies in ft/sec can be related to a.s 

and 

G - 2.50 x 1O-1l 1jI1' 6.90 

ur •. D.110 G2/ 3 • 

These r esults are appl i cable only a t depths gr eater tha.n 25 ft . 

By the theory of solitary wa.ves these relationships can be related to 

the c haracteristics of surface waves . 

ACK NOWLED GMENTS 

Any s uccess attained in the present study is due in large 

mea sure to t he a.dvice and encouragement ~iven to ~ he vIT iter by Profess or 

J. W. Johnson under whos e direction this work wa s carried out and to whom 

t he author wi shes to expres s his deep e s t a pprec i ati on. The very valuabJe 

advice and sugge sti ons off ered by Pr o e ssor H. A. Einstein in every phase 

of this s tudy, and the criti ca.l comment s offered by Professor J.B. Leighly 

a.re gratefully acknowl edged . 

'ilie wr i ter also .... -ishe s to thank Dr. Ning Chien and Dr. Hu on L1 

of the Institute of Engineer ing Re search of the University of California 

for t heir help in many pha se s 01' t his study. 

The cooperat ion a.nd assi stanc e of the staff of the Fluid Mechanics 

Laboratory, e spe cially t hose of W.A . Hewitt. are very much a ppreciated. 

The au thor is also greatly indebte d to E. Henders on and M.M. Lincoln 

for their help in the preparation of this m~~~9cript . 

87 



REFERENCES 

1. Anderson, A. G. "Characteristics of Sediment Waves Formed by Flow 
in Open Channels", Froc. Tnird Midwes tern Conference on Fluid 
Mechanics, Univ. of Minnesota (1953), pp. 37 9-95. 

2. Bagnold, R.A. "Motion of Waves i n Shallow ~ater", Froc. Roy. Soc. 
London, vol. 187, series A (1946), pp. 1-15. 

3. Beach Erosion Board.. "A Summary of Theory of Osci llatory Waves", 
Corps of Engineers, U.S. Army, Tech. Report no. 2, Wa s hington: 
Government Printing Office (1942). 

4. Blasius, H. '"Ueber die Abhan gigkei t del' Formen del' Riffeln und 
G3schiebe1:t!nke von Gefl!lle", Zeitschr. f. Bauwesen,. vol. 60 (1910), 
pp. 466-72. 

5. Boussinesq, J. "Theorie de L'ecoulement Tourbillonnant et Tumul
tueus des Liguides". Paris: Gauthier-Villars et Fils, Imprimeurs
Libraires (1897). 

6. Bucher, W.H. "On Ripples and Related Sedimentary Surface Forms and 
Their Paleogeographic Interpretation", Amer. Jour. of Science, vol. 
197, sere 4 (1919), pp. 149-210; 241-69. 

7. Chang, Y.L. "Laboratory Investigation of Flume Traction and Trans
portation", Trans. Amer. Soc. of Civil Engrs., vol. 104 (1939), 
pp. 1246-1313. 

8. Cornish, V. "On the Formation of Nave Surface ~ in Sand", Scottish 
Geogr. Mag., vol. 17 (1901), pp 1-11. 

9. Dn:vis, J.M. IIAerodynamics of Golf Balls", Jour. Appl. Physics, vol. 
20, no. 9 (1949), pp. 821-828. 

10. Du Boys, P. "Le Rhone et les RiviE1re s a Lit Af f ouillable", Annales 
OOS Ponts et Chauss~es, vol. 18, series 5 (1879), pp. 141-95. 

11. Einstein, H.A. It'Formula s for Transportation of Bed Load", Trans. 
Amer. Soc. of Civil . Engrs., vol. 107 (1942), pp 561-73. 

12. Einstein, H.A. "Bed-Load FUnction for Sediment Transporte.tion in 
Open Channel Flows", U.S. Dept. Agic., Soil Conservation Service 
Pub., Tech. Bul. no. 1026 (1950). 

13. Exner, F .M. "Ueber die Wechselwirkung zwischen Nasser und Geschiebe 
in Flussen" Akad. d. Wi s s., Wien, Sitzungsber, Math-Natur., vol 134: 
2A (1925), pp. 165-203. 

14. Gilbert, G.K. "Trans ortation of Debris ivater" , U.S. 
Geol. Survey Prof. paper no. 86 

88 



15. Goldstein, S. -Modern Developments in Flui d 
Oxfords Clarendon Press 1938, vol . 2. 

amics", 1st·. Ed. , 

16 . Jeffreys, H. nOn Transpol'.tation of Sediment by St ream" , Froc . 
Cambridge Phil . Soo. , vol. 25 ( 1929 ), pp 272-76 . 

17. Johnson, J. W. "Laboratory Inves ti ga tion of Bed-Load Transportation 
and Bed Roughness" , U.S. Dept. of Agri c., Soil Conservation Servi oe 
Teoh. PUb. no. 50 (1943). 

18. Kalinske , A.A. "Cr iter ia f or Det ermining Sand Trans port by Surface 
Creep and Saltation". Trans. Amer. Geophys. Uni on, Part 2 (1942 ), 
pp. 639-43. 

19. Kalinske. A.A. '"Movement of Sediment as Bed-Load in Rivers". Trans. 
Amer. Geophyso Union. vol. 28 (1 947) , pp. 615- 20. 

20. Lamb» H. "Hydrodvnamics~, 6th Edition, New York: Dover Publications 
(1945). 

2L Li . Huo'n . "Stabil i t of Oscillator Laminar Flow Alon 
U.S. Dept. of Army, Beach Erosion Boar d Tech. Memo . 

22. Mac col1, J.W. nAerodynamics of a Spinning Sphere", Jour. Roy. Aero. 
Soc • • vol. 32 (1928) . pp. 777-98. 

23. Prandtl. L. IIUeber die Au s gebildete Turbulenz". Zei t ach. f. Angew , Mat h. 
u. Mech • • vol. 5 (1925) pp. 136-53 ; Verhandlungen de s 2 . Interna
t ionalen Kongresses f Ur Technische Mechanik, ZUrioh (1'926 ~ pp. 62- 74. 

24. Prandtl. L. "Mechanic s of Viscous Fluids-"T. 'Durand , W. F. (edit.), 
Aerodynamic Theory. vol. III, Berlin : Springer (1935), pp. 34- 208. 

25 . Rouse, H. "Elementary Mechanics of Fluids" , New York: John Wiley 
and Sons . (1948). 

26. Rubey, W.W. "Force Re ui red to Move Partioles on a Stream Bed", 
tr.S . Gaol . Survey Prof. paper no. 189-E 

27. Shields, A. "Anwendung der Aehnlichkeitsmechanik und der Turbu1enz
Forsohung auf die Geschiebebewe gung" , Mitteilungen der Preuss i schen 
Versuchsanstalt fur Wasserbau und Schiffbau, Berl i n, Heft 26 (1936 ). 

26. Sohliohting, H. "Boundary Lay~r Theory - Laminar Flows", Nat. Adv . 
Corom. f. Aeronautics , Tech. Memo. no. 1217 (1949). 

29 . '1hom, A. lIExperiments on Air Forces on Rotating eyl'i nders·, Aero. 
Res. Comm. (Gte Bri tai n ) , Reports and Memo. no. 1018 (1 926). 

30. Tsubaki, T. , Kawas umi, T. and Yasutomi , T., "On the I nf luence of 
Sand Ripples upon Sedi ment Transpor t in Open Channels", Res . l nst. 
for Applied Mechanics , KyUshu Univ., Japan, vo l . 2 (Dec. 1953) , 
pp . 242-56. 

89 



31. von Kumn, Theo, Malina, ,.J. , and Summerf ield, II. , IIlbrmat10n ot 
R;1pples on Wind Blown Sand SlU"1"'aoe,-, U.S . Dept .. of Agr i oulture Soil 
Conservati on Servioe, Calif. Inst-. ot Teohnqlogy (1940), (unpubli shed} 

32. von Karman, Thea. "Sand Ripples in Desert", Teohnion Yearbook ( 1947~ 
pp 52-4. 

~3 . White , C.II. "Equi librium of Grains on Bed of a Stream" , Proo. Roy. 
Soo. London, vol. 174, sere A (Feb. 1940), pp. 322-228. 

34. Wie~l, R.L. , and Johnson, J.W. -Elements of Wave !heorr- in J • •• 
Johnson < edi ~) Coastal Engineeri ng, vol. 1, Berkeley, Calif.6 
Counoil on Wave ·Researoh, UniT, of_ g&lir~( 1950), pp 5-21. 

36. Wie~l, R.L. "Waves , Tides, Currents and BeaQhes: Glossary of Terms 
and List of Standard Symb ols" Berkeley, Calif. ; Counoil on Wave 
Researoh. UniverSity of Calif. (1953 ) 

36. Wie~l, R.L. " Gravi ty Waves, Tables of Functi ons", Berkeley, caUf.: 
'Counoil on Wave Researoh~ University of Calif. (1954). 

Sediment Transport Caused by Shallow Nat er Waves 

37. 

38. 

39. 

40. 

41. 

Beach Erosion Board,"rnterim report. April 15. 1933," Corps of Engrs. 
U.S. l .. rmy, Washington, (1933) See Fig. 5 and paragraphs 3/4, 3/35 and 
3/36. 

" Beach Erosion Board, A Study of ProgreSSive Oscillatory Waves in 
water", Corps of Engrs. U.S. Army, Technical Rfipbrt No.1, 'liashington 
D.C.(1941) pp 15-8, 24-5, and 27. 

Beach Erosion Board, "The Mechanics of Deep Water. Shallow Water. tl,nd 
Breaking \Waves" Corps of Engrs, U.S. Army, Tech. Memo, No. 40, 
Washington D.C. (195~) pp. 12. 

Einstein, H.A. "Der Geschiebetrieb als Wahrscheinli chkeit s prOblem" 
Zurich; Verlag Rascher & Co. (1937) pp 59 and 62. 

Munk, W.H. "The 30li tary Wave Theory and its Applications to Surf 
Prcblems" Annals of the New York Acad . of Sci. vol. 51 (1949), pp 396 

-401. 

42. Daily, J.ii. and Stephan S.C. "Characteristics of Solitary Waves" Froc. 
Amer. Soc. of Civil Engrs. Vol. 77, Ssparate No. 107 (1951). 

43. Grant, U.S. "Waves as a Sand Transport ing Agent", Amer •. TOJlr. of 
~ Vol. 241, (1943) pp. 119. 

44. Russel, R.C.H. and Macmillan D.H. " Waves and Tides", New York; 
Hutchinson's Scientific and Technical Publications (1952), pp. 116. 

90 



APPENDIX I. 

PRAC TICAL APPLICATIONS 

The re~ative motion between water and the solid bottom due to the 

action -of s urface wave s was obtained in the laboratory by oscillating a 

layer of sediment in still water with the range and amplitude as computed 

by wave theory, using typical values of heights and periods of waves 

under prototype oonditions. With the equation of motion of water at the 

interface, Equation (9), Chapter II, 
, -f3z Q 

u = W Q. b e sin ( w "t - fJ Z ) , 

it was found that the initiation of t urbulenoe and the motion of sediment 

through all its phases , whether as a r~sult of uniform shear in laminar 

flow or lift force in turbulent flow in the boundary layer, were functions 

of the maximum velocity, wa~, of the bed during its travel, where, it 

will be reoalled, a~, under prototype conditions, represents the semi-

orbital amplitude of motion of water particles under the action of sur-

face waves, and w represents the angular velooi ty of motion of water 

particles. 

'!hus from Equa·tion (6), Chapter II, 

J:...- H 1 
a~ = ~ sinh 2 7T d IL' 

and w = 2 7T IT 

The maximum velocity of the bed can be expressed as a function of 

the character of surface waves as follows: 

or 

lio = w Q.b' = 7T 1L 1 T sinh 2 7T d I L 

H = 7T L 00 
c 

Co 
1 

sinh 2 7T d IL 
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since t = CT, C = 5.12 T tanh 2 7T d/t,and Co = 5.12 T. 

Equation (40) can be used to determine the oriteria of initiation 

of turbulenoe and 'of various phases of motion of sediment in the boundary 

layer in t erms of the character of s urface waves . 

a) Initiation of Turbulence at the Bottom 

1. Smooth boundary 81 1(; > 30 : It was found in Chapter IV that at 

a smooth boundary, t he Reynolds number of transition from laminar t o tur-

bu1ent flow in t he boundary layer is The criter ion 

of this condition in terms of the character qf surfaoe waves can be ob-

tained from Equation (40) and R8 as , 
Z/ 1/2 -3 T 312 

( H/L) = 16 x 10 -c-os---:h~2-7T~d-:-/L=- ( 41 ) 

At various values of T. Equation (41) is plotted in Figure 24 with d/t 

as the abscissa and 
V

l/2 

( H IL ) as the ordinate. Figure 24 represents the 

criterion of initiation of turbulenoe at a smooth bottom in terms of the 

character of surface waves. 

2. 'Transi tiona l , ( 30>8/(;>18.5) and rough ( 81/(; < 18. 5) 

boundariess With a transitional boundary, the Reynolds number of tran-

sition from laminar to turbul ent f l ow was found to be (see Chapter IV) 

R - w a.b
l 

E 
E - 11 = 104. 

Substitution of Equation (40) in the above equation results in 

(H/L ) 
CI T 

- cosh 2 1T d I L ,where 01 = 15.5xlO-2 • (42) 

In a similar manner, with the Reynolds number of transition at a rough 

boundary. - 1.78xl04, and Equation ( 40) , 

the criterion of turbulence at a rough bottom, in te rms of d/t and H/t 
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FiO. 24 - INITIATION OF TURBUL ENCE ON SMOOTH 
BOTTOM IN TERMS OF CH AR ACTERIST ICS OF 
SURFACE WAVES, d/L AND H/L 
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can be described by 

1/ EO.2 

(H/L ) 
= T 

cosh 2 1T d / L 
, where C2 = 9.05xlO- 4• (43 ) 

At various values of T. both these conditi ons are represented i n Figure 25. 

with 
1/ E -I 

(H I L ) 
(transitional boundar y), and 

v l"°·2 
( H 11 ) 

(rough 

boundar y) plotted against d/L. To obtain the criterion of init i a tion of 

turbulence at a transitional boundary. it is ne cessary to multiply the 

ordinate. 1/ ,,- -I 2 
<: 1 10- • ( H IL ) • by 5. 5 x 

1/ E -Q 2 

( H 11 ) ' by 9.05 x 10- 4 will Similarly. multiplication of the ordinate. 

give the criterion of initiation of turbulence at a rough bounda~y. 

b) Motion of Sediment at the Bottom 

1. In a laminar boundary layer . It was found in Chapter IV and 

Figures 14 and 15 that the criterion of initial and general motion of 

sediment can be described by the equation 

W - e' 
[ 

(Ps - Pf) g D ta.n 8 ]2/3 - J 

Qb' Pf 1/
112 (44) 

where C' = 0.159 at initial motion. 

and C' = Q.l8 at general motion. 

It can be shawn that with Equations (40) and (44) these motions can be 

expressed in terms of the character of surface waves as 

[
(Ps -Pf) gDta.n B J _1_ -= ell 

P 1/ 112 (HIL) cosh 2 1T d IL 
, 

(45 ) 

where C" = 638 at initial motion, 

and C" = 523 at general motion. 

Figure 26 represents this condition with 
r (Ps -Pf )gD tonB ] 
L P Z;112 ( H IL ) 

plotted against d/L at various values of T. The criterion of initial 
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11 iO.2 T 
( H I U = C2 cosh 2 .". d/ L 

To obtain criterion for initiation of turbulence multiply 
- I 

the ordinate r ~ IU by 15.5 _~.lt2 for transitional 

boundary and the ordinate rHE/U by 9.05 x 10-4 

for rough boundary. 
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Fig. 25 - INITIATION OF TURBULENCE IN TRANSITIONAL 
AND ROUGH BOTTOM IN TERMS OF CHARACTER
ISTICS OF SURFACE WAVES, d/L AND H / L 
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Note: Equation used -

To obtain criterion for motion of sedi 
ment multiply ordinate by e" = 638 for 
initial motion and ell = 52 3 for general 
motion . 
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Fig. 26 - MOTION OF SEDIMEN T IN LAMINAR BOUNDARY 

L AYER AT BOTTOM IN TERMS OF CHARACTER
ISTICS OF 'SURFACE WAVES , dl AND H/L 
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motion can be obtained by multiplying the ordinate by C" • 638 and 

that of general motion by multiplying the '1rdinate by C" = 523 

2. I n a turbulent boundar y layer . As was shown in Ch&pter IV and 

Figures 17 through 23. ini tial and general motion of sediment and 

initiation, various s tages of development, and disappearance of ripples 

can be described as functions of the dimensi onless function. tIl. 

representing intenSi ty of lift on the particle. With Equation (40) and 

the f.unc ti on , 

= C III J 

an equation of the form, 

( )0.4 0.4 0.2 nO.2 
Ps - Pf q v = C fIIl ___ T __ _ 

cosh 21T d/L ( H IL ) 
, ( 46) 

can be obtained to represent these phenomena as f unct ions of the ohar-

acter of waves. The constants C'" and C"" have the numerical values 

C' " • 7.45 Olfft : 2.162, at initial motion of sediment, 

C' " = 8.20 ; C"" - 1.965, at general motion of sediment. 

C' " - 9.23 J 0"" a 1.745, at initiation of ripples, 

o '" = 12 • 50 ; crt"~ • 1.29 , at maximum steepness of ripples, 

and C'" = a).90 J 0"" = 0.777 at disappearanoe of ripples. 

The criteria of these phenomena in terms of surface waves can be obtained 

from Figure 21, where at various values of T, a plot of 
[ (Ps - Pf )0.4 qO.4 V O•2 nO.2 J 

(H/L) against d/L is shown. The criterion of 

each of the various phenomena described 

obtained by multiplying the ordinate, 

above in turbulent flow can be 
(ps-Pf)O.4 gO.4 V O.2 nO•2 

H/L 

by the corresponding value of C"" given above. 
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Sediment Transport Caused by Shallow Water W~ves 

From the equation of motion of the f luid particles under the solitary 

waves (Equati on 38b. Section a ). the maximum velocity of the fluid p~r-

tio les at the bottom can be writ ten as 

Uo 
7]1 max 

C d = o ..lL 
d 

(38m) 

Substitution of Equation 38m in Equations 38f and 38g results ~n expres sions 

of the rates of transport of sediment and the velocity of movment of ripples 

in terms of the maximum hei ght. H • of the waves and the depth, d. of wat er . 

Fig. 28 is obtained from such a relationship. It shows a plot of G and 

Ur against Hid at various values of d. To obtain the rate of sediment 

( / / ) . 8 6.90 transport dry weight in lbs sec ft • divide the ord1nate by 3. 16 x I • 

where 
(Ps -Pf)0.4 g0.4 110-2 0°·2 

PfO.4 

Similarly, to obtain the rate of movement of ripples (rt/sec) use the re-

lationship Ur = 0.110 G 2/3. 

Figure 2P is applicable only with solitary waves and waves in shallow water 

at depths greater than 25 ft. 
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FlO. 27 - MOTION OF SEDIMENT IN TUR BULENT BOUNDARY 
LAYER AT BOTTOM IN TERMS OF CHARAC
TERISTICS OF SURFACE WAVES, d/L AND H/L 
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Fig. 28 - TRANSPORTATION RATE (G) OF SEDIMENT AND VELOCITY 

(u.) OF MOVEMENT OF RIPPLES IN TERMS OF SURFACE 

WAVE HEIGHT, H, AND DEPTH, d, IN SHALLOW WATER 

100 



APPE 1'1) IX I I 

Tables of Data j<'rom Experiments 

TABU 2 

T!lANSITION FEOH LAl a NAR TO TUHflUU;NT FLO') IN 

DOUNDAHY LAYi!:R 

Glass beads Sand 
tiori- E =0. 00077' (o.235mm): s p .gr.~2.49· E = 0.00138' (0. 42lrnm) ; 81) .gr..2 • 56 • 
zontal water d0pth ~ 1.90', . water i!opth=1.90'. 
dis- v of w~ter = 0.9 9xlU-5ft 2jsec, v of vra t e r =0.99xl0-5ft 2jsee. 
place- flt 7 5()F. at 75°F. 
mont. Angular 8 Linear 

velocity wlv x 10- velocity WOb' E WtOb' ~ w wlv X 10-l! WOb' 
web' E wi oil ~ 

ab' w WOb' -v- "'V'72 E -v-7'2 E 
(fl.) ( rad/sec.l ('1r1.2 ) ( ft.lsec.) (rad.lsec.l (1/ft.2) {fUsee'> 

1.917 0.407 0.411 0.7ll0 61 390 41.6 0.374 0.378 0.716 J 00 373 33.5 
1. 583 0.641 0.64Cl U.015 97 403 33.2 0.523 0.528 0.828 115 364 
1.250 0.885 0.894 1.1U5 p(, 374 0.588 0 .594 0.735 102 304 
0.917 1.495 1.510 1.;-72 107 357 u.Cl02 0.810 0.735 102 261 
0.583 2 .• qo 2.~C)S 1.440 112 291 1.265 1. <'78 0.738 103 208 
1. 750 0.500 (,.505 0.875 (,8 393 37.5 o. t~08 0.413 0.714 99 350 
1.417 0.675 0.(,82 0.956 74 370 32.4 0.506 0.511 0.718 100 321 
1.083 1.083 1.094 1.175 92 360 0.775 0.783 0.840 117 303 
0.750 1.725 1. 742 1.292 10l 313 1.047 1.057 0.785 lU9 244 
0.417 3.130 3.160 1.310 102 235 1. 765 1. 783 0.735 102 17(, 
1. 843 0.503 0.5u8 0.925 ~~ 413 0.381 0.385 0.700 98 358 
1.500 ('..748 0.75(, 1.120 413 30.7 0.506 0.511 0.760 106 334 
1.167 1.030 1.040 1.202 93 37(, 0.668 0.(,75 0.780 )OQ 303 
0.834 1.531 1.548 1. 278 99 327 0.831 0.839 0.693 97 241 
0.500 2.(,70 2.700 1.335 104 260 1.655 1.672 0.828 115 204 16.0 
1.667 0.610 0.(,16 1.015 79 414 0.473 0.478 0.790 110 364 
1. 334 0.822 0.Cl30 1.098 e5 388 29.4 0.596 0.602 0.79b 111 327 
1.000 1.320 1. 332 1.320 102 3(,5 0.U05 0.813 0.805 112 285 
0.6(,7 1.86e 1. e85 1.247 97 290 1.192 1. 204 0.797 111 232 18.75 

wab' (for averal;e a~= 0.50-1.25) a 1. 370 wab average = 0.762 

Glass beads ....1§.ruL 

Obi 
E = 0.002U' (U.610mml; sp.gr.=2.54 . E=0.00258' (0.786mm);sp.tr.:2.(,3. 
water denth = 1. 90 '. . water depth = 1.90' •. 

(ft.) vof water - 1.04xl0-5ft 2jsec. v of water =-1.014xl0- 5ft 2jsec. at 
at 71°F 73°F. 

1.917 0.327 0.325 0.(,27 121 339 18.30 0.287 0.283 0.551 140 322 
1. 583 0.4)3 0.416 0.658 132 323 0.339 0.334 0.537 137 289 
1. 250 0.568 0.546 0.710 136 291 0.407 0.401 0.508 129 250 
0.917 u.660 0.635 u .605 11(, 231 0.524 0.516 0.481 122 208 
0.583 1.008 0.970 0.5ClCl 113 182 0.966 0.952 0.563 143 180 
1.750 0.365 0.351 0.638 123 32~ 0.317 0.312 0.555 141 309 
1.417 0.45~ 0.437 0.(>45 124 29 0.432 0.426 0.612 156 291 
1.0e3 U.(,2 0.604 0.682 131 266 0.5l4 0.,06 0.S57 142 244 
0.750 0.905 0.870 u.678 130 221 0.731 0.720 0.548 139 201 
0.417 1.462 1.408 0.612 118 157 1.440 1.419 0.(,02 153 157 
1.834 0.392 0.377 0.718 138 355 <18 . 5 0.288 0.284 0.528 134 309<18.5 
1. 500 0.443 0.426 0.655 12(, 310 0.444 0.437 0.666 170 314 
1.1(,7 0.502 0.483 0.58(, 113 256 0.455 0.448 0.531 135 247 
0.834 0.678 0.(,52 o .56(, 109 212 0.654 0.644 0.546 139 211 
0.500 1'.194 1.148 0.597 115 169 1. 281 1.261 0.630 160 178 
1.667 0.413 0.397 0.688 132 332 0.311 0.306 0.518 132 291 
1. 334 0.565 0.544 0.753 145 310 0.336 0.331 0.448 113 242 
1.000 0.(,38 0.614 0.G38 123 247 0.546 0.538 0.54(' 139 232 
0.667 1.047 1.007 0.(,98 134 211 0.982 0.9b7 0.655 167 207 
0.334 1. 9G5 1.910 0.664 127 146 7. 4 5 1.586 1. 563 0.530 135 132 

wab (avero.ce ) = 0.652 wa' (averal!.e) = 0.556 
b '--
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TARL3 2 oontinued 

TRANSITION FROM LAMINAR TO TURBULENT FLOVI IN BOUNDARY LAYER 

..f3AU ~ 
Horl- E - O.OO.H ' (1.0ubmm)ep.gr •• 2 .60. • ~0.oo60t( 1. 829rnm). sp.gr. •• 2.60 . 
zonta1 water depth - 1.90 ~ wehr depth - 1. 90'. • 
dis"- II of water-l .00x10-5t t 2/a6o. II of water - L02x10-.5tt2/ a6o. 
p1aoe- at 74oF. at 74OF. 
ment An9uIar Lilt« 
a' velocity 

wlll.IO 
velocity ~~ ~ fII fIIIIIX 10 fII o,l ~~ .!. b fII' (&lab' " II 

E JI II • 
CftJ (nldJlICJ WftR) (fUsee.) lrad.1Mc.) (lIft.t) Cft.lseeJ 

1 . 917 0.279 0.279 0. 535 176 320 - - - - - -
1.583 - - - - - 0 .33~ 0 . 332 0.537 316 289. 
1. 250 - - - - , . 0. 39 0.390 0.49Z 292 246 
0.917 - - - - - 0.596 0 .585 0 .54 322 221 
0 . 583 - - - - - 0 . 962 0.942 0.561 330 179 
1.750 0. 299 0.2 99 0.52 3 173 , 02 0. 292 0.286 0.512 '00 296 
1.4.17 0.385 0. }8, 0. 546 180 277 0. 395 o.'?? 0.560 329 278 
1.083 0.492 0. 492 0. 535 176 240 0~4.56 0. 447 0 . 495 291 279 
0. 750 0.679 0.679 0. 509 168 195 0.698 0.685 0.523 308 196 
0.417 1.120 1.120 0.466 154 139 - - - - -

. 834 0.301 O.}Ol 0.553 183 318 <18.'1 0.2l3 0.268 0 . 501 294 300 < 18. 5 
1. 500 0. 364 0 . ,64 0.54§ 180 285 0 .3 9 0.,62 0.554 '26 285 
1.167 0 .462 0.462. 0 . 53 178 250 0.466 0 . 457 0.543 320 249 
0.834 0.638 0 .638 0. 532 175 210 0.,66 0 . 555 {J . An ?78 196 
0. 500 . 015 . 015 o. 5°l 167 159 1.042 0 . 022 0.521 306 1 0 
1.66'1 0.340 0.340 0.56 18l 307 0.28b 0.2'15 0.46~ 274 275 
1.334 0.400 0.400 0 . 534 17 26(, 0.359 0 . 352 0.47 282 250 
1. 000 0. 502 O .~2 0. 502 166 223 0 . '123 0.513 0. 523 308 226 
0.667 0. 7;0 0.'150 0 .500 16, 183 0 .. 726 0. 712 0.484 285 178 
0. 334 1.371 1.371 0.458 151 124 1 . 451 1.422 0 . 485 285 126 

wa~ (ave rage )- 0.530 ",a~ (average )-0.514 

~and8 .... 0.0065' 1. 9 lrun) sp.er •• l-.63 
Obi vl8ter depth -1.9C' 
(ft ~ II of water _ 1. 02 ;x10-5ft 2/S60 

at .12oF 
1. 917 0.2'7 0 .231 0. 455 288 291 
1.58, 0.269 0 . 262 0. 426 270 257 
1.2;0 0. 398 0. 388 0. 497 315 247 
0 . 917 0.454 0. 443 0.427 270 193 
0 . 58, 0. 698 0.681 0.407 258 152 
1.750 0.278 0.271 0 . 48.6 308 289 
1.417 0 .332 0.324 0 .471 2?8 255 
1.083 0.43:5 0.422 0.470 298 223 
0.750 0. 561 0.546 0. 421 267 175 
0.417 1. 210 1.180 0 . 504 31§ 144 < 18.5 
1.834 0. 231 0 . 225 0. 424 26 16, 
1. 500 O.2~6 0. 26 9 U.414 262 247 
1.167 0. 4 3 0.4Z1 0.563 35l 25) 
0.834 0.,81 0. 5 6 0 .484 30 198 
0 . 500 0. 965 0.94.2 0.482 305 ~53 
1 . 667 0.281 0.274 0.468 297 276 
1. ,34 O.34Z 0. 338 0.46} 294 245 
1 . 000 0.4l 0. 464 0. 476 302 215 
0.667 0.6 8 0.652 0.446 282 171 
0.334 1.395 1. ~6 0 0.466 295 124 

fIIat (average)-O.46} 
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TF.BLF .3 

I NI TIAL l_.OVEMENT OF SBDIM.l!;NT IN LAMINAR BOUNDARY LAY.l:!ll 

Note: AU motion occurred in a boundary layer where 01 / E > 18.5 
i 

Gl ass beads Sand I 
I DSO ~ 00 00077 (0 .235 rum) D50 • 0.00092' (0.280 nun) 

Horiz o Water depth ~ 1.90 1 Water depth = 1.90 1 

Displace- v Q 1.05 x 10-5 ft 2/sec v • 1.00 x 10-5 ft 2/sec 
ment ~a 2.04 x 10-5 Ib- sec/ft2 ~= 1.94 x 10-5 Ib-sec/ft2 

(fto) I 
at 70° F; sp. gro '" 2.49 at 740 F; sp.gr. ::: 2.65 

ab i 8 · 45° 8 = 45° 

w D~o x 10 4 5:!l..... X 104 8, W D~ X I0 4 ~X104 ~ 
(rod/sec) 0 D M, E (rod/sec) OD M, E 

2.000 0.433 3 .85 7.23 4L5 0. 571 4. (fJ 8 . 67 29.6 
J 1. 750 0.5J....6 4.40 -9. 10 0. 655 5.26 9.94 I -

G. 690 5.77 11. 50 0.743 6.90 1l.28 ! 1.334 
1 . 000 0. 821 7.70 13 . 68 0.926 9.20 14.05 
0.417 1.543 18. 5 25 .7 1.805'* 16.7 
0.334 1. 714 23.1 28 .6 20. 9 2.020* 15.7 
1. <;117 0 .511 4.01 8.51 0.588 4.80 8.93 
0. 667 1.0 200 11.56 20 .0 1. 330 13.80 20.15 19.4 
1. 250 0. 740 6.16 12.35 0. B25 7.36 12.53 
0.911 0 .923 8140 15.36 1.042 10.04 15.B3 
0. 583 1 . 255 13.2 20.9 1.420 15.75 21.55 
1.834 0.556 4.20 9.26 0.610 5.02 9.27 
1.500 00641 5.13 10. 67 0.721 6.13 10.95 
l.167 00739 6.60 12.3 0.860 7.88 13.05 
0.834 0.996 9.25 16.56 1.105 11.03 16.78 
0.500 1.415 15.40 23.6 1.570* 17.9 
1.667 0.556 4.62 9.27 0.667 5.52 10< 1 

0.750 1.020 10.25 17.0 1.270 12.25 19.26 
1.417 J.698 5.43 11.64 0.757 6.48 1l.48 
1.583 0.583 4.86 9.73 1 0.678 5.82 10.28 
1.083 0.785 7011 1].06 I 0.905 8.48 13.75 

V ~ kinematic viscosity (ft2/sec) 
[ ( es - e tl 9 ton B ] 2/3 

MI = 
~ - dynamic viscosity (lb-sec/ft2) Pf 

* Motion in turbulent flow 
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TABLE 4 

GENERAL lw;OVEllENT OF SEDIMENT IN THE LAMINAR BOUNDARY LAYER 

Note~ All motion occurred in a boundary layer where 81 IE > 18.5 

Sand Glass beads Sand 
050 /iii O.000483! ~.14 7rwn) D50 ... 0.00077' (0.235mnY D50 ... 0.00092 1 (U.280JnuV 

Horiz. Woter depth - 1.90 ' Water depth .. 1.90' Water dept h - 1.90' 
Dis- 1/ .., 1. 013xlO~.5 f t 2/sec 1/ "" L05xlO~5 Ib-sec/ft2 1/ - 1.00xlO-5 ft 2/sec 
p1ace- fL'" L 97xlO~5 Ib-sec/ ft2 I fL" 2. 0L..xl0- 5 .. Ib -sec/ f t2 fL~ 1.94x10- 51b-sec/ft2 
ment at. 73° F; sp. gr . ... 2.65 at 780 F; sp . gr . - 2.49 at 74° Fj sp.gr. - 2.65 e ... 4,)0 e oW 45° e .. 45° 
ab ' 

w Q~ x 10" 5!L X 104 8, 
W D~ )(104 ~ xlO' 8, w D~ xlct 5!L xl04 8, 

(ft) ( rod/sec) 0b M, E (rod,secl 0b M, E (rod/secl 0b ~J1, E 

2. 00() 0.416 2.42 6.33 66.2 U.4% 3.85 8.17 39.1 0.625 4.60 9.48 28 .) 
1 .750 0,,550 2076 8.38 

. 
0.647 4.40 10.77 0. 688 ? 26 10 .45 

1.334 0.620 3.6) ':1045 0.785 5. 7 7 13.08 0.1:348 6.90 1;': .86 
LOOO 0.825 4.83 12.56 0.981 7.70 16 .35 1.015 9.20 15.4 
0.417 1.460 11.62 22.25 L712 18.5 28 .5 1.955* 16.0 
0.334 1.565 14.50 23.9 34.1 L962 23.1 32 .6 19.5 2.190* 15.1 
1.917 0.486 2.52 7.41 0.628 4.01 10.46 0.60) 4.80 9.17 
0.667 1.140 7.26 17.35 1.345 lL56 22. 45 11.375 13.80 20 .85 
L250 0.713 3 .87 10.86 0.816 6. 16 13.6 0.861 7.36 13 .05 
0.917 0.926 5. 28 14012 1.012 8.40 16 .85 1. 085 10.04 16.45 
0.583 1.258 8. 28 19 016 L395 1302 23.3 1.490 15.75 22. 60 
1. 843 0.573 20 68 8.76 0.604 4.20 10 005 0 .642 5.02 9.73 
1.50C 0.675 3. 22 10.28 C.756 5013 12.6 0 .753 6.13 11.43 
L167 0.707 4.1h 10.7.5 0.911 6.6C 15.18 0.910 7.88 13. 83 
00834 0.898 .5.81 13.65 1.141 9.2.5 17.35 1.160 11.03 17.6 
0.500 L 257 9 . 67 19 . 45 1.530 15.40 25.5 1.640* 17.4 
1.667 0.588 2.91 8.98 0.609 4.62 10.3 0.700 5.52 10.62 
0.750 00968 6.45 14,·75 L141 10.2.5 17.35 1.315 12.25 19.95 
1.417 0.634 3 • .41 9067 00815 5.43 1.3.56 00828 6048 12.55 
1.583 00621 3006 9047 0.641 4.86 10.67 0.698 5.82 10.6 
l.083 00785 4.47 11..95 0.897 7.11 14.94 0.985 8.48 14.95 

// ::, kinematic vi scosity (ft 2/ sec) 
M - [iP5.:J!} 1 9 Ion 8 J 213 

fL ", dynam:Lc viscosity (lb-sec/ft2) 
1 - Pf 1/, 12 

i 
* Motion in t urbulent flow 
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TABLE 5 

INITI AL MOVID.~NT OF SEDD:3NT IN TURBULENT BOUNDARY LAYER 

Note: All motion occurred in a boundary l ay er where ~ < 18.5 • . 
Glass be ads .§..an~ E..an~ DWO.OO~g, (1.829mm). 

Horiz. 
~~:O.OO20'(O.8IOmm D5~0.OO2S81(0.786mm} DSO=O·OO33'(1.00&mm) 

fir depth -I. 90' ~ wa r depth-I.90' . water depth -l . 90' . ...ter depthd.90 1• 

Dis- V=1.ogxl0-Sft2/eeo. v .1.013xio-6tt2/ •• ~ v= 1.OOxlo-5rt2/.eo v·l.026xlO-6ttZ/ •• ~ 
pla ce- at 70 F. ,sp . gr.2.66 at 730P.,sp.sr.2.ea . at 14oF.,8p.gr.2.80 at 720 P., ,p.gr.2.60. 
men t 
a'6 AnQUlar Velocity velocit y 

Wa' w WO~ w Wa' w Wall 
(ft) w 

(ftlsec.~ b 
(rad.{~ecJ {rad./sec.l (fUsee.! (rad.~) (fUsee.) (rod.lsee.) {ft.lsee.l 

2 .000 0.4~2 0.9&4 - - 0 . ~20 1 . 24Q 0 . ']70 1.~ 4U 
1. 750 0. 566 0 . 990 0. 665 1. 161 c. 65 5 1.146 0 . 832 1.45 5 
1. 500 0.672 1. 010 0.776 1.166 0. 780 1. 17C 0 . 963 1.445 
1. 250 0 .837 1. 045 0. 872 1. 090 - - 1.120 1. 400 
1.COO 0.960 0.960 1.065 1. 065 1.070 1.070 1. 370 1.370 
0.7 50 1. 268 0. 95 1 1.368 1. 023 1. 415 1.060 1.645 1. 234 
0.500 1.608 0. 904 1. 970 0. 985 2.030 1.015 2 . 300 1.150 
1 .917 0. 52 5 1.005 0. 601 1. 151 0.616 1.180 0.800 1.532 
1. 583 0 .661 1.048 0. 122 1.142 - - 0 . 926 1.468 
1.167 0. 89'7 1. 044 0. 861 1. 011 0.954 1.112 1.162 1. 358 
0 .834 1.] 73 0. 980 1.255 1. 048 1. 288 1.072 1.490 1.242 
0.583 1. 530 0.968 1. 755 1. 022 - - 2.100 1.222 
1. 834 0. 571 1.046 0. 636 L.168 · 0.650 1.192 0.801 1.468 
1. 417 0. 736 1.041 0.762 1 . 080 0.823 1. 166 0 .925 1. 310 
1. 083 0.8 61 0.93 3 0 .950 1. 030 1.0L2 1. 09 0 1.230 1.335 
0 . 667 1.410 0.941 1.520 1. 012 1.610 0 .07 2 1.830 1.220 
1. 334 0.777 1. 037 0 .785 1. 048 0.855 1.140 1.040 1. 388 
0.917 1.122 1.030 1.110 L Ola - - 1. 350 1.238 
1.667 0.631 1.051 0 .642- 1. 068 0 . 723 1. 202 0.828 1. 380 

wa~ (ave. ; 1.00 Wa~( ave. )1. 072 wa~ (ave. )1.129 Wo~ (ave.) 1.355 

Sand Polyy1~l ohloride • Pol~8t~.n. 2ellet: Note s 
D5~:0.OO65'(1.98~ Equiy.d1a. 0. 0101' Equly. dla. 0.0104' * ". 3 .17 mm. 

Obi wa er depth-l.r- t • 1I\lwr depth-l.90'. water depth -1. 90 I. 
V:l.025xlO-5rt /8e~ II IIOl. 00:r10-6ft2/no. V .0.99z10-5rt2/le~ 

(rt. ) at 12oF,'8p.gr.2.~ at 74.°'. J.p. g;r. l . 2B. at 150F. J'p. gr. 1. 062. 

2.000 - - - - - -
1. 750 0.83 0 1. 452 0 . 464 0 .812 - -
1.500 0.931 1. 396 0. 537. 0. 806 

0.550(1)0.;29 (1) 1.250 1.075 1. 34 5 - - ( 1) ab = 0.417 
1.000 1.385 1.385 0.796 0.796 0.330 0.330 
0. '75 0 1.742 1 .306 - - 0.366 0.275 
0.5 00 2. 575 1.28e - - '0.503 0.251 
1.917 0 .736 1.410 0 . 442 0 .846 - -
1.583 0.85 0 1. 345 0.523 0. 830 - -
1.167 1.238 1. 444 0 .697 0 . 813 0.253 0.2§5 
0.834 1.510 1. 3G8 0.966 0. 805 0. 545 0 .2 8 
0.583 2.2 65 1. 320 - - 0 .4}8 0 .255 
1.834 0.77 3 1.415 0 .448 0 .823 - -
1.417 1.092 1. 550 0 . 581 0 .823 0.233 0.3 30 ., ... kinematio 
1.083 1. 290 1.400 0 . 776 0 .811 0.291 0 .316 vi sooslty-
O.6b'! 1.942 1. 295 - - 0. 428 0.285 (td/seo .) 
1. 334 1. 051 1. 402 0.581 0 . 77 5 0.2 39 0 .319 
C. 917 1.470 1. 348 0.8 48 0 . 778 0.3 30 (2)0 .303( ) (2) a~ 1. 667 0. 856 1. 425 0.511 0 .852 0.686 0.229 2 = 0.334 

wa~ (ave .) 1.380 wa~ (ave. ) 0.812 Wa~ (ave. )0.295 
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TABLE 6 

GEl\TERAL MOVEMENT OF SEDIMENT I TURBL"'LENT BOU1~DARY LAYER 

Note : • All I~l ot ion occurred in a boundt\ry laye r wh'Jr E:: -%- < 1 8 .5. 

Hori z. 
Dis 
place 
me nt 

a' b 

(:ft) 

2 . 000 
1. 750 
1. 500 
1. 250 
1. CJO O 
0.750 
0 .500 
1.917 
1. 583 
1.167 
0.834 
0 .5 83 
1.834 
1.417 
1.083 
0.667 
1.)34 
C.917 
1.667 

2. 000 
1. 750 
1.500 
1. 25(; 
1.000 
0.750 
0.500 
1. 91 7 
1. 583 
1.1 (, 7 
CJ.8 i,4 
0.503 
1.834 
1.417 
1.083 
0.66 7 
1. 334 
0.917 
1.667 

Glas a beads Saud Sand Sa~ 

DSO.O. 0020 , (0 . 61Omm) rSO=0.00268 1 (0.786mm D60.0.0~(1 . 006mm) D50=0.~(l . 829mm) 
water dep~g .l~90 ' . water dept~ .1. ~O" water dept g -1t.. 90', water d.pth.l.~O " 
V.1~88x10 ft 1500. vKl.0.3xl0 6ft Iseo. v=1.OOxl0· ft~/seo V=1.025xlO- 6ft 18e~ 
at I F:sp.gr.~.54 . at 7SoF'Jsp . gr .~ . 63 . at 740t" J ap.gr.2.60 at 72oF.Jsp. gr. 2.6Q 

w 
(rod./sec.) 

0.524 
C.628 
G.757 

1.047 
1.395 
1. 895 
0.582 
0.726 
(J.9G5 
1.268 
1.7GB 
0.628 
0.806 
C·9 97 

· 1.55° 
0.815 
1.185 
0.705 

WO b' 

(ft./sec.) 

1. 048 
1.1GO 
1.133 

1. C47 
1.04-6 
(I • 9,~ 8 

1.115 
1.150 
1.126 
1.058 
1.031 
1.152 
1.142 
1. 080 
1.032 
1. c88 
1.086 
1.173 

w 
<rod . .-i>ecol 

W° tl 

(ft./sed 

0 .748 1. 31(; 
0. e 26 1. 24 0 
0 .989 1. 236 
1.172 1.17 2 
1. 508 1. 130 
2.25 0 1.125 
0 .6 78 1. 3(;0 
0. 80 7 1.278 
0. 99 0 1.153 
1.428 1.191 
1. P,48 1. 07 3 
lI .707 1 .296 
0.885 1. 253 
1.08 2 1.175 
1. 7CO 1.131 
0 .953 1.272 
1.230 1.128 
0 .746 1.22;: 

w 
(rad,/sec,) 

0.695 
0 . 838 

1.125 
1. 500 
2. 150 
0.656 

1.015 
1. 334 

0.750 
0 .870 
1. 080 
1.68b 
O.n 7 

0 .760 

WO~ 

(fUsee.) 

1.215 
1. 258 

1.125 
1. 12 5 
1. 07 5 
1.257 

1.185 
1.112 

1.372 
1.230 
1.170 
1. 120 
1.222 

1. 265 

Wall ( ave . )' .. 1. 208 Wal( \_1.192 
Ii flV9o/ 

Sand Pol plnyl chlor i~ 
D50.0.0065 ' (1. 981nun ps llets •. Equiv dia. 
water depth :l. 90 1• 0 .0104' t3 . 1711lln). 
V·1.0~5:dO-5ft2/seo. wnter dopth=l.90', 
at nolo', V:WOxlo-5rt2/seo. 
sp .gr •• 2.83. at 74oF. ,sp .e;r. l.2B, 

0.910 
1.058 
1. 219 
1. 57 0 
1.920 
2.950 
0.836 
0.962 
1.385 
1.725 
2.455 
0.892 
1.ll5 
1.450 
2.195 
1.23(J 
1. 575 
CJ.947 

1.592 
1. 585 
1. 522 
1. 570 
1.440 
1;475 
1.602 
1. 522 
1.616 
1.439 
1.432 
1.636 
1.6(1) 
1. 0 ; 
1. 465 
1.642 
1.462 
1. 578 

-
0 .846 

0.468 
1I .57 0 
0.765 
1.027 

0 .493 
0.628 
0.806 

0.641 
0.923 
0.541 

0.702 
0.872 

-
0.346 

o. 8 ~)8 
0.903 
(J.892 
0.856 

0.705 
0.890 
0.873 

0.855 
0.847 
0.902 

Polvstyrene psilets 
Equiv.dia. 0.0104' 
(3. 17mm ). 
water depth"l. 90' . 
V =\.l. !?~xlO-5ft2/s eo. 
at 750F,9p.&r. l.052. 

0.?'67(1)0.334(1) 
0.630(2)0.263(2) 
0. 345 0.3 4 5 
U.421 0.316 
0.573 0.287 

0 .314 
0. 378 
0. 48 6 

0. }66 
0. 315 
0.284 

0. 246 0.349 
0 .3 27 0.355 
0.476 0.317 
0.261 (J.3 4? 
0.367 0 .3 36 
0.734( ;' )0.245(3) 

w 
(rod.lseeJ 

0 .93 0 
1.070 
1.255 
). 470 
l. OC;O 
2 .42 0 
0. 85 0 
1. 010 
1. 250 
1 .660 
2.i40 
0 .850 
1.060 
1 . 310 
1. 8 90 
1.140 
1.415 
0.930 

1. 6 28 
1. 605 
1.570 
1.470 
1. 350 
1.210 
1.628 
1.583 
1.458 
1.38 5 
1. 248 
1.558 
1.498 
1.422 
1.260 
1.5 22 
1. 296 
1. 550 

V. k1nema t 10 
visoosl ty 
(tt~/8eo .) 

WOo! ( )~1. 545 u £.i. V8re.g~ Wo~ (eve . to. 329 
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TABLE 7 

INITIATION OF RI PPLES 

Note : All motion ooour~ed 10 turbul ent flow in the boundary layer . 

Sand I Glus beads I Sand I 018.11s beade 
Horiz. DsrO . OO0483' (O .147mm). ~O=0.00077 ' (0. 235mm) ~O;oOO921 (0. 28Omm) D60=.0020' (O . 61Omm) 
Dis - wa er dept!::51~90" water dep~ft=!.90" \'later dep~g;21s0 " water deg~~=1290" 
p1aoe- 1I=1 .013JtlO ft /8eo 1I"'1.05xlO ft /eee lI a l.OOxlO·· SItO 1I-1.05x1 it /aeo, 
ment at 730 F.JSP.gr.2.66 . at 70oF. ISP . gr. 2.49. at 74°F. Jsp.gr . 2.66. at 70 oF., ap . gr.2.64. 

a' W WOb' WOb' WOb' WOb' (P t) W W W 
{rod .IsecJ {fUsec.l (rad.isec.l (ft/sec.! (rad./sec.l (tL/sec,) (rad,A;ecJ ( ft. /sec.! 

2.00U u.,bO 1.120 0.570 1. 140 - - 0 .600 1. 200 
1. 750 0 .662 1.160 - - 0 .723 1. 264 0 .714 1. 250 
1. 334 0 .723 0 .965 0. 897 1. 195 0 .906 1.210 0 . 898 1.198 
1.000 0.89~ 0. 89 7 1.110 1 .110 1.123 1.123 1.170 1. 170 
0 .66 7 1. 33 0.920 1. 448 0 . 966 1. 47 0 0.980 1. 610 1 . 072 
1.917 0. 628 1. 200 0. 698 1. 338 - - 0.641 1.228 
1. 583 0.691 1.10~ 0 .722 1.1 41 0. 717 1. 1 30 0 . 785 1.243 
1. 250 0. 861 1.07 0. 923 1. 152 0 . 925 1. 155 0 .917 1 . 146 
0.91 7 ] . 100 1.010 1.141 1. 048 1.152 1.060 1. 255 1. 1 51 
0 . 58 3 1. 46 0 0. 851 1.630 0. 950 1.610 0.940 1.898 1. 108 
1. 834 0.642 1.18 0 0.641 1.175 0.665 1. 220 0.667 1. 2 22 
1. 500 0 . 785 1.180 0.860 1.290 0.801 1.200 0 .78 5 1.178 
1.167 0.890 1. 040 1.047 1.220 0.985 1.150 1.047 1. 220 
0.834 1.048 0. 874 1.25 5 1.055 1.258 1.050 1. 394 1.162 
0.500 1. 57 0 0.785 1 .968 0. 984 1.780 0.890 2 . 092 1. 046 
1.667 0.6 '75 1.125 0. 698 1.162 - - 0 .756 1. 258 
0.750 1.030 0.773 1. 291 0 .968 1.37 5 1. 03 0 1. 4 98 1.122 
1.417 0.766 1. 087 0.872 1.234 0.88 5 1.256 0 . 860 1.218 
1.083 0 . 833 0 .907 1.012 1. 098 1. 080 1.168 1.102 1.195 

wab(uve. )1.012 w ati (a ve. ) 1.122 wa~ (ave. ) 1.112 wa~(ave. )1.122 

Sand I Sa.nd I Sand I 

Obi 

D60=0 .0026 '(0. 786mm).D50=0.0033' (1. OO6~) . D50: 0.OO60'(1.829mm ) 
wa.tltr depth = 1. 90'. water depth :: 1. 90 ' •. wat er depth -=1.90' . 
II C1. 013xlO-5rt2/5e~ 1I:1.00Oxl O- 5r t 2/aeo. 1I=1.025xlO-5ft2/6~o . 
at 730 F.J sp.gr.2. 63. at 74°F. Jsp.gr. 2.60. at 72oF'Jsp.gr. 2.60. 

2.000 - - - - - -
1.750 0.801 1 .400 0.800 1. 40 0 1.160 2.030 
1.334 1. 0 A.7 1.396 0.96 5 .1. 288 1.21:3 0 1.710 
1.000 1. 269 1.2( 9 1.205 1.20 5 1.635 1.635 
0.667 1. 922 1.2U1 1.100 1. 132 2.095 1.400 
1.917 0.p6 1.411 0. 740 1. 420 1.010 1.917 
1. 583 O. 81 1.390 - - 1.152 1.83 0 
1. 250 1.102 1.378 - - 1.425 1.770 
0.917 1. 365 1.252 - - 1.612 1.480 
0.583 2.09 5 1.222 - - 2.295 1.340 
1.834 0 .758 1. 390 0.845 1.540 1. 0;>0 1.870 
1. ~ 00 0.896 1.344 0.901 1.350 1.258 1.890 

kinematic vi s 1.167 1.141 1.332 1.141 1.330 1.480 1.730 11= 

0 . 834 1. 498 1. 248 1.392 1.160 1.850 1 . 540 coS1t~ 
0.500 2.370 1. 185 2.200 1.100 2.620 1. 310 (ft. /a90. L 
1.667 0 . 804 1.338 0. 850 1 . 41ti 1. 130 1. 880 
0.7 50 1. 596 1. 1 98 1. 525 1.144 1. 970 1. 480 
1.417 0 .975 1.38 0 0. 95 0 1.345 1. 257 1. 780 
1.083 1. 1 95 1. 296 1.162 1.260 1.502 1.620 I 

WB~ (ave . )1.31 5 WBb( ave) 1.291 wab (ave) 1. 678 
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TABLE 7 (oontinued) 

INITIATION OF RIPPLES 

Note : All motion ooourred in turbulent fl ow 1n the boundary layer. 

S&J1d--- I ..!:0.lcVTlnyl onlorlCle ~o)-lstyrene - , 
Horiz . D ~o 0065' ( 1 981 )pe11etB, EqulT. dla . pellets. EqulT. 41&. 
Dis - 50 ' • ~m.t.Ol04 ' ( 3. 17mm) . -0.0104'(3.17 ). 
p1aoe- WII. ter depth .1.90 ' . wa ter deptg =1 90 '. • 1/ _tel' deptb-I.90'. 
ment 1/ .1.OZ5x10-5rt2/se~ ·l . OO~lO- tt~/S80. 1/ = 0.99xlo-6rt2/seo . 

at 72°1'. at 740F. J at 16°,.. 
s' ( f't ) 

b 
W Web' w Web' W W eb' 

(rod.lsecJ (ft.lsec.l {rod/sec.! (ft.lsec.l ( rod .lsec.l Ift./sec.) 

2.000 - - - - - -
1. 750 - - 0. 587 0 .91:12 - -
1. 334 1. }65 1. 822 0.713 0. 952 0.314 0 .421 
1. 000 1.780 1. 780 0.966 0 .966 0 .j70 0.}70 
0 .667 2.340 1.562 - - 0. 54} 0 .}62 
1. 917 0.960 1. 840 0 . 5}2 1. 020 - -
1.583 1. 10B 1.752 0. 62'] 0. 993 - -
1.250 1.436 1. 795 - - 0. 302 0 .377 
0 .917 1.842 1.690 1. 001 0.930 0 .411 0.371:1 
o 'a 83 2.785 1.625 - - () .59~1) 0.349 (1) 
1 . . 34 1. 00} 1. 842 0. 543 0.997 0 .90 (210.}01 (2) ( 1) a' 
1. 500 1.195 1. 795 0. 641 0. 961 0.702 0 . 293 (2 ) a~ 
1. 16 7 1.542 l. I:! OO 0. 1:!41:! 0. 9I:H:1 0 . 339 0.396 b 

0. 834 1 . 902 1. 586 1.100 0. 917 0. 467 0 .390 
0 .500 } . 150 1.57~ - - 0.698 0. }49 
1.667 1.005 1. 75 0.575 0. 958 - -
0 .750 2 . 115 1. 5B 5 - - 0. 471 0.35} 
1. 417 1. 275 1. I:I OB O. 6p 0. 956 0.29} 0.415 
1 . 0B3 1. 581 1 .120 0. 8 6 0. 962 0.}96 0 .429 

wa~ (ave. )1. 735 wa' 0 q67 b (ave. ) " wa~ l av~JO . }7~ 
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TABLE 8 

RIPPLES: THEIR VARIOUS STAGES OF DEVELOPMENT . 

Sediment mixture: Sandi D50 • 0. 00092 ' (0.260 mm ). 
water depth = 1. 60" 

II : 0.99xl0 rt
a 

/ sec: 2.65· temperature = 75 F : ap . gr. = 
a' W Web' 6H ).. b.H b.H ).. If"= b --x- Oo.e OM (ft .) (red) sec.} {tt./ seo.> {rtJ (ftJ 8. 24 wob' 

1. 917 0 . 622 1.192 0.0075 0.190 0 . 0395 2 .01 5 51. 10 9.8} 
0 . 641 1 . 230 0 .0100 0 . 225 0 .0445 2.690 60.50 10.13 
0. 698 1.340 0 . 0108 0 . 209 0.0518 2.905 56.25 11.04 
0. 739 1.415 0.0150 0 . 25<;> 0 .0600 4.030 67.20 11.68 
0 . 785 1.505 0.0142 0 . 234 0.0605 3.8 20 62. 90 12 . 41 
0 . 923 1.~70 0.0150 0.25~ 0.0585 4 .03 69.20 14.60 
0.966 1.53 0.0142 0.29 0 .0476 3.82 30.20 15 . 28 
1.040 1.995 0.0150 0.383 0.0391 4.03 100. 30 16 . 45 
1.081' 2.0ZS 0. 0200 0.428 0.0468 5.37 115.00 17 . 11 
1. 128 2.1 0 0.0117 0. 428 0 .0272 3 . 15 115.00 17. 80 
1.420 2. 720 - Ripples disappear - 22 . 20 

1. 500 0. 758 1. 138 0.0042 0 .167 0.0250 1.13 44.90 9 . 38 
0.816 1.22§ 0.0117 0. 196 0 . 0596 3. 15 52.70 10 .10 
0. 838 1. 25 0 . 0150 0. 242 0 .0621 4 .03 65.10 10 . 37 
0 . 898 1.348 0.0150 0.242 0.06 21 4.03 65. 10 11. 11 
0 . 997 1.495 0 .0200 0 . 338 0.05 92 5.38 90.80 ).2. 32 
1 . 120 1.680 0.0167 0. 338 0.0492 4 .49 90.80 13.85 
1.208 1.810 0.0150 0 . 344 0.0436 4 .03 92 .50 14.92 
1..nO 1.965 0.0133 0 . 354 0. 0377 3.57 95.20 16.20 
1.795 2.690 - Ripples disappear - 22.20 

1.083 1.120 1.215 0. 004~ 0.172 0.0242 1.13 46.2 5 10 . 02 
1 .208 1. 310 0. 011~ 0 .24 5 0.0476 3. 15 65 . 80 10 . 80 
1 .310 1.421 0. 015 0. 247 0 .0642 4.25 66.40 11.72 
1. 396 1. 515 0 . 0208 0.303 0.068 9 5.59 81.50 12 . 48 
1.495 1. 622 0 . 0192 0.300 0.0638 5.16 80.60 13 . 36 
1 . 590 1. 725 0. 0200 0 .333 0.0600 5.38 89.5 0 14.22 
1.770 1.920 0.0125 0.333 0.0375 3.36 89.50 15.82 
1. 963 2 . 130 0 .0192 0.428 0.0448 5.16 115 .00 1~.56 
2. 025 2 .200 0. 0133 0.428 0.0312 3 . 57 115.00 1 .15 

1.750 0 .714 1.250 0 . 0042 0 . 183 0.0230 1.13 49.20 10.30 
0 '~l6 1.358 '0.0108 0 . 194 0.0558 2.91 52.20 11. 20 
O. 1 1.505 0 . 0133 0 . 2~2 0.0576 3.57 62.40 12 .40 
0 .939 1. 642 0.0208 0.285 0.0731 5.59 76.60 13.53 
1 .102 1.930 0.0150 0.344 0.0436 4.03 92.50 15. 91 
1.141 2.000 0. 0142 0.333 0.0425 3.82 89.60 16. 50 
1.185 2.075 0.0150 0.412 0.0365 4.03 110.80 17.10 
1.232 2 .155 0 .0175 0.409 0.0408 4.71 110.00 1~. ~6 
1.310 2.290 0 .0100 0.500 0.0200 2.69 1}4.40 1 • 8 
1.570 2.750 - Ripples disappear - 22 . 70 

Web' PfO.4 

Lift intensity fun ction , If,' = '-(p-s---P-', )-:-O.~4 -'0 0:-:!.4'""'I1'"='o.':""2 ....,00::-:-.2 

a~ = horizontal displaoement ~H : height of ripple 
W = ang. ve100i ty A • wavelength ot ripple 

wOo'· linear veloolty -Ati = steepness of' ripple 
y = kinemat io visco s ity ( ft~ /seo .) A Ps = density ot sediment 
Pf = density of f luid 
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s ediment mixture : Sand D&;n = 
Ob' W WQb' L\H 

(ft . ) (rad! seo .) (ft.! seo.) (ft.) 

1.334 0. 923 1.231 0.0108 
1 . 012 1.350 0.011 7 
1.122 1.500 0 .0150 
1.232 1. 645 0.02 00 
1. 282 1.712 0.0150 
1 . 365 1. 822 0.0125 
1.425 1 .900 0.0117 
1.492 1.990 0.0117 
1.822 2.430 0 -

0 .917 1. 294 1.185 0. 0042 
1.365 1. 252 0.0083 
L 428 1. ~O? 0.u1 77 
1.478 1.;5' 0.015) 
1. 570 1 . 440 0.0175 
1.650 1. 512 0. 0133 
1.848 1. 695 0. 0175 
2 . 060 1. 888 0 .0100 
2. 570 2.355 0 

11. 834 0.697 1. 27 8 0.0042 
0. 739 1.353 0.010 8 

\ 
0 .794 1. 455 0.0142 
0.861 1.578 0.0125 

I 0.923 1.692 0.0130 
0.981 1.798 0.0108 
1.047 1. 920 0.0167 
1. 121 2.060 0.012 5 
1.231 2 .260 0.0200 
1. 395 2.560 0.0100 
1.460 2.670 0 

1.417 0.860 1.218 0.0050 
0.996 1. 412 0.0133 
1.047 1. 481 0 .0117 
1.121 1.589 0. 0108 
1. 231 1.745 0.0108 
1.308 1.852 0.0108 
1.395 1.975 0 . 0084 
1.493 2.115 0.0083 
1.74,3 2.470 0 -

1. 00 1. 282 1.282 0.0033 
1. 365 1.365 0.0117 
1. 425 1. 425 0.0117 
1.530 1. 530 0.0192 
1. 650 1. 650 0.0142 
1. ~ 93 1. ~93 0.0117 
1. 7§ 1. 75 0. 0108 
2. 02 2 . 028 0. 0150 
2. 510 2.510 0 -

TABLE 8 
(oontinued) 

0.00 092' (0.2eU rom ) 
).. L\H 

( rt .l - )..-

0.188 0. 0578 
0 . 208 0 .0560 
0 . 217 0 . 0692 
0. 292 0. 0686 
0. 307 0 . 0489 
0. 307 0 . 0408 
0. 266 0 . 0438 
0 .386 0. 0302 
Ripples di sappear 

0.172 0. 0242 
0.240 0 .0347 
0 .216 0. 0540 
0. 250 0 .0600 
0 .275 0 .Ob37 
0. 273 0 . 0488 
0 .341 0 .0512 
0 .}67 0.0273 

- Ripples disappear 

0.194 0.0214 
0. 183 0. 0594 
0. 209 0. 0678 
0. 223 0 . 0560 
0. 240 0.0542 
0 . 290 0. 0373 
0 . 32 2 0.0518 
0. 339 0.0}68 
0. 405 0.0494 
0. 448 0.023 3 

- Ripples disappear 

0.177 0.028 3 
0 .214 0.0622 
0 . 210 0.0556 
0 .229 0. 0474 
0.261 0.0415 
0 .285 0.0380 
0. 348 0.0240 
0 .2 92 0~ 0 2 8 6 
Ripples disappear 

0 .153 0 .0217 
0.212 0 . 0551 
0.189 0 . 0616 
0.313 0 . 0613 
0. 334 0. 0425 
0 . 292 0 . 0400 
0 . 271 0 .0400 
0.366 0 . 0410 
Rippl es disappear 
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L\H >. 
1/1.' 0°·1 0°·1 

2 . 91 50.6 10.15 
3 . 15 55 · 9 11 . 12 
4.03 58 . 4 12.38 
5.38 78 . 5 13 . 56 
4.03 82 . 5 14.12 
3.36 82 . 5 15. 02 
3 .15 71. 5 15.66 
3.15 101.1 16 . 40 

- 20.00 

1. 13 46.2 5 9.76 
2.23 64.5 10 .32 
3 .15 58 . 1 10 . 78 
4 . 03 6'1.2 11.16 
4 . 71 74. 0 11.88 
3. 57 73.5 12 . 46 
4 .71 91.7 13.98 
2.69 98 . 7 15. 56 
- 19 .45 

1.13 52 .2 10. 52 
2 . 91 49 . 2 11.16 
3.82 56 . 2 12. 00 
3. 36 60 .0 13 . 00 
2.91 64 .5 13 . 95 
2. 91 78. 0 14.82 
4.4 9 86. 6 15. 82 
3 . 36 91. 2 16.98 
5.38 108. 9 18.64 
2.69 120.6 21.10 

- 22. 00 

1.345 47.6 10 . 02 
3 . 57 57.5 11. 65 
3 . 15 56 . 4 12.22 
2 . 91 61. 5 13 .10 
2. 91 70.2 14. 40 
2 . 91 76 .6 15 . 20 
2 .26 93 . 5 16 . 29 
2. 23 78 . 5 17. 43 

- 20. 30 

0 .895 41.1 10 . 58 
3 . 15 57 .0 11. 26 
3. 15 50 .8 11.75 
5. 16 84 . 2 12.61 
3.82 89.8 13 .60 
3.15 78.5 14.78 
2.91 72. 8 15.46 
4.03 98.3 16.72 

- 20 .70 



TABLE 8 
(oontlnuedJ 

seotment Mixture: Sand. D~o = 0.00092'( 0.2 a mm ) . 
a'i> W W Ob' ~H A ~H ~H 
!t.) (rad /seo .) (tt/seo.) (t't.) (ft .) -A- 0°·1 

1. 661 0.7}9 1.231 0 . 0050 0.161 0.0300 1.35 
0.816 1. 360 0 . 0142 0. 237 0.0600 3.82 
0.872 1.452 0 . 0158 0.250 0.0633 4.25 
0.981 1, . 635 0.0150 0.303 0. 04~6 4.03 
1.047 1 .745 0 . 0117 0 . 300 0.93 9 3.1; 
1.121 1.870 0.0092 0 . 217 0. 0423 2.47 
1.205 2.010 0.0083 0 . 267 0.0313 2 .23 
1.365 2 . 2'15 0.0117 0 .437 0. 0267 3 . 15 
1.532 2.550 0 - Ripples disappear -

1.250 0.996 1.245 0. 0042 0. 197 0 .0212 1.13 
1.121 1.402 0.0142 0.24 2 0.0586 3 . 82 
1.205 1.506 0.0175 0.302 0.0580 4 . 11 
1.309 1.635 0.0133 0 .27 5 0.0485 3.57 
1. 396 1. ~4 5 0 . 0125 0.314 0.0399 3 . 36 
1. 460 1. 25 0 . 0125 0.312 0.0400 3 .36 
1.494 1.870 0 .0100 0.312 0.0320 2. 69 
1. 610 2.012 0.0167 0.447 0. 0373 4 .49 
1.850 2.nO 0 - Ripples disappear 

0.834 1.396 1.165 0.0042 0 . 17} 0.0240 1.13 
1.480 1.234 0 .0058 0 . 113 0.0336 1. 56 
1.500 1.250 0.0058 0.172 0.0339 1.56 
1.655 1.381 0.0133 0 . 261 0 . 0510 3.57 
1.~4; 1.456 0 .0150 0.261 0 .0575 4 . 03 
1. 48 1.541 0.0192 0.292 0. 0657 5. 16 
2.025 1.690 0. 0125 0.280 0. 0446 3. 36 
2.205 1. 840 0 .0142 0.375 0.0378 3 .82 
2.415 2. 015 - - - -
2.850 2. 340 0 - Ripples disappear -

1.583 0. 850 1.345 0 . 0083 0.179 0.0460 2 . 23 
0 .995 1.575 0 . 0216 0 .344 0.0630 5.81 
1.122 1.780 0.0208 0.323 0.0643 5.59 
1.185 1.878 1.0150 0 . 317 0.0475 4.03 
1. 256 1.990 0.0117 0 . 313 0.0374 3.15 
1. ,65 2.165 0.0117 0 . 308 0.0378 3.15 
1.426 2 . 260 0 .0133 0 . 343 0.0386 3.57 
1. 570 2 .485 0 - Ri pples disapP'ear -

,1.167 1.111 1.300 0.0075 0.156 0.0481 2.02 
1. 220 1.422 0 . 0150 0.250 0~0600 4.03 
1. 291 1.510 0.0167 0.260 0.0641 4 .49 
1.410 1.645 0.0133 0 .287 0.0465 3.57 
1. 530 1.785 0. 0208 0.333 0.062 ; 5.~9 
1.743 2.035 0. 0216 0.437 0.0495 5. 1 
1, 90; 2. 222 0. 0075 0.385 0.0194 2.02 
2.045 2. 390 0 - Ripple s disappear -

III 

A 1/1. ' D°·' 
44.8 10.15 
63.7 11. 21 
67 . 2 11.98 
81.5 13.48 
80.6 14.40 
;8.4 15 . 42 
71. 8 16 . 58 

117.; 18 . 75 
21.00 

53 . 0 10 .27 
65.1 11. 56 
81.2 12.42 
74.0 13.48 
84.4 14 .40 
83.8 15. 05 
83.8 15.42 

120 .2 16 . 60 - 19.05 

46. 5 9. 61 
46.5 10.18 
46.2 10 . 30 
70.2 11. 40 
70 . 2 12.00 
78.5 12 . '11 
75 . 3 13.92 

100.8 15 . 16 - 16 .62 
19.30 

48.2 11.10 
92.5 12. 99 
86.8 14 . 68 
85.2 15. 48 
84.2 16. 40 
82.8 1~. 85 
92.2 1 . 65 

20. 48 

41.9 10 .71 
67.2 11.72 
69.9 12 .45 
~7.2 13 .56 
9.5 14.72 

117.3 16 .76 
103.5 18.:n 

19. 70 



TABLE 8 (oontinued) 

Sediment mixture: Sand, D50=0.0033' (1.006 rom) . 
Water depth = 1.90 1• 

Temperature = 76 . 5°F; v-O . 97x10-5rt2/s6o; Sp . gr. of sand • 2. 60. 
a' w W Db' bH ~ ~H ~H ~ 1/1/= b 
(rtJ (rad/seo.) (rt./ seo.) (rt .) (ft .) -~- DO.8 0°·8 6. 52 wab' 
1.917 0.827 1.585 0.0050 0. 516 0.0097 0 . 485 50 . 10 10.32 

0 .873 1. 675 0.0117 0 . 525 0 . 0222 1. 136 51.00 10 . 92 
0.923 1. 770 0 .0117 0 .541 0.0216 1.136 52. 5 11. 52 
0 .981 1. 889 0.0258 0 . 591 0 . 0436 2.505 57 · 4 12 . 25 
1. 012 ' . . 940 0.0367 0. 708 0 .0 517 3 . 570 68 . 8 12. 65 
1.082 2.075 0 .0466 0 . 616 0 . 0757 4.520 59 . 8 13 . 52 
1. 121 2.150 0. 0583 0.843 0. 0690 5.660 81.8 14 . 50 
1.256 2. 108 0 .0633 1.105 0 .0574 6 .15 107 . 2 15. 68 
1. 850 3 . 550 0 - Ripples disappear - 23 . 15 

1 . 500 0.9 90 1. 485 0. 02 00 0.558 0 .0359 1.94 54.2 9. 68 
1 .047 1.570 0. 02 67 0 .575 0 .0464 2.5 9 55.8 10 .22 
1. 100 1.650 0.0315 0 .521 0 . 0608 3 .06 50.6 10. 75 
1.185 1.778 0.0315 0.600 0. 0528 3.06 58.2 11. 58 
1.256 1.883 0.0416 0.6 25 0.0667 4 .04 60. 7 12.28 
1. 42 8 2.140 0.0483 0 .756 0.0640 4 .6 9 73.4 13.95 
1.495 2.245 0.0408 0.708 0.0576 3.96 68 . 8 14 . 62 
1.792 2.690 0.0400 0.854 0.0468 3.89 82.9 17 .52 
1 .905 2 . 860 0.0 ,1 00 0 .854 0.0468 3.89 82 .9 18 .65 
2.025 3 . 040 0.02 58 0.760 0.0340 2 . 51 73.8 19. 80 
2.165 3. 250 0.0200 0 .854 0.0234 1.94 82.9 21. 20 
2 .355 3.530 0 - Ri pples di sappear - 23.00 

1.08; 1.335 1.448 0.0108 0.479 0.0226 l. 05 46.5 9.45 
1. 428 1. 548 0.0233 0. 479 0.0487 2 . 2'1 46 . 5 10.0~ 
1. 495 1. 622 0.0316 0 . 558 0 .0567 ; . 07 54 . 2 10. 5 
1.592 1. 728 0.0333 0. 566 0. 05 89 3.24 55.0 11.26 
1.698 1. 842 0.0392 0. 632 0.06 20 3 .81 61.4 12 . 02 
1.770 1. 920 0 . 0450 0. 792 0.0 568 4. 37 76 . 8 12. 52 
2.05 5 2. 230 0.0441 0.78 3 0.0564 4. 28 76.1 14. 53 
2.370 2.570 0.0308 0 .927 0.0332 2. 99 90 .0 16. 75 
2.670 2.395 0. 0142 0.875 0 . 0162 1. ,8 85. 0 18.88 
2.990 3.245 0 - Ripples disappear - 21.10 

1.834 0.8 50 1. 56 0 0.0100 0 .437 0.0285 0 .972 42.4 10.18 
0.897 1.645 0. 0217 0.616 0.0352 2.11 59.8 10. 72 
0.983 1.80, 0.0300 0. 587 0. 0510 2 . 91 57.0 11. 75 
1.082 1 . 985 0.0375 0 .625 0.0600 3.64 60.7 12.92 
1.163 2.U5 0.0416 0.716 0.0582 4.04 69 . 6 13 . 92 
1.231 2.260 0.0375 0 . 675 0 .0556 3.64 65.6 14.74 
1."5 2. 45 0 0.0400 0.657 0.0608 , . 88 63 . 8 15.96 
1. 495 2.~45 0.0425 0 . 792 0.0536 4 . 13 76. 8 17. 90 
1.570 2. 80 0.0250 0 .667 0.0375 2 . 43 64 . 8 18 .65 
1.698 3.112 0.0283 0. 775 0.0366 2. 75 75.2 20. 25 
1.763 3.241 0.0100 0 . 95 0 0 .0105 0. 972 92 .3 21. 15 
1.885 3.45 0 - Ripples di sappear - 22.50 

1.417 1.081 1. 532 0.0050 0 . 458 0 .0109 0. 486 44 . 5 10. 00 
1.142 1. 620 0.0142 0. 500 0 . 0283 1.,8 48. 6 10 . 56 
1. 292 1. 832 0 . 0292 0. 520 0.0561 2.83 50 . 5 11. 95 
1.428 2.02 2 0.0416 0. 900 0 . 0463 4.04 87.3 13. 20 
1. 533 2.17 2 0. 0416 0.691 0. 0602 4 .04 67 .1 14 .15 
1. 795 2. 545 0 . 0350 0.750 0 . 0466 3 .40 72 .8 16.60 
1. 932 2 . 738 0 . 0266 0. 718 0.0371 2.58 69 . 7 17.85 
2 .025 2.870 0.0150 0.718 0 . 0209 1.46 69.~ 18.70 
2.165 3. 070 0.00 92 0. 791 0.0116 0. 892 76. 20.00 
2.450 3.450 0 - Rippl es disappear - 22.50 
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TABLE 8 (continued) 

Sediment mixture S d D 0 OO}}' (1 006 mm) . an ) '1i0 = . . . . 
~.) W WOb' 

trad7 S80 .){ft 7 seo .) (f'i~) 'A,. (rt.) ~ AH 
~ 15k 'It.' 

1.750 0.938 1.642 0. 0117 0.521 0 . 0224 1.135 50.6 10.71 
1.028 1.800 0 . 0242 0.562 0.0430 2 . 350 54 . 6 11.72 
1.121 1.962 0 .0358 0. 562 0. 0637 3 . 480 54.6 12.80 
1.245 2 .180 0.0375 0 .552 0 . 0680 3.640 53.6 14 .,21 
1.335 2.336 0.0312 0 . 806 0 .0388 3.030 78.3 15.23 
1.445 2.530 0 .0383 0 . 625 0.0613 3.720 60 .~ 16 . 50 
1.513 2.650 0. 0316 0. 616 0.0513 3. 070 59. 1~ . 26 
1.592 2.785 0. 0208 0.600 0 .0347 2.020 58.3 1 . 15 
1.745 3.052 0 .0117 0 . 63'8 0 .OH~3 1.135 62.0 19.90 
1 .905 3 .332 0 . 0200 0.820 0 . 0244 1. 940 79.6 21.~2 2.092 3.660 0 - Rippl es di sappear - 23. 5 

1.334 1.163 1.552 0.0050 0.416 0 .0120 0.485 40.4 10.12 
1.270 1.692 0.0192 0 .468 0.0410 1.865 45 . 5 11. 05 
1.410 1.882 0.0308 0.532 0.0580 2. 990 51.6 12 . 28 
1.570 2 . 095 0. 0416 0.594 0.0702 4.040 57 . 6 13 . 68 
1.653 2.205 0. 0433 o. 19 0.0602 4. 210 69.8 14 . 36 
1. 743 2 . 328 0.0433 0.708 0.0610 4. 210 68. 8 15 . 18 
1. 903 2 . 541 0.0367 0 .725 0.0505 3. 570 70.4 16.58 
2 . 092 2 . 792 0.0333 0.750 0.0445 3 . 230 72 .8 18 . 20 
2 . 240 2 . 990 0.0125 0 .750 U.0167 1. 210 72 .8 19 .50 
2 .415 3 .220 o - Ripples disappear - 21. 00 

1.667 0. 996 1. 660 0.0083 0 .500 0.0167 0 . 805 48 .6 10.81 
1 . 082 lotiO} 0.0192 0 . 500 0.03!:l4 1. 865 48.6 11.75 
1.207 2.010 0. 0267 0.563 0.0474 2.580 54 .7 13 .10 
1. 292 2.155 0.0317 0 . 591 0.0.536 3. 080 .5 7.4 14.05 
1. 395 2.322 0.0317 0.59l 0 .0536 3 . 080 57.4 1.5.15 
1. 512 2. 520 0.0216 0. 608 0 .0356 2.100 59.1 16 .42 
1.610 2.6M5 0.020M 0. 766 0.0272 2.020 74 .4 17 .50 
1.795 2. 990 0.020ti 0. 792 0.0263 2. 020 76.8 19 . 50 
1.905 3 . 175 0.0158 0 . 741 0.0214 1.535 72.0 20.70 
2.025 3.380 0 - Ripples disappear - 22.05 

1.250 1.197 1.495 0.0050 0 .386 0.0129 0.485 37.5 9.75 
1.242 1.553 0.01.58 0 .464 0.0342 1. 535 45.1 10.12 
1.380 1.725 0.0242 0 .469 0.0515 2. 35 4.5.5 11.25 
1.513 1.892 0.0258 0. 500 0.0517 2.51 48.6 12.32 
1 .652 2. 065 0.0466 0 .p7 0.0632 4.53 71.6 13.46 
1. 820 2. 275 0.042.5 o. 56 0.064~ 4.13 63.7 14.82 
1.963 2.455 0.0275 0 .656 0.041 2.67 63.7 16.00 
2.170 2. 715 0.0208 0.656 0.0317 2.02 63.~ 17.70 
2.370 2 .965 0.007.5 0.688 0.0109 0.728 66. 19.35 
2.565 3 .210 0 - Ripples disappear - 20.92 

1.5£3 1. 065 1.688 0.0100 0. 53} 0.0188 0.972 51.8 11.00 
1. 308 2.070 0.0300 0. 525 0.0571 2.91 51.0 13.50 
1. 365 2.162 0.0317 0.533 0.0593 3.08 51.8 14.12 
1. 494 2.365 0.0367 0.625 0.0587 3.56 60.7 15.42 
1. 570 2.485 0.0333 0.657 0.0507 3.23 64.7 16.20 
1.700 2.695 0.0300 0.604 0.0496 2.91 58.6 17.58 
1.905 3.020 0.0208 0.604 0.0345 2.02 58.6 19.68 
1.995 3.160 0.0050 0.666 0.0075 0.486 64.6 20.60 
2.092 3.320 0 - Ripples disappear - 21.65 
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TABLE 8 (oontinued) 

8 d1m tit e en m xure: 8 d.. D 0 0033' (1 0 6 } an ISO .. . • 0 mm • 
a~ W WQb' ~H ). £l. H ~H --L 1/11' rt .) (rad/seo.) (ft/seo.) Crt .) (ft .J 

-).- 00.· 00.· 

1.167 1.198 1. 398 0.0050 0.4Z9 0.0104- 0 . 486 46., 9 .12 
1.,HO 1.5~5 0.0108 0. 5 2 0 .0193 1.050 54.6 10 .28 
1.445 1.66 0 .0308 0. 5~3 0 .0538 2 . 990 55.6 11 .00 
1.570 1.832 0 . 0434 0. 5 4 0.0743 4.21 56·Z 11.95 
1.654 1.93(> 0 . 03" 0. ,62 0. 0592 3.23 54. 12.58 
1.770 2.065 0 . 0450 0. 625 0.0720 4.36 60.7 13 . 46 
1.932 2.255 0 . 0300 0. 625 0 .0480 2.91 60 . 7 14.70 
2.170 2.530 0.0208 0.605 0.034~ 2.02 58· Z 16 .50 
2.240 2.612 0.0150 0 . 521 0.028 1.46 50. 17 .02 
2.325 2.710 0.0100 0 .605 0.0166 0. 97 58 .7 17 .66 
2.730 3.190 0 - Ripples di sappear - 20.80 

0. 917 1.428 1.308 0 . 0100 0.502 0. 0199 0 . 97 48 ·Z 8'.53 
1.550 1.421 0.0167 0 .500 0.03,n 1.62 48 . 9. 28 
1.655 1.518 0.0267 0. 516 0 . 0516 2 . 60 50 .1 9 . 90 
1.770 1.623 0.0313 0. 541 0.0578 3.04 52 .6 10.59 
1.875 1.720 0.0300 0. 458 0.0655 2 .91 44 .5 11.22 
2.095 1.922 0.0400 0 .573 0.0697 3 . 88 55 .6 12 . 52 
2.325 2.130 0.0313 0 .636 0 . 0491 3.04 61. 8 13 .89 
2.545 2.335 0.0250 0.687 0 .0364 2 .43 66 .7 15. 22 
2.690 2.465 0.0142 0 .604 0.0235 1.38 58 .6 16.08 
2.852 2.615 0.0083 0 .670 0.0125 0 . 81 65 .1 17.05 
3.620 3.320 0 - Ripples disappear - 21.70 

0 .750 1.742 1.306 0. 0050 0 .448 0.0111 0. 49 43. 5 8.52 
1.848 1.385 0.0125 0.500 0 . 0250 1. 22 48. 6 9.03 
2.048 1.535 0.0175 0 . 433 0 . 0403 1.70 42. 1 10.00 
2.322 1.743 0.0350 0 .523 0 .0670 3.40 50. 8 11.38 
2.512 1.885 0.0267 0 .516 0.0516 2.59 50. 1 12.30 
2.730 2.048 0. 0183 0 .500 0.036~ 1.78 48.6 13.35 
3.035 2.275 0.0208 0.566 0.036 2.02 55.0 14.82 
3.310 2.48c 0.0133 0.625 0.0213 1.29 60.6 16.16 
4.030 3.020 0 - Ripples disappear - 19.70 

1.000 1.310 1.310 0.0058 0.479 0.0122 0. 56 46.5 8.55 
1.396 1.396 0.0050 0.490 0.0102 0. 49 47.6 9.11 
1.610 1.610 0.0208 0.479 0.0435 2.02 46.5 10.50 
1.745 1.745 0.0317 0.500 0.0633 3 .08 48.6 11.38 
1.933 1.933 0.0~67 0 .541 0.0492 2. 59 52.5 12.61 
2.118 2.118 0.0267 0.583 0.0457 2 .59 56.6 13.80 
2.450 2.450 0.0292 0.583 0.0500 2.83 56.6 15.98 
2.810 2.810 0.0050 0. 583 0.0086 0.56 56.6 18.31 
3.220 3.220 0 - Ripples disappear - 21.00 

0.834- 1.570 1.310 0.0033 0.416 0.0080 0.321 40.4 8.55 
1.700 1.418 0.0092 0.470 0.0196 0.893 45.6 9.25 
1.795 1.496 0.0167 0.466 0.0357 1.620 45.3 9.76 
2.025 1.690 0.0292 0.419 0.0609 2.830 46.5 11.05 
2.170 1.810 0.0208 0.4:83 0.0431 2.020 46.9 11.80 
2.480 2.065 0.0208 0.500 0.0416 2.020 48.6 13.46 
2.618 2.180 0.0208 0.~2~ 0.0397 2.020 51.0 14.20 
2.945 2.460 0.0100 0.H1 0.0185 0.972 52.5 16.02 
3.770 3.140 a - Ripples disappear - 20.50 
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TABLE 8 (c ont inued) 
Sed tment mixture : Polyvinyl ohloride pellets, Equivalent dia

meter = 0.0104' 0.17 mm ). 
Water depth = 1.90'. 
Temperature = 740F i v - 1 .OOxl0- 5rt2/seo .; sp. gr. of pellets = 1.2a -
ti .) W web' 8H ).. ~H ~~. .-L !! = 

(rad/sec.) (ft/seo .) (ft .) (ft .) A 0 DO.8 o.32WQb' 

1.917 0 . 682 1 . }06 0.0770 1. 308 0.0588 2.970 50.50 13.50 
0.739 1.418 0.0717 1. 392 0.0514 2.760 53.70 14.66 
0 . 838 1.605 0.0367 1.800 0. 0204 1.416 69.50 16.00 
1 . 140 2 .185 0 - Ripples di sappear - 22.55 

1 • .500 0 .8 0.5 1.208 0.0757 1.200 0.0627 2.920 46.70 12 • .50 
0 .872 1. 308 0.0747 1. 298 0.0576 2.880 50.10 13.51 
0. 952 1. 428 0.0592 1.442 0.0410 2.280 55.70 14. 7.5 
1.101 1. 652 0.0417 1. 608 0.0259 1.610 62.10 17.10 
1.428 2 . 140 0 - Ripple s disappear - 22.12 

1.083 1 . 047 1 .136 0.0708 1. 188 0.0596 2.730 45.80 11.75 
1.621 1.758 0.030S 1.333 0.0231 1.190 51.30 18.20 
1.695 1 .S40 0.010S 1. 500 0.0072 0.417 58.00 19.02 
1.795 1.946 0 - Ripples disappear - 20.12 

1.S34 0. 706 1.296 0.0717 1. 333 0. 0537 2.770 51.50 13.40 
0 . 763 1.400 0.0767 1 .500 0.0511 2.980 58.00 14.48 
0. 795 1.458 0.0492 1.675 0 .029~ 1.900 64.70 15.06 
1.103 2. 025 0.0033 1.875 0 . 001 1.275 72.40 20.95 
1.140 2.090 0 - Ri pples di sappear - 21.60 

1.417 0.967 1.370 0.0625 1.333 0 . 0468 2.411 51.50 14.16 
1.065 1.510 0.0583 1. 375 0.0424 2.250 53 .20 15.60 
1.336 1. 895 0.0313 1. 62.5 0.0198 1.208 62.70 19.60 
1 .426 2 .020 0 .. 0040 1. 7.5 0 0.0020 0.154 67.60 20.90 
1. 571 2. 22 5 0 - Ripples disappear - 23.00 

1.000 1.365 1.365 0.0613 1. 333 0.0460 2.370 51.50 14.11 
1.655 1. 655 0.0367 1.583 0.0232 1.415 61.20 17.11 
1.822 1. 822 0.0050 2.000 0.0025 0.193 77.30 18.64 
1.903 1.903 0.0050 2.500 0.0020 0.193 96.50 19.68 

1.750 0.776 1.360 0.0713 1. 275 0.0559 2.750 49.20 14.06 
O.S73 1.528 0.0583 1.350 0.0436 2.250 52.10 15.80 
0.938 1.641 0.0417 1. 583 0.0263 1.610 61.20 16.96 
1.025 1.795 0.0225 1. 706 0.0132 0.670 65.80 18.55 
1.142 1.900 0.0030 1. 792 0.0017 0.116 69.20 19.75 
1.230 2.150 0 - Ripples disappear - 22.22 

1.334 0.997 1.332 0.0669 1. 292 0.0517 2.580 50.00 13.78 
1.142 1. 525 0.0483 1. 292 0.0374 1.865 50.00 15.76 
1.185- 1 .582 0.0360 1.708 0.0220 1.465 65.80 16 .36 
1.280 1.712 0.0180 2. 400 0.0075 0.696 92.60 17.70 

0.917 1.395 1 .280 0.0675 1. 292 0.0521 2.610 50.00 13.22 
1. 850 1.695 0.0190 1. 392 0.0136 0.733 53.80 17.52 
1.932 1.p2 0.00,0 1.517 0.0020 0.116 58.60 16.32 
1.995 1. }O 0.00,0 2.300 0.0013 0.116 88.00 18.92 
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TABLE 8 (oontinued ) 
Sediment mixture: Polyvinyl ohloride pel1ets- Equiv . dia. =0.0104' 

(3.17mI'l) . 
ab W WOb' ~H A ~H ~H ~ '1'. == 
(tt .) (radl seo.) (ftl seo .) (tt .) (tt .) --x- [)OT --ocr. IO.32wo~ 
1.667 0.785 1.308 0.0708 1 . 242 0 . 0570 2.735 48.00 13.52 

0.815 1.358 0.0633 1.292 0 . 0489 2.445 49.90 14. 03 
0.850 1.415 0.0633 1.33J 0 . 0474 2.445 51 . 50 14 .62 
1.030 1. 715 0.0467 1.43' 0.0326 1.802 55.40 17' l2 1. 082 1. 805 0.0267 1.667 0 . 0160 1.030 64.30 18. 6 
1 .185 1. 885 0.0067 2. 067 0.0030 0. 259 79.80 19.50 
1. 230 2.050 - - Ripples disappear - 21.20 

0.834 1.826 1.522 0.0708 1. 402 0.0505 2.nO 54 . 20 15. 73 
1.995 1.665 0.0380 1. 667 0.02 28 1 . 465 64 .30 17 . 22 
2.165 1. 805 0.0130 2.000 0 .0070 0. 502 77 .20 18. 76 

1.583 0.849 1.345 0 . 07.n 1. 550 0.0472 2. 830 59.80 13.90 
1.015 1.608 0. 0492 1.833 0.0268 1.900 70 .80 16.62 
1.100 1.~42 O.{)267 2 . 033 0 .0132 1.030 78 . 60 18.02 
1.161 1.40 0.0083 2. 033 0.0041 1.034 78.60 19.03 
1.230 1.950 0 - Ripples disappear - 20.16 

1.167 1.232 1.436 0,0717 1.333 0 .0537 2.770 51.50 14.85 
1.425 1.662 0.0450 1.633 0. 0275 1. 735 63.10 1 ~ .20 
1.532 1.770 0.0350 2.100 0. 0167 1.350 81.20 1 .30 
1.793 2.090 0 - Ripples di sappear - 21.60 

Sediment mix~ure: Polystyrene Pellets - Equivalent diameter =0.0104' 
(3.17 rrrrn). 

Water depth = 1.60 t. 
Temperature = 80 F.; 1.052. 

(tt ft . 

1.417 0.398 0.564 0.0700 1.200 0.0582 2.70 46 .40 11.58 
0.499 0.707 0.0737 1.500 0.0491 2.85 58 .00 14.52 
0.672 0.953 Ripples disappear - 19~55 

1.083 0.542 0.587 0.0703 1. 333 0.0526 2.710 51.60 12.05 
0.61Z 0.668 0.0767 1 .442 0.0531 2.960 5~.70 13.70 
0.82 0.895 0.0333 1. 550 0.0222 1.285 5 .00 18.)5 

1.000 0.0767 1 .500 0.0511 58.00 
0.0550 1.500 0.0367 58.00 
0.0313 62.8 

-
0.070 . . . 
0.0708 1.333 0.0531 51.6 13.52 
0.0675 58.0 15.90 

0.79 20. 0 
1.5UO 0.462 0.6 9.3 0.0633 1.333 0.0474 2.45 51.6 14.25 

0.511 0.768 (;.0500 1.333 0.0375 1. 93 51.6 15.90 
0.533 0.800 0.0380 1.66b 0.0228 1.42 64., 1b.5; 
0.605 0.907 0.0300 1.70 0.0176 1.1 66.0 18.60 

1.167 0.595 0.693 0.0708 1. 333 0.0531 2.73 51.5 14.25 
0.715 0.833 0.0450 1.500 0.0300 1.74 58.0 17.10 
0.816 0.951 Ri pples disappear 19.50 
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TABLE 9 
DISAPPEARANCE OF RIPPLES 

Note : All motion ooourred in turbulent flow in the boundery layer . 
Gla ss beads I Sand I Glass beads Sal!!! 

Horiz . D50=0. 00077' (0. 235mm). D5fO. 00092' (0. 28Omm). D50=0. 00200' (0 . 6l0rrm). D50=0.0258(0.786mm). 
Dis- water deptg"1~90" wa er deptg .l~90" I water deptg"'1~90" water depth5l.~0" 
pleoe- 1I=0.9Zx lO· rt ./seo. 1I=0.99xlO· ft./s ec 1I-0.93xlO· ft./seo. 1I.0.965xlO· ft . /sec. 

ment a t 76 F; sp. g;r. 2.49. at 750 F . ;sp .gr . 2.6 5. at 80o F. ;ap.gr. 2.54. a t 77oF.lsp.gr. 2.63 

e~ W WOb' W Web' W W Ot{ W Web' 

(ft .J (red/seo.J (rt/eeo .) (red/eec .)(f't/eeo.) (red. /eeo .)(tt. / seo. (red/eeo .)(tt/seo.) 
1. '150 1. 482 2.590 1. 5'10 2.'150 1 . '1'12 3. 10 2 .020 3.66 
1.334 1.795 2.395 1.822 2.430 2. 220 2.96 2. 580 3. 45 
1 . 000 2.355 2. 355 2.510 2.510 2 .820 2.82 3. 170 3. 17 
0.667 3. 490 2.330 3 . '1'10 2.510 4. 160 2.78 4.~50 3. 17 
1.917 1. 361 2. 610 1. 420 2.720 1.670 3. 21 1. 75 3.60 
1.583 1.595 2.530 1 .§70 2 . 485 1. 830 2.90 2.225 3.52 
1.250 1.936 2. 420 1. 50 2.310 2. 355 2. 95 2.755 3.44 
0.917 2. 490 2. 280 2.570 2.355 ,.140 2.89 3.340 }.16 
0. 583 3.930 2. 290 4.0Z0 2.}'10 4.480 2.62 5.230 3.02 
1. 834 1.438 2. 640 1.4 0 2. 670 1.680 3.08 1. 990 3 .65 
1. 500 1. '142 2. 610 1. '195 2. 690 1.962 2.95 2.370 3 .56 
1. 167 2. 025 2. 360 2. 045 2. 390 2. 450 2.86 2 . 755 3.22 
0.834 2.700 2. 250 2. 850 2. 340 3.310 2. '1(.. 3 . 830 3.19 
0. 500 4.480 2.240 4.710 2. 350 - - 6.020 3.01 
1. 667 1. 545 2. 580 1. 532 2. 550 1. 762 2.94 2.210 3.68 
0. 750 3.070 2.310 - - 3. 590 2.69 4.130 3.10 
1.417 1.711 2. 430 1. 742 2.470 2.097 2.97 2.510 3.56 
1. 083 2.355 2.560 - - 2.480 2.79 3.050 3.30 

WIl ' b (ave. >2.432 wab (ave. )=-2.492 wab (ave.) = 2.84 wab (ave. )=3.36 
Sand Sa~ Sa~ t'O :£YH1J:: eh or). e 

D50=0.0033 , (1006=). D50=0. 0060 ' (1. 829mm). D50=0 . (l06 5 , (1. 981mm ). pellets, Equiv.dia. 
water depth = 1.90 '. ;water depth. 1. 90', . water depth'" 1. 90 '. 0.0104' (3.17 nun) • 
II =0.99xlO- 5rt?/seo 11=1. 013x10·5ft~/sec. 1I·1.0 25x10-5rt~/sec. water depth .. 1~90" 
at 76.5°& lsp. gr - at 73 0 F.;sp.Er.2.60 a t nOF.; sp.gr. 2.63. -5 / 1I=1. uOx10 ft. sec. 
2.60. at 74oF. ;sp.gr.1.28. 

1.750 2.092 3.660 2.070 3.62 2.055 3.60 1.230 2.150 
1.334 2.415 3.220 2.542 3. 40 2.650 3.54 1.280 1.712 
1.000 3.120 3. 120 3.140 3.14 3.250 3.25 1.903 1.903 
0.667 4.'110 3.140 4.490 3. 00 4.680 3.13 - . 
1.917 1.850 3.550 1.885 3. 62 1.962 3.7'1 1.140 2.185 
1.583 2.092 3.320 2.220 3. 52 2.240 3.55 1.230 1.950 
1.250 2.565 3.210 2.615 3. 27 2.'1'12 3. 4Z - -
0.917 3.620 3.320 3.490 3.20 3.550 3.2 1.995 1.830 
0.583 5.070 2 .995 - - - - - -
1.834 1 .885 3.450 1.942 3.57 1.961 3.6<> 1.140 2.090 
1.500 2.355 3.530 2. 323 3. 49 2.408 3.61 1.428 2.140 
1.16'1 2.730 3.190 2. 615 3. 05 2.900 3.38 1.79~ 2.090 
0.834 3.770 3.140 3. '1'10 3.14 3. '1'10 3.15 2.165 1.805 
0.500 6.150 3.080 - - - - - -
1.667 2.025 3.380 2.140 3.57 2.220 3.70 1.230 2.050 
0.750 4.030 3.020 4.(190 ' . 07 4.190 3.14 - -
1.417 2.450 3.450 2.385 3.39 2.420 3.43 1.571 2.225 
1.083 2.990 }.245 }.140 3. 41 2.990 }.24 1.795 1.946 

W8b(eve. )=,.280 W8b(ave. )=} .}4 wab(ave.) = }.4} wab(ave. )=2.006 
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TABLE 9 (oontinued) 

IHorIz. POIIstlrene ~ellets 
Dls- l!;qulv.dia . =0 . 0104' (3. 17mm) 
plaoe-
ment 

water depth '5 l~ 90 '. 
v ~ 0.9}xlO - tt. / seo . 
at 80oF.; ap. gr • 1.052 

. Bb W web 
Crt .) (rad/seo .) (tt ./seo.) 

1.417 0.672 0. 95} 
1.000 0. 920 0 . 920 
1. 250 O.79} 0.992 
1. 167 0 .816 0.951 

wa~ (ave. ) = 0.954 
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TABLE 10 

RAT!S OF TRANSPORT OF SEDIMENT 

CAUSED BY DIP'P'''.:RENTIAL VELOC ITIES AT Tlf~ BOTTOM 

Sediment mixture: Da9 = O. OO}~' (1 .006 mm)i sp.~r. 2.60' 
Depth of water • 1. 9 ; V o~ water at 76.50, : .97 x 16-5 ft 2/sec. 

Horiz . I Angular vel. Linear vel. Lin . acce1 . 
., 

Ve1.of ur '·Rate of 
d1ap1ace- W (radi sec ) W ot/( ttieec ) wtOh'(ft /sec2) "', = travel weab' transp. 
mont BeaOh- I sea- lfeach- Sea - Beach- Sea- 6.52 of rip 3 of sed. 
a' ward ward ward ward ward ward weOb' Ur xlO- (meas.) 
(Pt) We Ws Weob' Wg0ll' wet all' Wsz 010' (ft/sec) G 

I (lb/sec/ft) 
1. 75 1. 146 0.593 2. 00} 1.03 ~ 2 .300 0.615 13.08 .0035 · 1.75 .0065 

1. 328 0.758 2.}22 1. 32 3.000 1.005 15.15 .0103 4.43 .0156 
1.500 0.943 2 . 625 1. 650 3.940 1. 552 17.13 .0135 5.15 .0372 
1. 740 1. 208 3 .045 2.112 5.300 2.555 19.85 .0151 4.96 .0505 
1. 955 1. 428 3.420 2.500 6. 680 3.570 22.30 .0195 5.70 .0698 
2 . 245 1.665 3 . 930 2.915 8. 820 4.850 25.61 .01U 3.00 .0637 
1.060 0 .333 1.855 0.583 1. 968 0.194 12.10 .0014 0.76 .0012 
1. 454 0.677 2. 545 1.183 3.700 0.802 16.58 .0087 3.42 .0151 
1.595 0.818 2.790 1.432 4.450 1.170 11l.20 .0164 5.88 .0032 
1. 765 0.990 3.090 1.732 5 . 450 1.712 20.15 .0185 5.99 .0450 
1. 950 1.212 3. 410 2 . 122 6. 650 2.570 22.15 .0245 7.18 .0765 
2. 202 1.429 3 .860 2.500 8 ; 480 3 • .570 25.15 .0205 5.31 .0855 
2. 445 1.785 4 . 280 3. 125 10. 45 5.580 27.95 - - .10:]5 
1. ?75 0.344 2. 230 0.60 2 2. 84 5 0.207 14.53 .0025 1.12 .0046 
1. 433 0 . 489 2. 510 0.!j56 3.600 0.418 16.36 .0065 2.59 .0112 
1.695 0. 75 5 2.965 1.321 5.030 0.996 19.35 .0159 5.36 .0330 
1.885 1.070 3. 300 1.873 6.210 2.000 21.50 .0184 5.58 .0738 
2.242 1.325 }.930 2.320 8.810 3.070 25.60 .0250 6.36 .1006 
2.520 1.665 4.410 2.92u 11.10 4.850 28.79 - - .1150 
2.820 1.980 4. 940 3.465 13. 90 6.860 32.20 - - .1612 
1.280 0;212 2.240 0.371 2. 870 0.079 14.60 .0025 loll .0025 
1.608 0. 496 2. 810 0.868 4. 520 0.430 18.32 .0099 3.52 .0167 
1. 895 0.780 3 . 320 1.365 6. 280 1.062 21.65 .0174 5.25 .0474 
2. 155 1.202 3. 770 2.105 ij.120 2.530 24.60 - - .0560 
2. 575 1.650 4.510 2.890 11. 59 4.760 29.40 - - .1210 
1.482 0.326 2.595 0.571 3 .850 o .18~, 16.92 .0085 3.27 .0151 
1.870 0. 501 3.272 0.876 6.120 0.439 21.35 .0138 4.22 .0238 
2.155 0.8;8 3.770 1. ~02 H.120 1.21l6 24.60 - - .0685 

1.334 1.610 0.277 2.150 0.370 3.460 0.102 14.02 .0026 1.21 .0043 
1.950 0.462 2.602 0.61'/ 5.070 0.285 17.00 .0087 3.34 .0138 
2;280 0.825 3.045 1.100 6.940 0.908 19.85 .0148 4.86 .0375 
2.620 1.302 3.500 1.740 9.160 2.262 22.80 - - .0695 
2.950 1.698 3.940 2.265 11.60 3.850 25.70 - - .0655 
3.175 2.045 4.230 2.7~0 13.45 5.580 27.60 - - .0778 
1.496 0.317 1.995 l,.423 2.990 0.134 13.02 .0023 1.15 .0031 
1. 925 0.750 2.570 1.0ue 4.940 0.751 16.75 .0113 4.40 .0187 
2.270 1.168 3.030 1. 558 6.870 1.822 19.75 .0152 5.01 .0400 
2.575 1.468 3.440 1.959 8.840 2.875 22.45 - - .0706 
1.655 0.701 2.205 0.936 3. hli n 0.656 14.38 .0043 1.95 .0082 
1. 980 1.033 2.645 1. 380 5.240 1.425 17.23 .0098 3.70 .0300 
2.140 1.415 2.860 1.890 6.110 2.670 18.65 - - .053P 
2.585 1.725 3.450 2.300 H.910 3.970 22.50 - - .0510 
1. 525 0.750 2.035 1.000 3.105 0.750 13.28 .0045 2.21 .006;;. 
1.837 1.090 2.450 1.455 4.500 1. 585 15.98 .0140 5.71 .011l7 
2.180 1.496 2.910 1.996 6.330 1. 998 19.00 .0127 4.36 .0522 
1.500 0.981l 2.000 1.320 3.000 1.300 13.02 .0050 2.50 .0053 
1.785 1.270 2.382 1.695 4.250 2.152 15.54 .01G6 4.45 .0211 
2.110 1.635 2.820 2.182 5.930 3.562 18.38 - - .0426 

1.00 1.785 1.279 1.71l5 1.279 3.185 1.635 11.63 .0032 1.79 .0111 
2.170 1.706 2.170 1.706 4.710 2.910 14.15 .0057 2.62 .0219 
2.805 2.360 2.805 2.360 7.1l60 5.560 18.30 - - .0417 

.. 
1jI/ wI! Obi et e.4 

; all rates of transport ar.e given as = 0.4 0.4 110.2 00.2 Pt 9 dry weight of sediment. 
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Table 10 continued 

ail W(rad/sec) WOb' (ft/sec ) WZOb(ft/sec 2 ) 
U[ G 

'It.' ur W8 Obi ( lbs/secl 
(ftl We I Ws WeOb' I WSOb' we20 tf I WSzOb' tt / sec xl0-} tt) 

1. 50 1. 303 0 . 820 1. 955 1.230 2 . 545 1.009 12.75 .0035 1. 79 .0041 
1 .690 1.200 2 .5}5 1.800 4.280 2 . 160 16 . 5} .0070 2.76 .0}18 
2.1 20 1.675 3. 11:10 2 . 515 6.740 4. 210 20 .72 - - .0321 
2.455 2.040 3.680 3.060 9 .040 6. 240 24 .00 - - . 0349 
1.}OO 0 .534 1. 950 0 .80),. 2 .535 0. 428 12. 71 . 002~ 1. 38 .0044 
1.540 0 . 802 2 . 310 1.203 3 .555 0. 965 15.06 .01} 5. 98 .U094 
1.870 1. 152 2 . 808 1. 730 5 .240 1. 990 18.30 - - .0291 
2.285 1.690 3.430 2.535 7. 830 4.290 22.3.5 - - .06 25 
2 .685 2 . 150 4 . 025 3.228 10. 80 6 .930 26.25 - - .0686 
1.218 0 .301 1.828 0 .452 2.225 0 .136 11.91 - - . 0020 
1.500 0. 554 2.2 5C 0.832 }. 380 0 .46 0 14.68 . 0064 2. 84 . 0043 
1.816 0.902 2.7 25 1.352 4.950 1.220 17 .75 . 01C3 }. 78 .0352 
2 . 125 1. 200 2 .125 1.200 6. 770 2.160 1} . 86 - - .0510 
2 .490 1.670 2. 490 1. 670 9.}00 4.180 16.23 - - .0619 
2.940 2.190 2. 940 2 .190 12. 95 7. 190 19 . 16 - - .15 85 I 1. 485 0. 305 2.230 0.458 3 .}10 0.1}9 14 . 53 .0031 1. 39 . 0045 
1. 975 0. 783 2.965 1.175 5 . 850 0 .919 19. 34 . 0127 4. 28 . 0309 
2.2}5 1.111 }.355 1.668 7 .500 1. 850 21. 86 - - .0598 
2 . 665 1 .626 4.000 2.440 10.6~ ~.970 26 .05 - - . 0970 
1. 495 0. 252 2.242 0.378 3.350 0.095 14 .6} .0036 1.60 .OU41 
1. 965 0.600 2.950 0.900 5.800 0.540 19 .23 - - .0227 
2. 410 0.970 3. 615 1.453 8.710 1. 410 23 . 55 - - .0658 
2 . 685 1. 420 4.030 2.130 10.80 3.025 26 . 26 - - .1]42 
2 . 920 1. 770 4.380 2.655 12.78 4.7 00 28 .60 - - . 1272 
2 . 045 0. 268 3.070 0.402 6.270 0 . 108 20.00 .0068 2 .::"2 . 0184 
2. 3?) 0 . ~24 3.490 0.7 86 8.100 0 .411 22.75 - - .0389 
2. 638 2. 60 4.290 1. v52 12.26 1 .818 28.00 - - . 08 68 
1.070 0. 674 1.605 1. 011 1. 718 0 .681 13.02 .0010 0 . 62 . 00 26 
1 .448 1. 02 2 2.175 1. 533 3. 150 1. 566 17. 65 .0030 1. 3f .0126 
1. 745 1. 34 5 2.620 2.020 4.570 2.712 21.23 .0033 1. 26 . 0148 
2 . 070 1.670 3.105 2.505 6.420 4 .190 25.15 - - .0370 
1.235 0.552 1.855 0.827 2.290 0 . 456 15.02 .0022 1.19 .0041 
1. 540 0 .838 2.310 1. 258 3.560 1. 052 18.72 .0073 3.16 .01}0 
1. 834 1. 125 2.750 1.688 5.050 1 . 900 22.30 - - .03 20 
1. 850 1. 165 2.775 1. 748 5.1311 2 .035 22 . 50 - - . 0431 
2. 300 1. 640 3:450 2.460 7.930 4.040 28 .00 - - . 0507 
1. 208 0.309 1.812 0.464 2.185 1. 430 14.70 . 0021 1.16 . OC15 
1. 44!j 0.484 2 .172 0 .726 3.150 (:.3 51 17.6u .0051 2.35 .0082 
1. 745 0 .770 2.620 1.155 4.560 0 . 890 21. 22 .()076 2. 90 .0161 

I 2.005 1.035 3.010 1. 552 6.030 1. 60!j 24.40 - - .0443 
2.260 1.354 3.390 2.032 7.(61) 2. 750 27.50 - - .oe n 
1. 348 0.206 2.021 0.309 2.7 25 0. 06 4 16.40 .0022 1. 09 .0020 
1. 635 0.437 2.452 0.656 4.(, 00 0.286 B.88 .0047 1.91 . 00 n 
1. 975 0 .763 2.960 1.145 5. ~ 50 0 .872 24.00 - - .0246 
2.232 1. 070 3.350 1.605 7.4130 1.n8 27.15 - - .04 06 
1. 681 0.249 2.525 0.374 4.240 0.093 20.50 - - .0051 
1. 92 8 0.590 2.890 0.885 5.580 C.522 23.40 - - . 029 5 

1. 083 1.!j16 0.308 1.970 0 .334 3.580 0.103 15.96 .(;014 C . n . C019 
1. 940 0 . 430 2.105 0.466 4.180 0.200 17.05 . 0025 1.19 .0046 
2 .360 0 , 842 2.5 00 0.913 6.030 0.768 20 .75 - - . 0142 
2.790 1.348 3.030 1.462 8.430 1. 970 24 .55 - - .G ?84 

I 
1.625 0.413 1. 765 0.448 2.860 0.18 5 14.30 .0031 1. 76 .0026 
1.848 0.632 2.010 0.686 3.7 00 0 .4 33 16.30 .0038 1. 89 .0064 

I 
<:. 190 0.943 2.375 1. 02 2 5.200 0 . 963 19 .25 . 0077 3.24 . C1 4 3 
2 . 490 1.274 2.700 1. 3!:J2 6.710 1. 75 !:J 21.90 - - .0229 
2 . 790 1.6}6 3. 030 1. 775 8.430 2. 905 24.5 5 - - . 03 c 3 
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Table 10 oontinued ., 

at, W(rad/ seo ) woti(rt/seo) WZOb' (rt/seo2 'f,' u~ w~db' G , 

(rt. ) we I Ws WeOb I WSOb WSzOb' I wez Ob' 
(ft/seo xl0-3 

( lb:~~~/ 
1.083 3. 240 2. 07{) 3. ;12 2.24; 11.3b 4. b40 28. ;0 - - .0193 

1. 7}; 0 . 762 1 . 882 0 . 827 3.26; 0.628 1;. 2; .0046 2. 44 .00;2 
2. 0; 5 1.06; 2.230 1.1;5 4 . ;80 1. 230 18. 10 .0081 3. 63 .0127 
2.380 1 . 445 2.,80 1. 568 6.140 2 .. 265 20 . 92 - - .0232 
2.665 1.785 2.895 1.~35 7. 690 3. 455 23 . ,0 - - .0268 
1.603 0. 905 1. 740 0.982 2.790 0. 887 14 . 10 .002; 1.43 .006; 
1.940 1. 221 2.10; 1.32; 4. 080 1.618 17 . 0; .0091 4.31 .0133 
2.340 1. 690 2. 538 1.834 5. 940 3. 09; 20 . 55 - - .019; 
1.39~ 1.04; 1.;13 10 132 2.110 1.183 12 . 2

A 
.0009 0.;9 .00" 

1.6; 1.320 1 . 798 1.432 2. 982 1 . 890 14 . 5 .0019 1.06 .00;6 
2.140 1.78; 2.320 1.935 4.970 3. 45; 18 . 80 - - .0241 
2.;00 2. 180 2. 710 2. 365 6. 770 ; .150 22 .00 - - .0270 

1.834 0.99; 0.66; 1.82; 1.219 1.812 0 . 812 14 . 80 .0026 1.42 .0040 
1.266 0 . 930 2. 325 1.705 2. 940 1.;83 HI. 8; .0090 3.87 .0133 
1.55; 1.213 2.8;2 2.228 4.440 2 . 700 23 . 15 - - .0234 
1.900 1. 563 3.490 2.8Z0 6. 620 4. 480 28 . 30 - - .0662 
1.093 0 . 419 2.006 0. 7 8 2. 190 0. 322 16 . 28 .0037 1.84 .0036 
1.408 0.710 2.580 1 .302 3. 640 0. 925 20 . 90 .0086 4.11 .0202 
1.790 1. 108 3.285 2.030 ; . 880 2.2;5 26. 65 - - .0408 
1.171 0.331 2.150 0.607 2. 512 0. 203 17. 42 .0065 3.33 .0068 
1.;01 0.583 2.752 1. 070 4.130 0. 623 22.31 - - .0207 
1.765 0. 903 3. 240 1.6;8 ; . 720 1.492 26 . 28 - - .0486 
1.458 0 . 21~ 2.675 0.399 3. 905 0.086 21.70 - - . 0271 
1. 79.5 0.;5 3. 292 1.024 5. 910 0. ;70 26 . 70 - - .0351 
1 .750 0. 259 3 . 210 0.476 5. 620 0. 123 26.00 - - . 0377 

1.334 1.828 0 .228 2.440 0.305 4. 460 0. 06 9 19.76 - - . 0039 
2.210 0.540 2. 950 0 .721 6 . 520 0 . 389 23 . 90 - - . G18'5 
1 • .5 70 0 . 211 2.095 0.282 3 . 290 0.059 17.00 .001,5 0 .72 .0028 
1.80~ 0.416 2.410 0.5;5 4. 340 0. 231 19 . 55 - - .0067 
2.13 0 . 734 2.852 0 .980 6.090 0.718 23.12 - - . 0184 
1. 55~ 0.4~5 2.075 0.634 3. 230 0.301 16 . 80 . 0042 2. 02 .0037 
1 . 83 0. 7 1 2. 455 1.015 4 . 510 0.773 19.90 . 0069 2.81 . 0116 
2. 140 1. 12Z 2. 855 1.502 6.110 1.695 23 . 15 - - .0366 
1. 348 0. 56 1.800 0.755 2. 42.5 0. 427 14.60 . 0015 0.83 . 0034 
1.718 0.898 2. 292 1.198 3.945 1.075 18.60 . 0089 3. 88 . 0127 
2. 125 1 . 355 2 . 840 1. 80P 6. 020 2.450 23. 00 - - . 0179 
2. 525 1.&1~ 3. :nO 2.425 8.500 4. 410 27.30 - - .03S3 
1.}10 0. 87~ 1.748 1.165 2.290 1. 01; 14. 16 . 0028 1.60 .0043 
1.680 1.23 2. 243 1.652 3.770 2.045 18. 20 .0043 1.92 .0109 
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