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Dear Sir 1/ ' 

Attached you will find information on the Ill 
International Congress on Water Resources that 
will be held in Mexico City from the 23rd to 
the 27th April, 1979. 

We shall be looking forward to your visit! 

Kind regards, 

El Comite Organizador. 



¢_ 

6 

I.:::> 
� 

,..--

CALIFORNIA UNDERSEA AQUEDUCT 

HYDRODYNAMIC LOADING 
AND 

J>-3-r.S0 

SCOUR $ A f P[AJD IX _ _JJJ_ 

vl.;) - b 

� 

DESIGN DAT/\. REFERENCE BOOK 

DECEMBER I, 1972 

� 

51c ('.)AP_ 3 o 4 6 \r Con le"' s )e'Y $lo Y\_ 



CALIFORNIA UNDERSEA AQUEDUCT 

Apprai.sal Study 

HYDRODYNAMIC LOADING & SCOUR 

Design Data Reference Book 

December 1, 1972 

This book is an internal worki.ng document prepared for the California 

Undersea Aqueduct Reconnaissance Study. The information contained may 

not be used in any publication, advertising, or other promotion with­

out permission of the California Undersea Aqueduct Study Management 

Team. In addition, the information may not be used in any manner as to 

constitute an endorsement by the United States Government or the Bureau 

of Reclamation, either explicit or implicit, of any material, product, 

devices, or process that may be referred to or inferred from diagrams 

in the book. 



'\ � 
I 

· I 

! 

<-,_) 

------

\ ' 
\ 

. ______.- . - - - �· 

' �, 
. ClENl�IL VAILILIEV 

" 
" 

ILoA •. ·, 
AQlUlIElDlUJ Cf 

U��DERSEA AQUEDUCT 
CALIFORNIA 



CONTENTS 

Introduction . . . . . . . . . . . . 
Purpose 

Work Item - Hydrodynamic Forces and Scour 

Scope of Work • . • . • •  . . . . . 
Work Statement . . . . . . . . . . . 

Organization of the Design Data Reference Book and Comments 

on the Assignment . • . .  . . . . . . . . 
Section 1 

Hydrodynamics Affecting the Conduit 

Buried Conduit 

Partially Buried or Resting on the Bottom Concept 

Bouyant Concept . 

Each Concept 

Fluid Properties 

Background 

Section 2 

Effects of Temperature, Pressure, and Salinity on Density 
and Viscosity . . . . . . . . . . . . . . . . . . . . 

Effects of Concentrated Suspended Sedimentation on Density 

Page 



CONTENTS - Continued 

Section 3 

Bouyant Force . • • . • . •  

Formula for Computing Bouyant Force 

Consideration for the Buried Concept . 

Consideration for the Partially Buried Concept . 

Consideration of Fouling-Bouyant Concept 

Section 4 

Friction Headloss and Force on the Conduit 

Introduction . 

Formula for Computing the Headloss 

Determining the Friction Factor 11f" 

Use of the Friction Factor Diagram and Headloss 
Computation . • . .  

• •  l. 

Establishing a Minimum Value for the Friction Factor 

Power Needed to Maintain Flow Inside the Conduit . 
�61:' � , o i=:oR con " r: r·1,t=R't,/J Fe,c ·, FoecE • .. ; 
Formula for Computing the External Friction Force 

Section 5 

Internal Headloss and Fluid Forces on Conduit Bends . •  

Introduction • • . . . . . . . . . . . . . . . . 
Bend Headloss Formula 

Value for Loss Coefficient C • 

Value of C for Miter Bends • 

2 

Page 



CONTENTS - Continued 

Fluid Forces Acting on the Bend 

Formulas for Bend Forces . . . . . . . . . . . . 
Bend Force Example Problems . 

Section 6 

Hydrodynamic Forces on Conduit . • • • . . . • • • •  

Pressure Variation Around Bodies of Revolutions 

Modeling Hydrodynamic Forces . . . . . . . . . . 
Drag Force - Bouyant Concept . . . . . . . . 
Lift Force - Bouyant Concept . . . . . . . . . . 
Oscillating Forces - Bouyant Concept 

. . 

. 

. 

Drag, Lift, and Oscillatory Forces - Cylinder in Contact 
or Partly Embedded in Boundary . • • • • . . . • • •  

Page 

Effect of Currents at an Angle to Cylinder - Bouyant or in 
Contact with Boundary . • • . . • • • • • • • . • • .  

Section 7 

Water Movement Caused by Waves and Effect Upon the Conduit 

Introduction 

The Airy Equations 

Nomenclature and Symbols 

Combining Terms to Simplify the Equations 

Explanation for Visualization of Water 'Movement as 
rFormulated by the Airy Equations . . . . . . • . • .  

Phase Angle 

3 



Wave Profile . . 

Wave Celerity 

Particle Orbit . 

Particle Velocities 

Particle Acceleration 

CONTENTS - Continued 

Development of Proportionate Vector to Describe Orbit 

.. 

Parameters . . . . . . . . . . . . . . . . . . . . . 

General 

Wave Profile 

Particle Orbit 

Particle Velocity 

Particle Acceleration 

Review of Wave Property Diagrams 

Force of the Oscillating Water Acting Upon the Conduit 

The Morison Formula 

Combining and Rearranging Terms 

Entering Proportionate Vectors I and I into the 
Formula 

v a 

Ux and Uy Functions 

Example Problem . 

General 

Conditions of Problem 

4 

Page 



rs:: 

CONTENTS - Continued 

Schematic of Problem Conditions . . •  

Steps in Obtaining the Force Diagram 

Bouyant Concept 

Suspension of Conduit 

Envisioned Manner of Wave Oscillatory 

Forces Acting on Conduit 

Use of the Morison Formula 

Scour • . . . .  

Introduction 

Purpose . 

Background 

0 rganiza tion 

Section 8 

• • <. 

Page 

Relative Scour Resistance in Terms of Soil Classification 

Ranking by Unified Soil Classification Groups 

Ranking in Terms of Soil Plastic Properties 

Types of Soil on Continental Shelf . 

Critical Scour Criteria 

Background 

Critical Tractive Force Versus Grain Size for 
Noncohesive Soils . • . • . . . . • . •  

5 



CONTENTS - Continued 

Critical Tractive Force for Cohesive Soils . 

Critical Velocity Versus Grain Size 

Linkage Between Critical Velocity and Critical 
Tractive Force • . • • • • • • • . . • . . .  

Application and Certain Limitations of Scour Criteria 

Transport 

Unidirectional Bottom Transport 

Oscillatory Bottom Transport . 

Beach Transport 

Local Scour . 

Background 

Scour Trends 

Dimensionless Scour Depth Envelope 

Time Rate of Local Scour 

Underflow Scour 

Scour by Fluidization 

Scour in Cohesive Soil 

Some Limitations • • • .  

6 

Page 



INTRODUCTION 

An undersea aqueduct has been proposed to transport water from the 

Eel-Klamath River areas of northwestern California to central and 

southern California. In 1971 the Bureau of Reclamation started a 

reconnaissance investigation for the aqueduct, and a "Study Work 

Plan For California Undersea Aqueduct Reconnaissance Investigation" 

was issued in September 1971. The report will serve as a'guide for 

conducting the investigation. A systems approach was used and the 

reconnaissance investigation was divided into many phases. One 

phase was the preparation of a design data reference book "Hydro­

dynamics Loading and Scour," which would provide design data to 

predict forces on undersea pipelines. The responsibility of preparing 

the design data reference book was assigned to the Hydraulics Branch 

which formed a task force consisting of J. C. Schuster, R. A. Dodge, 

and E. R. Zeigler to complete the assignment. 

Seve:t� planning assumptions were developed in the Study Work Plan. 

The following design assumptions relate to the "Hydrodynamic Loading 

and Scour" reference book. 

1. The aqueduct would deliver 1 to 4 x 106 acre-feet of water 

per year. 

2. The aqueduct would include one or more pipes 20 to 32 feet 

in diameter. 



3. The aqueduct must be located on the Continental Shelf at 

a depth not exceeding 65 fathoms or about 400 feet. 

4. Design emphasis chould be given to concepts of a buried 

pipeline, pipeline partially buried or resting on the pottom, 

and a flexible buoyant pipeline, Figure 1. 
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Figure 1. Concepts of pipeline configurations. 
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PURPOSE 

The purpose and scope of the "'!!ydzeevnamies Loadinq aft&� 

design data reference book are outlined in the following excerpt 

from the Study Work Plan. 

"Work Item - Hydrodynamic Loading and Scour 

"Scope of Work 

"The study will summarize design data to predict hydrodynamic loadings 
on various aqueduct configurations. In addition, probable scour 
patterns for each configuration will be estimated for the range of 
sea floor materials expected. The.work will culminate in a design 
data reference book. The work should be coordinated with the other 
�work items in the oceanographic studies. 

"Work Statement 

"A literature search is required to define areas in which design 
data are inadequate. The following data are essential £or design and 
will be supplied for all pipeline configurations: 

1. Drag and lift loadings with both steady-state and oscillatory 
flows 

2. Effects of salinity and temperature on fluid density 

3. Scour tendencies for pipelines 

4. Dynamic behavior of submerged masses suspended by cables 
from oscillating supports 

5. Pressure distribution around pipelines 

6. Pipe friction factors 

"Additional data needs arising from the conceptual alternative screen­
ing studies will also be obtained. 

"If the data are not available from the literature, analytic and 
hydraulic model studies will be conducted to supplement the known 
data." 
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ORGANIZATION OF THE DESIGN DATA REFERENCE BOOK 
AND COMMENTS ON THE ASSIGNMENT 

Numerous references were catalogued during the literature search and 

review for hydrodynamic and scour information. Many of these refer­

ences were examined, but relatively few contained data that could 

be applied directly in solving the critical problems. Pertinent 

references are footnoted or listed where the subject is discussed. 

References of the literature search are listed in the bibliography. 

Many facets of hydraulics are involved in the Hydrodynamic Loading 

and Scour Task Force assignment. In organizing the design data 

reference book the team treated parts of the assignment as distinctive 

subjects in separate sections. A discussion, presentation of formulas, 

and in some cases example problems illustrating use of the formulas, 

were included in the sections. The intent is that this detailed 

information would serve as "building blocks" for other sections of 

the reference book. 

For example, Section 1, "Hydrodynamics Affecting The Conduit" gives 

a general description of water motion and hydrodynamic forces acting 

on the conduit for the three concepts. For a more thorough under­

standing of the forces and formulas for computing the forces, the 

reader is referred to the "building block" sections. 

The task force was unable to provide formulas that would accurately 

predict dynamic behavior of the buoyant conduit, as prescribed in 



Work Item 4, "Dynamic behavior of submerged masses suspended by cable 

from oscillating supports." Fluctuating pressures and velocities 

occurring in fluid flow past a circular cylinder most likely are of 

a statistical nature . Present hydraulic theory is not developed to 

accurately compute the statistical hydrodynamic loads, or how the 

conduit would react to these loads. Another factor influencing 

dynamic behavior of the conduit is the movement of the conduit in 

response to the hydrodynamic loads. The amount of conduit movement 

is dependent upon structural properties such as size, thickness, 

strength, flexibility, and the applied forces. Yet the hydrodynamic 

loads vary because conduit movement changes velocity and acceleration 

of the flow relative to the conduit. The task force considered 

conduit movement and the effect of the hydrodynamic loading in only 

a general sense . 

No formulas about Tsunami waves are given in this design data reference 

book. One reference {_}_/page 121) states that solitary wave theory 

approximates the Tsunami waveform (very long waves). Equations are 

given for water velocity beneath the waves. These equations are 

dependent upon the stillwater depth and wave height above the still-

water level. No information was found about the Tsunami wave heights 

which may occur over the Continental Shelf, for use in the solitary 

wave equations . Formulas for computing water movement are given in 

_j_J I Pt.?€N. A.T ED. J Esnl/llZY AND Cof)S7L/NE HYoF ODVIJ'li r -.S, 
ENG1N.1:c,; IN<=i _ oc1ETY Mor.;O· Rt 4S1 NI:: CiP�,rv-1/;LL Book 
C'omP/)t 'V, I NC I 9 6 6 
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the section "Water Movement Caused By Waves and Effect Upon The Conduit. " 

However, wave parameters of wave length (L), wave height (H), and wave 

period (T) are needed for use in these formulas. Probably these 

wave parameters will have various values for different locations 

off the California Coast . This wave parameter information is not 

included in this design reference book but will be available from 

reports specified in the "Study Work Plan For 'fhe California Undersea 

Aqueduct Reconnaissance Investigation," see pages 50-53. 

The task force found areas where the available data appeared insuffi­

cient for accurately defining hydrodynamic loads or conditions acting 

on the conduit. Areas which require more or better information are 

noted in hlle section "Study Needs. " There was insufficient time to 

perform hydraulic model studies for supplementing the data. 
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SECTION J. 

HYDRODYNAMICS AFFECTING THE CONDUIT 

Buried Concent 
('t 

Buoyant forces acting upon the buried conduit .J:s: probably insignificant 

under normal conditions, but in the event of soil liquifaction the 

buoyant force increases. The buoyant force equation can be used to 
sec-i 10, 

predict the upward thrust acting on the conduit! 8ec. 3, "Buoyant Force -

Considerations for the Buried Concept. 11 ' 

A buried conduit is normally protected from hydrodynamic forces pro­

duced by movement of the ocean water . Hydrodynamic forces acting 

uuon the buried conduit would be due to flow of water within the con-

duit . Friction force of water flowing in the conduit for straight 

reaches would probably be neglig.ble with respect to longitudinal 

movement; but forces occurring at bends should be considered, Section 5 

"Internal Headloss and Fluid Forces of Conduit Bends" explains forces 

that the conduit must resist. 

. Partiallv Buried or Resting on the Bottom Concept 

Hydrodynamic forces acting on the conduit are shown in Figure ,/ . 

L 

1 � �D 

�. 

<c----,A 
------m:--

B - Buoyancy iDue to the steady velocity 
L - Lift

] 
of an ocean current and 
oscillatory velocities 

D - Drag �f wave action 

A- Acceleration 
Bend force 

Figure /. I - Forces on conduit for partially buried or resting on the 
bottom concept 
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The buoyant force is a static type force and is present in still or 

moving water. Section� "Buoyant Force" describes how to compute 

the force and the possible variation in force that might occur from 

changes in water turbidity or liquifaction of the soil . 

The bend force, composed of two forces, one static and on� dynamic, 
re.:-u/f· ,,.,. m 

acts from within the conduit . The static force
,._,
c the internal water 

pressure and the dynamic force is caused by the internal water vel­

ocity. An explanation and method of conputing bend forces is given 

in Section 5 "  Internal Headless and Fluid Forces at Conduit Bends. " 

The lift and drag forces occur when the ocean water has a normal com­

ponent of movement relative to the conduit . For the condition of 

an ocean current flowing past the conduit)_� r :i 9, a steady type 
.S. r'!S'JI 

velocity act� on the conduit. The�drag force acts in the same 

direction as the current . Unsteady drag forces can occur because of 

a periodic vortex formation on the down current side of the pipeline, 

Section 7 .  

Wave action produces an oscillating motion to water velocities below 

the wave . Near the ocean bed the water oscillates in a general hori­

zontal direction and experiences an accelerated motion . The velocity 

periodically increases and decreases and reverses direction to add an 

acceleration component of unsteadiness to the lift and drag forces. 

Explanations, formulas, and coefficients for cumputing lift, drag, 

and acceleration forces are given in Section 6, (Lift and Drag) . The 

designer should use Section 6 to obtain the appropriate value for the 

required lift, drag, and inertial (acceleration) coefficients . Values 

,-� 



of these coefficients vary depending on the location of the conduit 

with respect to the ocean bottom . Formulas are given for computing 

water velocity and accelerations in Section 7 "Water Movement Caused 

by Waves and Effect Upon the Conduit ." These are the water velocities 

and accelerations to use in the lift, drag, and acceleration force 

equations. 

The conduit can be subject to both a steady velocity of an ocean 

current and unsteady velocities caused by wave action . In this 

case the velocity to be used in the lift and drag force equations is 

the fector addition of the ocean current velocity and the oscillatory 

velocity. For the acceleration force equation the only source of 

water acceleration is believed to be that of the wave action . 

Buoyant_ Concept 

Normal and parallel hydrodynamic forces act upon the buoyant conduit, 

Figure12. Possihly the normal forces are predominate, but an effort 

should he made to define the parallel forces in relation to the total 

load on the support . 
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RL - Reverse lift (suction force) 

Bend force only where bend or curve 
in conduit aligDD1ent 
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Figure /,2 - Forces on conduit for the buoyant concept 
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Establishing the buoyant force is critical for this concept . Buoyancy 

of the conduit is very sensitive to the specific weight of fluid 

surrounding the conduit, (specific weight is a measure of density) . 

Specific weights for fresh water, salt water with various salinities, 

and different temneratures are given in Section 2 "Water Properties," 

and should be used with Section 3 to compute the force . Hater density 

can change in the ocean environment to produce changing loads on 
use 

the pipe supports; for greater loads,ASection 3, Considera-e-ion of 
(..{Se 

Dense Turbid Water, and for lesser loads,�Section 3, Consideration of 

Fouling . 

A steady ocean current acting at an angle to the conduit produces two 

comoonents of drag, one normal (D) and one parallel (ED) to the 

�� 

,n.� 
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conduit . A suction force can be generated by locating the conduit 

to close to the bottom . Water velocity under the pipe is increased 

and an 1:m&t:able low pressure 31?ea is created beneath the pipe 

resulting in a reverse lift (RL) . Explanations and methods of comput­

ing reverse lift, normal and parallel drag forces are given in 

Section 6 . 

-tend fo 
The flow of water in the pipe produces forces that �

/\
move the 

conduit . These are bend and internal drag (ID) forces of the flowing 

water on the conduit walls . These bend and friction forces are 

explained in Sections 4 and 5. 

The buoyant conduit is more susceptible to oscillatory water motion 

than the previous concepts. Above the ocean bed oscillatory motion 

of the water is not neeess-ar-i1y linear . �el'e arfi. ·norizontal and 

vertical accelerations and velocities of the water; actiAJ,i 4'0n the 
JCl/1/D WILL ob/14,u ·1I 

conduit
/\

wh� periodically reverse direction . A.Wave crests aeting 

a.t-aa an�le produce@r�g _!orce�both normal (D) and parallel (ED� 

on the conduit. A reverse lift (RL) force occurs if the conduit 

is too close to the ocean bottom. This force would vary with respect 

to the magnitude of the normal velocity component . Acceleration for-

ces act only in a direction normal to the conduit, Explanations and 

methods of computing reverse lift, normal and parallel drag forces, 
'-1- ""'1r, me.fhoo1< o 

and acceleration forces are given in Section 6 and
l\

� computing water 
' I\ 

Qr?g11r', 7 
velocity and accelerationAin Section f· When the conduit moves

)
� 

relative accelerations and velocities between pipe and water should 

be used in the force equation; SR Section 'f, "Buoyant Concept . 1
1 
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For a conduit subject to both ocean current and wave action, the 

velocity to us� in the lift and drag force equations is the vector 

addition of the ocean current velocity and the oscillatory velocity . 

Each Concept 

Friction and bend head losses are common to each of the pipeline 

concepts. These head losses are explained in Sections 4 and 5 on 

friction and bend losses . 

The "California Undersea Aqueduct Report on Alternative Concepts" 

contains Figures Bl and B2 (Appendix B) showing head loss for various 

pipe diameters and given discharges. Although the head losses are 
f � 

limited to rugosity values of € = 0 . 008 feet and€= 0 . 000064 feet, 

the data may prove useful to the designers. 

Water Hammer 

The transmission and reflection of water hammer pressure surges in 

the aqueduct straight sections, bends and junctions were not included 

in the design data book . Analysis should be made for each concept 

to find the effects of pipeline orientation, concentrations of head­

loss and momentum, and the motion of the piping system at junctions. 

The forces of water hammer pressures on the bouyant concept may 

materially affect the transmission and reflection characteristics 

of pressure waves at junctions and bends . 

1-6 



The effect on the bouyant concept of water released from a complete 

separation of the aqueduct or large hole broken in the wall was not 

analyzed in detail. Momentum relationships in Section 5 would be 

I 
of use in analyzing the possible "firehose" movement of the aqueduct . 
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Bac�ground 

SECTION 2 

FLUID PROPERTIES 

J 

\\ _ _.,,._ 
l 

In hydrodynamics the equation of continuity of flow is derived by 

accounting for the rate of mass (M) entering and leaving a stationary 

element of fluid. The equation of motion for the same element can be 

developed by accounting for the rate of momentum entering, momentum 

leaving, and the forces acting on the system. Momentum is the product 

of velocity (V) and mass (M). Force (F) is the vector defined in 

terms of the mass (M) as 

F = Ma 
.2.. 
c:u 

where (a) is an acceleration vector . Mass is the measure of the inertia 

or resistance of a fluid flow to changes of direction and/or velocity . 

When we consider gravity (g) as the only acceleration acting on the 

mass, then the force acting -i-B-;the direction of the gravitational field 

is called weight (W) expressed as 

W = Mg . 
2.. 
(2) 

Using equations (1) and (2) to solve for (M), equating and then solving 

for (F) results in 

F = .!i a 
g res>ed 

rz'I-P 
where (W/g) is a-way to ·exp:e:ess mass

,\
in engineering units called 

slugs, 

"-2 .. ,:.., 



Differences of density can be the driving force of ocean currents . 

For sedimentation and scour, the difference in mass or weight between 

the seawater and sediment is a driving or a resisting force depend­

ing on whether a partical is setqing or resting on the bed . 

Fluid flow may have a change in mass or weight at different points 

in the flow system. Thus it is useful to define weight and mass 

in terms of a unit volume . 

y = 1 ft3 

H 
p = 1 ft3 where 

H • weight, lbs 

lb sec2 
M = mass, slugs, ft 

y = specific weight, lb/ft3 

_ . 3 lb sec2 
p - density, slugs/ft , � 

:. 

Using these definitions and substitution into equation (2.2) 

y = pg . . . (2. 3) 

Stagnation pressures, drag forces and lift forces are proportional to 

(pv2), (yv2) , or 0·1V2) 

,2-3 



Therefore mass expressed in the form of density or specific weight 

is a fundamental property in fluid statics and dynamics . 

2-;:fr,...,, 
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A substance that continues to deform under a shear stress, no matter 

how small, by definition is a fluid . In real flow, internal shear forces 

cause heat or frictional losses. If the velocity is great enough ailee 

disturbances at boundaries can amplify into general turbulence through-

out the entire flow. The property by which a fluid resists shear is 

called viscosity. Viscosity can be thought of as the inverse of 

fluidity. 

r( 
Viscosity (µ) is defined as the ratio of shearing stress (� to the 

rate of strain. The rate of strain is the velocity gradient (dv/dy). 

Thus dynamic viscosity is defined as 

ML 
I '2. 

µ = 'L -
dv 
dy 

r;-;. 

µ = dynamic viscosity, lb/sec 
ft2 

2. 
(4) 

T = shearing stress, lb/ft .,_ 

dv = velocity gradient, .-1. 
dy sec 

'5 I IJ0J� /-f'-+ � 

Equation (4) is generally used for steady state flow conditions. However, 

the kinematic viscosity is used for unsteady flow conditions. Kinematic 

viscosity (v) is defined as: 

L 1-
V = � 

p 
. . . . . . . . . . . 

;;-lf 

.2, 
(5) 



When hydrodynamic equations of motion are transformed into dimension-

less variable formJ, both/- Froude number5 (NF) and Reynoldf number3 (NR) 

are formed and expressed as 

and 

v2 N = -, 
F Lg 

NR = VLp or VL 
fa V 

:;.. 
(6) 

!2, 
• (7) 

where (V) is a characteristic velocity and (L) is a characteristic 

length . These numbers are often used for relating results of hydrau­

lic model tests to prototype conditions. The Froude number (NF) is the 

important parameter when gravity and free surface wave action dominates. 

<��) 
The Reynolds number is the imnortant parameter when frictional and form 

A 

losses dominate. Also the Reynolds number is used to indicate whether 

fluid flow is laminar or turbulent. SP,-0.0. I )v n;" � '"I-.:'" 

'-- c_. 

Effect� of Temperature, Pressure, and Salinity on Density and Viscosity 

Both density and viscosity vary with temperature, pressure, and salinity . 

Thus trll-e-=·etrgmeer-w:i.i1.-ne-ee-- -teo--1'10¥0 l..aeu}odge .o{ the range of variations 

and the effect of these factors on fluid properties�U4.7 .. v4..r,lf"'.., 

For the area of the California Undersea Aqueduct, temperature of the 

water varies from about 44 ° F to 60° F .  Pressure in terms of ocean depth 

will vary from Oto about 600 feet . Salinity varies from about 33 to 

35 ppt (parts per thousand by weight). Increases of pressure will 

2.-s 



increase the density (p) of the fluid because water is slightly com­

pressible. For water the bulk modulus is high and the relationship 

� • 
P = yh = pgh • • . . • . . . . . .  (8) 

is usually assumed rather than integrating the variation of density (p) . 

.5, 0 

.3J., 

For example, sea water at 1 atmosphere� F and ,,J-5' ppt has a specific 

weight of 64.00 pounds per cubic foot. At the same temperature and at 

a depth of 300 feet th� specific we�ght increases by about 0 . 03 pounds 
� -- . ., � o�/J. - . .;V"'' • ,<j,L.I?/ C" � r _;? - I, - a . 

per cubic foot. Thus pressure effect on both (p) an (y) can be 
/I 

considered negligible, i.i .ogara;l t;e �-h& -CaLi,i-OERi:a- Undel"soa Aqw9'1uc� . 

The effect of pressure on viscosity is even less significant . There­

fore the fluid property curves in Figures 2 . 1  and 2 . 2  show only the 

effects of temperature and salinity . 

In Figure 2 . 1  and 2. 2 Density (p) and specific weight (y) are shown as 

a function of temperature and salinity .  The solid lined curves are 

plotted from data for fresh water and for sea water of 35 ppt . -;;;::, 

The curves for intermediate values of salinity (the dashed lines) are 

based on the assumption that density and soecific weight of sea water 

at different salinities will vary similarly to aqueous solutions of 

(NaCl) . The most probable ranges of density F-i:.� and specific 

weight �l"o -- for water surrounding the aqueduct are shown by the 

shaded areas between 33 and 35 ppt and 44 ° to 60° F. 
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Kinematic viscosity is plotted in Figure 2 . 3  for both fresh water and 
33 � 25 

sea water of �fppt . The most likely ranges indicate that salinity 

has virtually no effect on viscosity and only temperature need be 

considered . 

Effects of Concentrated Suspended Sediment on Density 

A fluid , containing sufficient quantities of clay sediment that can 
• _, ' J rr�, /s 

sustain a small shear (TB) before yielding, ean� longer be eellea a 

true fluid, These plastic suspensions have a viscosity (nd) that 

.2 ,  
applies to the flow after yielding takes place. Bingham l/ expressed 

this as follows : 

if 

then 

�'l.VJl., 

'a > ' 13 

, -, - n du 
a 13 

- d � 
• • • • • • • (9) 

'a = applied shear 

'e = yield shear 

nd = differential viscosity 

du/dz = shear strain or velocity gradient 

with respect to distance 

'J. ·l/ Bingham, E. C . ,  Fluidity and Plasticity, McGraw-Hill, 1922 

,;L �  q 



This is the same notation used by M . M .  Dass from Einstein et al 2 . 2 / .  

Table 2 . 1  from their tests of a deep marine sediment that passed 

through No. 140 sieve is included here . The value of relative den­

sity (third column) and viscosity ratio (last column) in the table 

may have application to sediment density flow and floatation problems . 

J .  D .  Skoda from Einstein et al 2 . 2/ cites literature on turbidity 

currents presumably containing larger size sediment than in Dass 

and infers densities up to 10 percent greater than the surrounding 

fluid and postulates densities up to 100 percent greater . 

A high value of fluid density also has been cited for a pipeline 

where floatation occured due to fluidized sediment in a trench 2 . 3/ . 

The water and suspended sediment were acting like a fluid with a 

specific gravity of 2 . 0 . 

2 . 2 /  H .  A. Einstein, 11A Literature Review o n  Erosion and Deposition 

of Sediment Near Structures in the Ocean, 1 1  19 70 . 

2 . 3 / Anonymous , ASCE Preliminary Research on Pipeline Floatation ,  

Report of  the Pipeline Floatation Research Council and R .  A .  Rai t ,  

Journal o f  Pipeline Division, Vol. 92 , PLI , March 196 6 ,  pp 27-71 . 
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1n0LE 2 .  I c.?. 

Tat-

RELATIVE DlFFEREITTIAL VISCOSITY AND BING!!iU'. � • .,.AR STRESOTI! (TESTS 1 & 2) 

susponnion Intercept 4 ,. 8 = 01st illcd ( s�:P
:2) con.::ontr•- Sal 1nl ly p. 

at .!. = 0 h 
PS 3 h a C h e water 

l'd tion gi,/1 1 tre PL t o PL Pe v2 Pe cm h SpLgr cnllbrntion 
h - PL 2 g 11i gs/litro cm � slopo cm h - - - • - h 

PL 2g PL o 2 cm/soc 1 
dyncs/cm t susp. 

Cit 

TEST 1 

0 0 1 . 0  -11.  9 +ll. 9 0 0 0 1016 . 6  1016. 6 l . 00 

46.4 1.04 1.03 -9.25 +12.25 3 , 0  2 , 2 5  3 , 96 1093 1 . 08 

92,4 2 , 12 1.05 -8,0 +12,50 4 , 50 3.375 5, 94 1260 1 .24 

115, 0  2 . 54 1.07 - 7 , 2 5  +12. 71 5.46 4 , 0C 7 . 20 1480 1 . 4 6  

168,0 3.70 1 . 10 -6 . 25 +13 . 10 6.85 5.14 9.05 2060 2 . 01 

TEST 2 

0 0 1 . 00 -11. 9 +11. 9 0 0 0 1016,6 1016.6 1 . 00 

12 30. 03 l·,04 -10.75 +12.38 1.63 1.22 2 . 14 1114 l .  l 

42 1.05 -9.  75 +12.50 2 , 75 2 . 06 3.62 1175 1 . 16 

55 1.06 -9.25 +12. 61 3 , 36 2 . 52 4 ,4 3  1195 1 . 18 

;� 1.07 -il,:2b +12,71 4.46 3.34 5.Af; !27� ! .�:;! 

82.5 1.08 -7,75 +12 .85 5, 10 3 , 82 6 , 7 1  1315 1 . 295 

2. 
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BUOYANT FORCE 

Formula for Computing Buoyant Force 

A buoyant force results when an object is immersed in a fluid . This 

force acts vertically upward through the obj ect 's center of gravity and 

is equal to the weight of fluid displaced by the object . The object 

will float or sink if it is lighter or heavier than the weight of the 

displaced fluid. For a pipe filled with fresh water and submerged in 

the ocean> the resultant buoyant force (Frb) in pounds per linear foot 

of pipe is given by equation (3 . 1) Figure 5 . / . 

2 2 2 2 Frb • Fb - Wf - W = n D Ys - n Di Yf - n (D - Di ) y (3 . 1) p - o  - - 0 p 4 4 4 

Fb 

0 
t 

WP and -WE aa 

thr.ough:-:pi.pe 

D
0 

= outside pipe diameter , ft  

Di = inside pipe diameter, ft  
..., ,  3 Ys = specific w�t ocean water , lb/ft  

Yf = specific wft fresh water , lb/ft3 

<2'1. 3 y = specific WJt pipe material, lb/ft p 
(21,. 

Fb = buoyant force due to the �g t  of the 

displaced fluid, lbs/ft 

Frb = resultant buoyant force of the conduit , lb/ft 
�� 

Wf = �.t fresh water in pipe, lb/ft �· 
WP = �t pipe, lbs/ft 

Figure - , i Symbol notation and development of equation (3  . 1) 



,..,. 

The resultant buoyant force on a glass reinforced plastic pipe filled 

with fresh water would be about 900 lbs/ft 

Example Problem 

Assume l inch pipe wall and inside pipe diameter 30 feet, 

Yp = 112 lb/ft3 , and water temperature 50° F 

From Section � yf = 62 . 41 lbs/ft3 and Ys = 64 . 22 

Frb = n D0 y - !. Di
2 Yf - !_ (D0

2 - Di2) Yp 
7. 

s 
4 4 

lbs .,,,:t:. .3/ 
D0 = 30 '  + 2 1 1  

D0 = 3 0 . 167 

Frb = � (30 . 167) 2 ( 64 . 22) - !. (30) 2 ( 62 . 41) - � [  (30 . 167) 2 - (3 0) 2 ) (112) 
4 4 4 

Frb = 45, 901 - 44, 115 - 884 = 902 lbs/ft 

Figure nex.t---eae&t is a graph of the resultant buoyant forces for various 
e 

pipe di�ters and wall thicknesses . The buoyant force obtained from the 

graph for the pipe dimensions of the example is 760 lbs/ft .  This value is 

considerably less than 902 

c f  
buoyant force -on selecting 

• I 
1m1-(H 'Or?Ce 

lbs/ft and shows the def)erulanc:y -0£- the �-Ung 
c�rre,-.r 

theAvalues of Ys and Yf · 

':./ The YB = 64.22 lbs/ft3 value was used in numerous example problems. 

T�e value is believed to be excessive for probable conditions of the 

undersea aqueduct, Figure 2.2.  A difference of about 0.1 lb/ft3 was 

not detected until refinements were made on the data in the Fluid 

Property Section. The decision was made not to change the example 

problems throughout the text o 
.3-7-
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Consideration of Dense Turbid Water 

A turbidity current acting on the continental shelf is described 

differently than the density current in a reservoir . An excerpt 

is taken from Reference 3 . 1/ for ocean literature terminology .  

"A distinction should b e  made between a turbidity 

flow age and a turbidity current . A turbidity flowage , 

also called a suspension or density current , is defined 

as a low-density ( 1 . 0  - 1 . 10 gm/cc) , low-velocity (flow 

rate less than 6 knots) suspension of eroded sediment 

and water . A turbidity current is defined as a high­

density ( 1 . 10 gm/cc or denser) , high-velocity (flow 

rate greater than 6 knots ) suspension of sediment 

and water which originated as a sediment slide and 

dispersed into a dense sediment and water suspension . 

Both phenomena are gravity-driven. Turbidity flowages 

have been observed from surface ships and submersibles 

in the vicinity of rivers with high sediment discharge .  

Turbidity currents , on the other hand , have never been 

observed , and their cause and effect are inferential 

and speculative . Because of the nature of turbidity 

-<---
3 . 1/ K. R. Demars and D ;  G .  Anderson, Environmental Factors Af fecting -- ,. 1 

the Emplacement of Seafloor Installation , Naval Facilities Engineering 

Connnand , October 1970 , 84 pages . 

.,, 1/ 



current phoenomena, their occurence is highly controver­

sial and not widely accepted. " 

The reference also discusses turbidity currents under "Evidence of 

Occurence"  and "Probable Mechanism. " 

According to the literature, severe turbidity currents apparently 

will not occur at the pipeline location on the continental shelf , 

Figure 3 . 3 .  

Turbidity Current-Slump occurs 
·and sediment slides down the 
continental slope over the 
abyssal plain;:_, __ __ _ 

��Continental shelf 

. 
......___ 6ontinental slope 

,,, . 
Abyssal plain 

Figure 3. 3 - Location of density currents with respect to the con­

tinental shelf 

Turbidity currents are believed to be located mainly along the con­

tinental slope and dissipate outward on the abyssal plain . Possibly 

the slumps occur more readily near or at mouths of submarine canyons 

which may terminate on the continental slope. Steepness of the con­

tinental slope is in the range of 45° , thus encouraging sliding 

action. 

3-S 



Suspended sediment increases the fluid density . Turbid water could 

occur in the vicinity of  rivers having high sediment discharge or 

be caused by extreme wave action stirring the ocean bottom . 

Discussion of turbidity currents and turbidity flows were found in 

the literature but the information was meager on the density of the 

sediment laden water . The density o f  turbidity currents which have 

occurred in Lake Mead were 1 to 10 percent greater than the surround­

ing fluid ; but no useful information was found for density of turbid 

ocean water , Reference 3 . 2 / .  

3 . 2/ H .  A .  Einstein and R . L .  Wiegel, "A Literature Review on Erosion 

and Deposition of Sediment Near Structures in the Ocean, " U . S .  Naval 

Civil Engineering Laboratory, Port Hueneme , California, February 1970, 

183 pages .  
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Example Problem 

A resultant buoyant force acting upon the conduit is computed for 

the condition of turbid water with 1 percent and 10 percent greater 

density than the surrounding ocean water . Assume conduit properties 

of the previous example, 

Compute specific weight yt of turbid water 
ror..P.. 

lpercent Yt = 1 . 01 Ys = ( 1 . 01) (64 . 22) = 64 . 86 

Yt = 1 . 10 Ys = ( 1 . 1) (64 . 22) = 70 . 64 

t 

10 percent 

Using equation ( 1) 

2 2 2 2 Frb = 2!_ D0 Yt - 2!. Di yf - 2!_ (D0 - Di ) Yp 4 4 4 

Frb = 2!_ ( 30 . 167) 2 ( 64 . 86) - 44, 115 - 884 = 
4 

(714 . 8 ) ( 64 . 86) - 44, 999 

Frb = 46, 362 - 44, 999 � 1360 lbs/ft 1 percent 

Frb = ( 714 . 8) ( 70 . 64) - 44 , 999 5490 lb/ft 10 percent 

A 1 percent increase in specific weight of the fluid surrounding the pipe 

increases the resultant buoyant force by about 50 percent, and 500 percent 

for a 10 percent increase. For the buoyant concept density changes of this 

amount would substantially increase the load on the conduit support structures . 

3- 'l 



Consideration for the Buried Concept 

Even though the conduit is burie� a buoyant force still acts upon the 

conduit . For example1 assume the condition of the conduit buried in sand, 

Figure�· � The conduit is immersed in 

a fluid and a hydrostatic pressure 

acts upon the conduit . This hydro-

static pressure is caused by the 
3.1 

water depth and equation (1) can 

be used to compute the resultant 

buoyant force due to water . 

Probably for the buried concept 

the pipe would be heavier than 

the buoyant concept pipe. The 

pipe weight (WP) term of equation 
3. ' 
(J) is assumed larger than in the 

Fb 

\ .  
�cf 

' l\ 

Figure - Hydrostatic fluid 

pressure acts externally on 

the conduit producing a 

buoyant force. Fb . 

Therefore the resultant 

force
1

Fr� would be negative or acting in a downward 
� 

te:rm � -�gn COUVetttion-"M Fi:gure:--)-. 

Liquefaction of the soil medium surrounding the conduit is a troublesome 

issue concerning buoyant force for the buried concept .  H"h-111eP�Lt:ion-wm: 

-defi ued in. -l?Ofelc'eftee (Ct", "The term "liquefaction*' has been applied to the 

process by which a saturated mass of soil is caused by 

suddenly lose its shearing strength and to behave as a 

external foJices -to _ ... / refiz·l"e, c € �. 
f luid J 11

A Thus when 

( C) F .  E .  Richart, Jr . ,  J .  R .  Hall, Jr . ,  and R .  D .  Woods , "Vibration of Soils 

and Foundations, Prentice-Hall , Englewood Cliffs ,  New Jersey, 19701 Pa.� £ -

?- i 
V 
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liquefaction occurs� the specific weight for the medium surrounding the 

conduit is greater than that of ocean water . The fluid surrounding the 

pipe mJW hasAweight of the soil particles adding to the specific weight 

of water. 

The California Undersea Aqueduct is located in an area prone to earthquakes . 

Vibratory forces of earthquakes are known to cause liquefaction of submarine 

soils . Also there is a 

possibility that turbu­

lence of water f lowing in 

the conduit could vibrate 

the conduit) especially 

near conduit bends.  

Vibration of the conduit 

could liquefy the soil as � . 
shown in Figure 4.. 

Most of soil 
medium acts 
as a solid 

Vibrating conduit 
agitates surrounding 

oil medium -------

Figure 4-. - Envisioned liquefaction to a 

relatively small portion of soil medium 

surrounding the conduit . 

In the pipeline industry the problem of pipelines in liquefied soils is 

termed 1 1Pipeline Flotation" . Reference �) notes - "Pipeline flotation is 

rapidly becoming a general term to cover all undesired motion of pipelines 

in saturated soils and sediments during and after laying . , ; The report 

� faj- (Anonymous) , ASCE Preliminary Research on Pipeline Flotation, Report of 

the Pipeline Flotation Research Council and R.  A .  Rait , Journal of the 

Pipeline Division, Vol 92 ,  PLl , March 1966, pp 27-71. 

3- t 



concluded, "that violent agitation will form a liquid-like substance of 

soil and that obj ects such as pipelines will float or sink in the \dense 

Liquidlt depending on the obj ect. 11 Pipeline flotation tables of a"completely 
ore 

preliminary and tentative nature" � given in die reference €-&) . Thus 

from these tables for 2-inch to 60-inch diameter pipes in various density 

soils , a range of ae pipe weight could b e  determined where the pipeline 

was expected to neither rise nor sink. 

One example of pipeline flotation was given in reference 00 . The pipeline 

was situated in a trench excavated along the ocean bottom . Backfilling 

was left to the natural sedimentation processes . Later a storm of hurricane 

magnitude passed over the area . It was believed that under severe storm 

action sand was transported into the trench. The resulting pressure surges 

and oscillating velocity of the waves kept the sand in a liquefied state. 

The medium surrounding the pipe had an approximate specif ic gravity of 2 . 0 .  

pipeline was floated 9 from the trench 

� (--E} R .  J .  Brown, Soil Mechanics Important in Marine Pipeline Construction , 

The Oil and Gas Journal, pp 151-155 ,  Sept. 16, 1957 . 
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Example Problem 

�� - �  
An example of waa-t resultant buoyant forcE:., may act on a buried conduit 

is given for assumed cond itions of liquefac tion . 

Steel pipe 2
1 1  thick with 2 1 1  thick covering of concrete, internal 

diameter of pipe is 30 ' .  Compute Frb for buried conduit in liquefied 

sand with spec ific gravity = 2 . 0 .  

Given - y steel, = 490 lb/ft3 , y concrete = 150 lb/ft3 , y liquefied sand = 

( 2) ( 62 . 4 ) --.... 125 lb/ft3 , diameters 30 ' ,  30 ' "';, 2" = 30 . 167 ' ,  and 30 '  # 4" = 

30 .  333 I •  

'Bs-e s�&�.t:J.�£�igutc 3.rl 

� A 

Weight steel pipe = n (3 0 . 1672 - 30 . 02) (490) � 3 870 lbs/ft 
4 

Weight concrete coating = lT (30 . 333
2 - 30 . 1672) ( 150) 

W = 3870 + 1180 = 5050 lb/ft 
p 

1180 lb/ft 

Weight fresh water in pipe Wf = 44 , 115 lb/ft � 44 , 120 lb/ft 

(from first buoyant force example problem) 

Fb = !_ (30 . 333) 2 ( 125) = 90 , 3 30 lbs/ft 
4 

Frb = F
b 

- wf - WP 
= 90 , 330 - 44, 120 - 5050 = 41, 160 lb /ft ( uPwti12D) 

3- 1/ 
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Consideration for the Partially Buried Concept 

If soil liquefaction occurs for the partially buried conduit then the 

buoyant force Fb , as noted in Figure , is composed of two parts . The 
f>L::"· • :;r o F c !,) 'I 

two parts of the buoyant force Fb are shown in Figure 
A - -· -

Fb 

1' t '-t, 
�0-, -�C?y. 

ov / A ?. , �,,...., 

/. 
.9 4 � � ie, cJ. 

. \  
o' 1 

Fb = Fbl + Fb 2 

Fb l  = Yl Al 

A1 + Az = "'7 Do
2 

4 

Fb 2  IC Y 2 Az 

Fb = buoyant force due to the weight of the 

two displaced fluids , lb/ft 

Fb l  = part of the buoyant force due to the 

conduit immersed in liquefied soil , lb/ft 

Fb2 
= part of the buoyant force due to the 

conduit immersed in salt water, lb/ft 

A1 = area of conduit immersed in the liquefied 

soil, f t2 

A
2 = area of conduit immersed in salt water , ft2 

D
0 

= outside pipe diameter, f t  

y1 IC specific weight of liquefied soil, lb/ft3 

Yz = specific weight of salty ocean water, lb/ft3 

Figure · - Explanation of buoyant force in a two liquid medium . 

3 - 12, 



Depending on the combination of pipe weights and buoyant forces, the 

conduit will rise or sink in the liquefied soil . Using the notation of 

Figure 

if F
b 

> Wf + WP the conduit will rise , 

if Fb < Wf + WP the conduit will sink, 

W/JOi.,D 
and if Fb = Wf + W

P 
the conduit is at equilibrium and �AftS�i�4M•����d 

float'88 in the liquefied soil.  

Consideration of Fouling - Buoyant Concept 

Is -0 
A definition of marine fouling wee given in reference • "Fouling is a 

term applied to assemblages of animals and plants when they grow on 

artificial structures instead of naturally occurring rocks , stones , and 

other obj ects .  11 Consequences due to fouling were noted, "The accumulation 

of colonies of barnacles and mussels (specific gravities 1 . 2  to 1 . 4) on 

buoys can eventually sink a floating device unless sufficient extra positive 

buoyancy is allowed. "  Thus fouling is a hazard of unknown extent for the 

buoyant concept .  

f · e �u/,; --J rt1at"111 T� ..... � 't 
QI') 0 . f l,A)t)!CYI I 

'!� oi a w11a no LOC:LUi.UJ ia e '1(a ta about weigh ts A thickness 
A 

or depths� that: occur� 
Ol'l:? I '0 J. , co 1

� / s 
!i:ft.mariae fe�linR, Figure showed that the greatest weight (lb/ft2) w 

/\ 

� - � Kreppert, E . G .  and Clark, F .  N . ,  The Possible Effects of a Proposed 

Undersea Aqueduct on Marine Ecology and of the Marine Environment on the 

Aqueduct, Marine Advisors , Inc . , La Jolla , California, February 1969 , p 57 . 

3-1� 



JDer;er?ced 
- bee>? e'!-r -

)Cl",,.,-.. has 
/\ in the upper 30 feet of water , and that fouling

A
oeocn=ed 450 feet below 

Ci� 
the water surface. Other examples of fouling weights -were given : 

l .  "Under conditions more favorable to fouling than the aqueduct 

design conditions , as much as 5 or 6 pounds of barnacles may collect 

on a square foot of surface in less than a year . "  

2 .  The maximum rate of mussel accumulation is 11  pounds/square 

foot/year; and the maximum weight recorded is nearly 26 pounds per· 

square foot during a 35  month period. 

3 .  "Thickness of mussel fouling on navigation buoys is occasionally 

great as one foot . "  

4 .  "At a depth of 130 feet at its lower end, a 32-foot-long , 20-inch­

diameter cyclinder with 700 pounds 6f positive buoyancy was moored one 

mile offshore from Point Mugu , California, in a water depth of 500 feet . 

Three years and two months after installation, the growth accumulated 

during submergence was identified. 11 Names of the various growbhsJ -RR 

� and in some cases growth dimensions� titese �imensiens were !!J,ven 

barnacle (up to 2 inches in diameter at base) , sponge (up to 3 inches 

in height) , j ingle shells (up to 4 inches in diameter) , sea anemones 

(some up to 5 inches in diameter at the base) , and scallops (some up 

to 5 inches in diameter) . 

.3-I'/ 



At the initial installation of the proposed aqueduct the outside pipe 

surface will be smooth. Soon the outside surface will bE!come rough due 

to fouling . Therefore, the outside pipe surface must be considered as 

a "rough surface" when making drag force computations . From the above 

item 4,  it is expected that roughness projections will be  in the order 

of 6 inches . 

The fouling weight that will occur in a given time period for the 

buoyant concept is a matter of conj ecture. The bes t  information appears 
IS 

to be from the above item 4 .  In this case the surface area was- 168 square 
= � ,Z  /6/,7 

� . 
2 feet and the fouling weight 1111B 700 lbs/168 ft , for a 3 year time period . 

. � 
IS If the conduit --. located at deeper depths (200 to 400 feet� the expected 

growth weight would be less . 

An example illustrating loss of buoyancy for a 30-foot diameter pipe with 

a 5 lb/ft2 fouling weight is given . 

( n30) ( 5) 470 lb/ft 

This value would be  subtracted from Frb of equation (3 . 1) . 
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FRICTION IIEADLOSS AND FORCE ON THE CONDUIT 

Introduction 

A boundary such as the inside and outside walls of the conduit, 

resists the flow of water, The boundary causes a shearing stress 

on the water and a tangential friction force results on the 

boundary . 

Formulas are given - (1) for comouting headless through the oipe (2) 

for computing power needed to maintain flow inside the pipe, and 

(3) for computing the friction force, both inside and outside� of the 

pipe caused by water flowing parallel with the pipe. 

Formula for Computing the Headloss 

The headloss is defined by the Darcy-Weisbac� equation (1), 

where 

nv2 
hf

= 

n� 02
9 

(1) , 

hf = headloss for conduit length L, feet of water 

f = dimensionless friction factor, obtained from 
/.I 

Engineering Nonograph No . 7 (Figure l:) !/ 

L = length of the conduit, ft 

D = inside diameter of the conduit, ft 

V = average velocity of water flo·wing in the con-

duit, (BJ.A-, --pi1)e di.schar�e O divided by i�e-r-n...3""' 

---......... pip e . ..a.i:.ea-itt·h f t / sec 

'" I \., I I ..J g = acceleration of gravity (32 . 3), ft/ sec 2 

];__/ U...S-BR, Friction Factors for Large Conduits Flowing Full, 
Engineering Monograph 7, 1965 , 

L/-1 
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v2 
2g 

= Hv, the velocity head in the pipe , ft 

Determining the Friction Factor 1
1 f1 1  

Difficulty is encountered in selecting an appropriate value for the 

friction factor f for equation (1) . Diagrams giving the value of the 

friction factor are available . Generally these diagrams were pre-

pare<l from laboratory tests on 
� :? 

operating pipe lines . The maj ority 

of thia test data a:s for small diameter pipes� .;,i:J,es the.E:zr-e�sma-1,.J 

as compared to the proposed 30-foot diameter Aqueduct . Engineering Mono-

graph No. 7 gives data for large conduits, but there is a scarcity of 
�/ 

information in the range of 30-foot diameter conduits. Figure X. 

·�·r-::-:7-,-.-----.��- 1rr1�==,::r- -1..= .... :.�c-i-171--:--:-1n1�Jl7��- ��--.-----.-:. --- . - - . . . - . . . · ·1·-t--····· ... . ··�� ... � .... .. I.. . . . . . ,. · · · ·1 · ··++·n1-o� 
• >�=.=t= .... "'··•·· .,c.=ca= ��7',�., . .. .  ..-ua,M&� 

"()U(;tfN(� '"''� ••••• - � - .----. --:-;,�t---:-:-:-1 �-�-;,·:v� · ··• ••··· • .. • · ··· .. · ·-�T• '"-;--!,... - -,., 
·- · · · · -� 1� 1·� . • : ::::.� . . ... • • .:::·. .... . ·p=j �-� OOlO ��p..:, 

If.. I 

'OltC:c,rwc,lfl( l'I"( 

. . --··· l···-···1 .. _;,:.; .. : ... + .. �·-t-..:., . .:.:.1...:;..-f •••••• � · �n l«b 
� .  ()q,of!t• ti llll"d .... -

1·········1 ·1 · I ' /-'-I-"= �• Lt114!"i:, ':',;:iq, '" Int .••.. .. � :::,,, -.::.:t 
--4----1--4....J-..l 

r, 

. t ::"��:'-�:::"' """' . . 1---1----: :  �:!t.'c!�T!,\,��;f � :::�, - r-..... t,t,s O,,(t ltll ""9S III . - ; g  ··: •,�:'test•!��' 011d G 

-
� 

" · Yd1 

_ ,r also to tali/es A i e (re1er for concrete p p � -F1·ictt:on factors FrounE (). 

Figure 4 . 1  - Friction Factor Diagram �!/ 
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Values of the friction factor f are listed at the left side of the 

diagram, the Reynolds Number R at the bottom, and the E / D  ratio at 

I 
the right side . The Reynolds Number R and the E/D ratio�must be 

calculated to use the diagram to find f ,  

where 

R = VD and E/D 
\) 

t"ti,i:s ·ratio �lso defined as 
"relative roughness") ,  

R = Reynolds Number, dimensionless 

V = average velocity of water flowing in the conduit, ft/sec 

v = kinematic viscosity of fresh water in the conduit, ft 2/sec 
(see Section ]) 

E = rugosity , ft 

D = inside diameter of the conduit, ft 

Values for most of the above symbols are determined by specified con­

ditions of the problem. Selecting a rugosity value requires the use 

of "engineering j udgement. " Roughness, such as small proj ections from 

the internal pipe wall and spacing of these projections, influence the 

rugosity value. Roughness increases with age of the pipe as incrus­

tations form on the oipe walls after years of operation, Should this 

occur on the California Undersea Aqueduct cleaning the pipe walls to 

preserve the capacity may orove economically feasible. 

A smooth-walled pipe is desired to minimize friction loss. ih,i�o&i.ty 

valuei;; for i.mootA p;ipQ a;rQ Aiu&:a GQ pasQs 28 and 2fil o£ fgR;i.QQez::4.ng 

·Q./=.. o.p=e-H--

L/-� 



n r 1 I , _  
-C -(),,. 5 ,<-r:=> � .,.., .; - •I 

'Ronograph Mo .-..l}� � range of rugosity values "(:8. OOOB---3- f-t-� ��-0.-000-2-f-t-}-

listed at the bott-om '7)ort1:l'.>n of tne pages -28-and�-i:.epreeetit smooth 

pipe)( 'Jre c:J, ven /� £ �' �e�ri
:y 

frio>1o_yrt::1r/2 No, 7, 

Use of the Friction Factor Diagram and Headless Computation 

Assumed conditions for the example are as follows : 

D = 30 ft 

V = 10 ft/sec 

E = 0,0001 20 ft 

TX = temperature of the water
) 

50° F 

L = 1000 ft 

from Section 2 1 v = (1. 41)10-5 ft2/sec 

R = VD = (10) (30) = (2 13)l07 

V (1 , 4 1)10-5 ' 

E 0,0001 20 
D - 30 = 0. 000004 

Entering the diagram of Figure 1 with R = (2 . 13) 107 and E/D = 0. 000004 
'7.' 

the value of f = 0. 008 is obtained . Using equation (--r) 

h _ fLV2 _ (0. 008) (1000) (10) 2 = 0 . 4 14 ft . f - D2g - (30) (2) (32. 2) 

In this example problem there would be 0 , 414-foot friction headloss 

along a 1000-foot length of the conduit 

J./-tf 
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Establishing a Minimum Value for the Friction Factor 

Pipes constructed of plastic materials or having coatings of plastic 

materials have a very smooth internal wall surface .  Surface rough­

ness is small and relative to the diameter of large pipes may be 

assumed negligible . The Von Karmen-Nikuradse equation ( J) , for smooth­

walled pipes� and Reynolds numbers greater than about 3000 

1 n--= = 2 loglO R(f - 0 . 8 (4 . 3) ,  

may be used for computing the friction factor . This friction factor 

should be considered a minimum . 

For conditions of the example problem where R = (2 . 13) 107 and assuming 

a smooth-wall pipe, equation (.2".l gives f = 0 . 0073. A "trial and error" 

method was used in solving for f in equation (-3) • 

Power Needed to Maintain Flow Inside the Conduit 

Power is required to force the water through the pipe and maintain a 

given velocity. This power must equal the headless and represents 

the tangential force on the pipe, �­
can be computed from equation (-2-) ,  

Ph 
= Q-rhf 

p 550 

hf. 

The power, in units of horsepower , 

3 
(t) '  

where Php = horsepower needed for pipe length L (the L of equation (1) ) 

Q = pipe discharge, ft3/sec 

y = specific weight of water , lb/ft3 (see section __ ) 
I 

hf = headloss from equation (..l:), ft 
r::-

5�0 = conversion factor, ft-lb/sec 
hp 

...,J 



The horsepower used in transporting the water through a 1 , 000-foot 

conduit length is computed using equation 4 . 3 . Use hf = 0 . 414 foot , 

from problem "Example Use of the Friction Factor Diagram and Headloss 

Computation . "  

Q = VA =  V 7T n2 
4 

= (10) (TT 302) 
4 

= 7070 ft3/sec 

y = 62 . 4  lb/ft3 , from section 2 

p = hp Qyhf 
580 

= (7070) (62 .4) (0 . 414) • 332 hp 
550 

Formula for Computing the Internal Friction Force 

The friction force that the pipe exerts on the flowing water is in 

the opposite direction of the flowing water . Equations for computing 

the friction force Fi are derived in Figure 4 . 2 : 

F .  = ,rpfLDV2 
l. 8 

( 4 . 4a) Fi • Ayhf ( 4 . 4b) 

The direction of F .  shovm in Figure 4 . 2 is for the reaction of the l. 

pipe and will be transferred to the suppor t structure , Figure 4 . 3a .  

For the buoyant concept where the pipe can move , the friction force 

should be considered as acting in the direction of the flowing 

water, as illustrated in Figure 4 . 3b .  

!j -0 



Sta.ho n 

Symbol Notation 

N 3  
y = specific weight water, lb/-&ee µ(s�e�e..-,s�e�c) 

StQhon P = density fresh water lb-sec2 

r:3\ 
' ft4 (See sec) 

� - . p� n
4 

L------7 g - acceleration of gravity, ft/sec2 

L = length of nipe, ft 

p, �a· v �  F, -
� FL ------..._ 

--=--· .-._ / ,, ) P2 I 
_,_.,;-- r · -E-- D = --==;..._---�'- Fz 

diameter of pipe, ft 

D23 

Free-body diagram for pipe 
of length L 

Subscripts refer to ends of 
pipe in the free-body diagram 

F1 = P1A F
2 

= P2
A 

Pressure drop from 
Station 1 to 2 

yhf = tip =  P1-P
2 

lip = yhf = (y)fLV2 

n2g , P = 1.. g 

lip = pf LV 
2D 

f ·  ( 

2 

Fl = Fi> + F
2 

A =  pipe area, ft2 

P = pressure, lb/ft2 

J-. '.[:L.- = friction force the pipe exerts on ' 
water flowing through pipe, lb 

F1,F2 = force acting on eacll endsj,f free 

body diagram, lbs. 
i+. I 

hf =  headloss, ft (equation .th) 

f = friction factor, dimensionless, 

(Figure ±-) 

V = average velocity, ft/sec 

Fi = Fl - F
2 

,:. 

= P1A - P
2
A = A (Pl - P

2
) = A (llP) = nn2 PfLV2 

2 2D 

Fil = ,rp fLDV2 

8 4,tfa) ._ 

� 
or F

I
= 4 ( lip) = Ayhf (¥. �h) 

4 ,  
Figure 4 . 2  - Derivation of equation (-4-) 
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Using equation (lr) and conditions from the example problem : 

D = 30 ft 

V = 10 ft/sec 

L = 1000 ft 

f = 0 . 008 (dimensionless) 

p = 1 . 94 lb-sec2/ft4 

The force tending to move the pipe would be 

S}, 

Fi = npf
�

2LD = n(l . 94)(0 . 0
�8)(102) (1000) (30) = 18, 280 lbs . 

/.l ,3 Q. 

I< /0001 

v ---,  
Pipe 2S. 

Support 

�1 
j 

{
The for"" F exerted 

18,2.80 lbs by the no�g water 
. on the pipe is 

resisted by the 
support structure. --

Reaction of the support struoture 

--. :_...,,._ - - - - - ... 
F,· = l 8, 2 go lbs.-----1--:.:.-31. _ _ _  � - - - -:-1 

Tethered support 

�

/ Pivo� of tethered for condition of / . suppo�t due to no water
-
flow in 

1 

// friction force Fi pipe · � / �oving the pipe 
I --.. - t v.av� /Nj 

F!p.e 

iiat;;e:i:; 

F,9v.re .4,3 '  ·; Consideration of the friotion 
; force Fi for the Buoyant Concept 

F i'ic,i.,rt. . 4 , 3 - E�e.d 
-5- h,,;; fr , c,  f,0,1 �, 

Formula For Computing the AFriction Force-e�� ,, -

A friction force , parallel with the pipe , occurs on the outside surface 

when ocean currents have a velocity component along the pipe. For a 

given ocean current this friction force is probably the greatest when 

the dirP.ction of the ocean current is parallel with the pipe. Formulas 

L/- i 



for computing this friction force are not readily available ; especially 

if the velocity is at an angle with the conduit . 

Various assumptions were made and an equation was developed which 

gives some measure of the friction force . For a given length L of 

pipe the external friction force is given by equation ( 4 . 5 ) . 

where 

F0 = (0. 13) v2n2/3L (4.5) 

F0 = friction force pipe exerts on ocean water flowing 

parallel to pipe, lbs 

V = velocity of ocean water flowing parallel to pipe , ft/sec 

D = outside pipe diameter, ft 

L = length of pipe, ft 

Friction force on the outside surface, Figure 4 . 4, was assumed similar 

to that on the inside surface, Figure 4 . 2 .  

··· F.. 

-
v� 

Direction of water 
f'lw outside the pipe 

Figure 4. 3 - Flow conditions 
outside the pipe 

Equation (4 .4a) is assumed to give a 

measure of this force . The friction 

factor value can be estimated from 

the following relationship ; but there 

is considerable question of how to 

define the hydraulic radus (R) for 

the outside of the pipe.  

2 
f 

= 
� 2 Rl/3 ( 1 . 49) 

( 4 .6)  

Lj. -9 



where g = acceleration of gravity , ft/sec2 

n ... Manning ' s  n 
I 

R = hydraulic radius, ft. 

The outside pipe surface will be rough because of marine fouling . 

Roughness heights of approximately 6 inches can be expected . Since 

the roughness (6 inch proj ections) has a similarity to tme cobblestone 

channel ,  assume Mannings n = 0 . 030 .  Substituting n = 0 . 030 and 

equation 4 . 6  into equation 4 . 4a ,  equation 4 .5 was obtained . 

f 2 F0 = np ,FLDV = 1rpLDV2 
8 

F0 = (0 . 13) v2n2 /3  L 

p = 1. and y = 64 . 4  
g 

8gn2 

/3  49) 2Rl (1 .  

for pipe the hydraulic radius R is D/ 4 .  

For example : 

Let V = 2 fps 

D = 30 + 2 ( . 5 )  = 31 ft . 

L = 1000 ft 

F0 = ( 0 . 13) (2) 2 (31) 2 /3 (1000) 

Fo = 0 . 5 2 x 9 . 9  x 1000 = 5150 lbs. 

per thousand feet of pipe . 

-,o 

( 4 . 5 )  

., 
'! 
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Secti.on 5 

INTERNAL HEADLOSS AND FLUID FORCES OF CONDUIT BENDS 

Introduction 

Bends in the conduit produce an eddy-type headloss in addition to the 

wall fw.Rction. Pipe bends also resist forces nroduccd by the turning 

of fluid . In this section formulas are given t0 compute headloss for 

hends and the fluid force exerted upon the bend . 

Bend Ileadloss Formula 

There are two types of headless occurring within a conduit bend . One 

is a friction-type headless (hf) and the second is a form headless (hb) 

caused by the shape of the bend . The form headless (hb) is computed 

from equation (1) 

hb = cv2 

2g 
(5 . 1) ,  

where hb = headless in feet of water , ft 

C = dimensionless loss coefficient 

V = average velocity of water flowing in conduit, 

g = acceleration of gravity , 32 . 2 ft/sec2 

The total headless ht occurring in the bend is 

ht
= hf + hb (5 . 2) , 

ft/sec 

where hf is the friction headless computed using the pipe length along 

the centerline of the bend, and the form headless. 

f 2 2 h = ___g + c �  t Dzg 2g 
... � 

,:;-I 



Value for the Loss Coefficient C 

Values for the loss coefficient C have heen determined from experimental 

tests . This C value can vary depending upon geometry of  the bend . The 

value of C for form loss only for 90 ° bends is given in Figure 5 . 1 .  It 

is recommended that the "Smooth Pipe" curve of Figure 1 be used, because 

the conduit diameter is large and the anticipated e/D ratio approaches 

that of a smooth pipe . 

. 6 

.5 

� ,4 w 
u 
i.: 

� .3 u 
IF) 
IF) 

0 .2 .J 

0 
0 2 3 •. 4 5 6 

R 

·Rough pipe 

-Smooth pipe 

7 8 9 10 

. .... 
FIGURE 11.-Head losses in oo• pipe bends as deter­

mined /01" 11ariom : ratios. 

Figure 5 . 1. Taken from Water Resources Technical Puhlication Engineering 

Monograph No . 3, Welded Steel Penstocks . U . S .  Department 

of  Interior, Bureau of Reclamation, 1967, page 11 .  
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If the bend angle is less than 90° Figure 5. 2 should be used to obtain 

the headless coefficient C . 

. 26 

.24 

. 22 

.20 

. 18 
u 

I- 1 6  z . 
u 
Li: .14 

0 
.12 

0 10 ..J . 

. oe 

06 

.04 

.02 

0 o• 5• 10° 15<1 20° 25° 30° 35° 40° 45° 50° 55° so0 s5° 10° 15• eo• e5• 
DEFLECTION ANGLE 6° 

FIGURE 10.-Losses for various values of .!!. ratios and deflection angles up to oo•. D 

Figure 5. 2 Taken from Water Resources Technical Publication Engineering 

Monograph No . 3, Welded Steel Penstocks, U . S .  Department 

of Interior, Bureau of Reclamation, 1967, page 10.  The 

R/D = 10, curve of the original figure was altered by 

authors of this report (Hydrodynamic Loading, California 

Undersea Aqueduct . )  
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Available information does not show the R/D ratio at which the form 

headloss (hb) J.s significant when compared with the friction headloss (hf) .  

In reference (.A-� the loss coefficient C for R/D > 10 approximated the 
/I 

lower portion of the curve shmm in Figure 5 . 1 .  Therefore, for the range 

of 10 � R/D � 20, C = 0 . 08 is recommended for use in equation (1) . For 

values of R/D > 20 it is suggested that the form headloss (hb) should be 

neglected and only the friction headloss (hf) should be used for the bend. 

Value of C for Miter Bends 

Miter bends could be used for curving the conduit alignment . One pro-
s-: C. 

posal W/ suggested slightly angled flanges on the pipes. The pipes 

400 feet long would have the flange at a small offset angle from the 

pernendicular of the pipe centerline. Thus a miter is formed at each 
,I 

oipe connection. The angle of the miter � w�uld be a¥-. and the angle o+ 

the flange a/2i (see definition sketch) . The 

angle range of the suggested miter 

is 
(a�) and 1° 40 ' to 3° . 

Miter hend 
definition sketch 

(;A)/ Mecher, W .  A . ,  Discussion of "Factors Influencing Flow in Large 

Conduits;', ASCE Journal of Hyd. Div.,  Vol-< .. 92, �o . UY4, July 1966,  

page 207 . 

(B) /  Litton Systems AMTD , Ocean Environment and Design Considerations j n  

a Prereconnaissance Study of a California Aqueduct, June 1969, page 3-110 . 

S- 'f 



Values of  the loss coefficient were
� 

found for miter bends of such 

small angle .  Howeve� ·ifl refe,eeee �values for loss coefficient of 

miter bends from 5° to 90° ,"'9T,.e:a±-i-ste<i for smooth and rough pipeJ
/\ 

·lfh4.s. 
cu' 

At6-&�a :tl;- given below and plotted on Figure 5 .  3 .  Smooth pipe data ie- believed 

a.X 5 ° 10° 

Smooth 0 . 016 0 . 034 

Rough 0 . 024 0 . 044 

/, J../ 

I I '-

/, 0 

0 .  'o 

0 , 6  

O. J-/. 

V') 
o. 2. ' 

0 
Cl 

Loss Coefficient for Miter Bends 

15° 

0 . 042 

0. 062 

22 . 5° 

0 . 066 

0. 154 

x Rou.3� E/.o �.? . o o z z  
• S m o�tlJ 

30° 

0 . 130 

0. 165 

I 

45° 

0 . 236 

0. 320 

60° 

0. 471 

0 . 684 

--- -------i--.. -- -

/ 
V 

l/ 

V _,, 

i � r = r 
IS ., � J/-5 ,.- ,..  ,, .- 90 � v  <o V  1.::, 

A nyle 0:. � In deJree. s 
Figure 5 . 3  - Plot of Loss Coefjcients from Table 

90° 

1 . 129 

1 . 265 

to represent aqueduct conditions better than the rough pipe data . The 

-§"./ Hydraulic Institute, Pipe Friction Hanual, Third Edition, 1961, page 32 . -� 



curve dra,-m through data points for large angles shows the loss coefficient 

apparently varying by a power of the angle a .  To obtain a loss coefficient 

for small miter bends the data of the five smallest angles, Figure 5, 3 ,  

were olotted and a curve fitted through the data points,  Figure 5,4. 

0,/Jf 

0,/2 

u 
0,/0 

-h 
.;." D,Oi 
QI 

...... 
'--¼- C> Of, '-+- ' 

I 0.0f/ 

...J o.oa 

0 
0 

--- V 
/ 

I ,? V C : 0. 00 2  <£ N • 

/ V 
' V 

/ 
' V 

/ 
5 JO 

A n9le 
/5 20 2.5 

C( in  defJ ree s 

/ 

3 0  

Figure 5 . 4  - Curve fit through loss coefficient data points o f  smaller 

angle miter bends .  

,. 
E�uation (3) may be used to coml}l:lte the form headloss for miter bends� . • 1 � 

C = 0 . 002 a 1 . 2 (5 . 3) , � 

where a is the angle shown in the definition sketch. 

s·-� 

r: o1 Q. 
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�loss Example Problems 

Assume D = 30 feet, V = 10 ft/sec, f = 0 . 008, and compute the total 

headless (ht) for ; 

(1) R/D = 1 and � =  90° . 

(2) R/D = 7 and � = 65° . 

(J) Use 400-foot length pipes with a 1-1/2
° flange angle to 1 � ff  

90° bend (� = 90 °) :  kOlll eefiniti0-n sketch ...e.Qta;i J s -0-i'.-tne 

miter eefta ' a/2 = 1-1/2° and a = 3° . 

(4) Use 400-foot length oipes, 5° angle flange to make � =  90° . 

(5) Compare headless of bends for (3) and (4) . 

(1) The total headless from point A to B 
# ,�., 

on the conduit, equation f2) 

ht
= hf + h

b 

,::-' '  • I / I '.5'. I 
. 

From Figure 'l. , C = 0 .  23, and equation 00 

h = cv2 - C0 , 23) (102) = o . 36 ft. 
b 2g ( 2) (32. 2) 

Since R/D = 1, R = D and L = ..2.Q ( 2nR) = IBO n D  = nD 
360 360 2 ' 

and by equation (1), Section � 

h = f r, v2 
= (O. OOB)

(
�' (102) = f D 2g 
D ,  64 . 4  

0 .02 ft 

h
t

= hf + hb = 0 . 02 + 0. 36 = 0. 38 ft . 

. )- 7 
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• I 

( 2) From Figure 2, C = 0 . 088 I I 

h = C V2 
= (0 . 088) (l0 2) = 0 . 14 ft  b 2g 64 . 4  

R/D  = 7 and R = 7 D ,  L = _§..2_ ( 2nR) 
360 

A \(t'f 6 , ,s• 

�',� v 
L = .§2_ 2,r7D = 7 ,  94 D / -h-1}4--f}-

360 

hf = f b_ vZ 
= (0 , 008) (7 , 94 D) (102 = 0 . 10 ft  

D 2g D 64 . 4  

ht = hf + hb = 0 . 10 + 0 . 14 = 0 . 24 ft  

s -=r- 'I"' - b 'J 6':-

(3) For 1-1/ 2
° flanges and 3 ° miter -be:ads i-t-,..would t:-a-k-e 30 lengths of 

pipe to make the 90° bend. Of the pipe joints 29 would be 3° miter 
s .-.c. A��e. ., 
� and 2 (first and last) would l;,,e. 1-1/ 2

° miter b-ent½-s .  

• ,.,._ l ... 

1!14:r3 c, 

c�� 

� , ,, ] ,-B 
I I 
I I 

R = 400 - 200 
2 -

sin 1-1/ 2 
00 . 02618 

(.5,-:. I .J_ 

.c:, 7640 f t  

Using equation ts.) C = 0 . f 00 2 al . 2 

C = (0 . 002) (3) 1 • 2 = 0 . 0075 for 3 ° miter bend 

R = '161/-0 1 

C = (0 . 00 2) (1 . 5) 1 · 2 = 0 . 00 24 for 1-1/ 2
° miter bend 

-5·-·8' 



€-:,) GottLlnued' 
,,, �,. ·10 

-Accumulative G for 29 3° miter" � and 2 1-1/2° 

29 X 0 , 0075 = 0 , 218 

2 X 0 , 0024 = 0 , 005 

C = 0 . 223 

2 
hb = C V _ = (0 . 223) (102 ) = 0 . 35 ft 

2g 64 . 4 

L = 400 x 30 = 12 ,000 f eet 

? 
hf = f _!! v- = (0 . 008) (1 2 , 000) (102 ) = 4 . 97 ft 

D 2g 30 6 4 . 4  

ht = hf + hb = 4 . 97 + 0 . 35 = 5 . 32 ft 

·11 

·u=cn111!. �"'.1n,;. be 
(4) For 5 ° flanges and 10° miter� b-eatis yt� would � 9 lengths of pipe 

S ·' , 'I I· 
to make the 90 ° bend . Of the pipe joints 8 would be 10° miter bends and 

\IJ' I f/J(,, 
2
1' 

5° miter, bl?nds , 

R = 
400 

= 200 
2 0 . 08716 

sin 5° 

:::::: 2295 feet 

C = 0 . 002  (lO) l , 2 = 0 . 0317 

C = 0 . 002  (5) 1 • 2 = 0 . 0138 

Accumulative C for 8 10 ° miter bends and 

2 50 ° miter bends 

8 X 0 , 031 7 = 0 , 254 

2 X 0 , 0138 = 0 . 028 

C = 0 . 28 2 

S"- 9 

'ti_-= '/0 0 

. " •+-� 
R ::.  2'1.9S-1 I 

t 



v2 2 hb = C - = (0 . 282) (10 ) = 0 , 44 ft 
Zg 64 . 4  

hf = f 1 v2 
= (o . ooa) (3600 ) (10 2) 

D 2g 30 64 . 4  

L = 400 x 9 = 360 0  f t  

hf = 1 . 49 f t  

ht
= hf + hb 

= 1 . 49 + 0 . 44 = 1 . 93 ft 

Ae , 
I /< S3- HS- -'-1 As S m Q/1 ,,- ' c-� - - - - _ If-:.._ L b -------- '- e-,,., '·,. . ' 

�,:;:! _J�: ·uc:..!,/,,q. ' . ----- -r r· he�d . I -

I �  
..) 1.,......_ o/ 

I 
; j_ -

_ ,.._r, 
R - ? G ,!/- 0/ 

';la B el I "'} - I 
A. 

"'' 
tc,j 

(5 )  The curve with 10
° miter sections has the smallest headloss . However , 

the small radius curve does not traverse the same distance as points Ai 

and Bi of the large radius curve .  To make a comparison between large and 

small bends the headloss for two 5345-foot lengths must be accounted for . 

L = 2 X 5345 

- L v2 hf - f - - = D 2g 

= 10, 690 feet 

(0 . 008) (10 , 690) (10 2·\ 4 . 43 ft 3o 1 64 . 4T 

This friction loss of 4.43 feet must be added to the small bend loss 

for comparison with the large bendo 

1.93 + 4.43 : 6.36 ft (small bend) 

5.32 ft (large bend) 

1.04 ft ..) -



Thus , for the distance between points A and B the small bend has 

a 1 . 04-foot greater headless than the large bend . 

Fluid Forces Acting on the Bend 

There are three fluid forces (pressure , momentum , and friction) 

acting on a bend, Figure 5 . 5 .  Fluid pressure forces , F 1 and F , 
p p2 

act on the end of a bend . The flowing water has momentum in the 

direction of flow and exerts a force F upon the bend when the flow 
m 

direction is changed . There is also a friction force Fe which in 

many cases is negligible. However , for the buoyant condition , 

forces can move the conduit and the friction force F should be 

computed to determine the possibility of movement . 

These fluid bend forces are of 

two different types , one static 

and one dynamic . The pressure 

force F is a static force and 

occurs whether water is still 

or moving within the conduit , 

The dynamic forces of momentum 

F and friction F occur only 
m C 

when water is flowing within 

Fp, � L 
Figure 5 . 5  - Fluid forces acting 

on a bend . 

the conduit . When considering the buoyant concept , the effect of 

the static and dynamic forces must be separated . This separation 

will be discussed after introducing the bend force formula . 

s-1 1 



Formulas for Bend Forces 

In reference � a development of 

equations for the bend force is 

given; however the friction force Fe 

is excluded. Symbols that appear in 

the equations are shown in Figure 5, 6 .  

The subscript 1 refers to conditions 

at the entrance of the bend and 

subscript 2 at the exit of the 

bend, 

J 

P, A ,  

·r��v;_ 
Z ,  

Figure 5 . 6  - Relation of symbols 

used in bend force equations 

(.:f))/ R. C .  Binder, Fluid Mechanics , Second Edition, Prentice-Hall, 194$ , 

pg 154-155 .  

-/ft 

Z 1  



where Q = discharge , ft3/sec 

f = density , lb sec2 /ft4 

P1 ,P2 = pressure , lb/ft2 

A1 ,A2 = flow area,  ft2 

v1 ,v2 = average velocity, ft/sec 

FR = resultant force of the bend on the fluid , with 

components F
Rx and FRy ' lbs. (F and F is 

Rx Ry 
a total force and includes the static and 

dynamic force . )  

Equations for forces FRx
, FRy ' and FR are given below . The corres­

pondence of terms in the equations to forces of Figure 5 . 5  are FPl = P1A1 , 

Fp2 = P
2A2 , and FM = Q_p (V

2
cos6 -V1) .  

F
Rx 

= P1A1 - P
2

A
2 

cos6. -Qp(V
2

cos 

FRY = P
2

A
2

sin.b + Qf>V2sinD 

FR = 0--2 + F "'-2 Rx Ry , 

and the angle f3 can be found from 
FRx 

Tan/J = -
FRy 

-v ) 1 (5 . 4)  

(5 . 5 )  

(5 . 6 )  

( 5 .  7 )  

* 
For conditions of a reducing bend where P1P2 , A1A2

, and v1v2 
equations 

" 
I\ 

f\ 

8 and 9 can be used for determining values which may be unknown at the 

entrance and exit of the bend . 

Q = V1A1 = V2A2 (5 . 8) 

2 Pl vl zl 
2 P2 v

2 z 2  (5 . 9) y + 2g +  = 6 + 2g +  

S-- 13 



= specific weight water , lb/ft3 (See Section 2 ) 

g = acceleration of gravity (32 . 2) ,  ft/sec2 

z
1
, z

2 
= entrance and exit centerline elevation above an arbitrary 

datum , ft , if bend is horizontal z
1 

= z
2 

= 0 .  

If the conduit bend is of the same pipe diameter , and friction force F 
C 

is neglected , then P
1 

= P
2 

= P ,A
1 

= A
2 

= A,  v
1 

= v
2 

= V ,  also Q = VA, 

and the force equations can be simplified . 

FRx = P 
1
A

1 
- P 

2
A

2
cosD -Q f (V

2
cos -v

1
) 

FRx 
= PA - PAcosb -VAf (Vcos/J.-V) 

FRx 
= PA ( 1-cosb) + VApV (l-cos6) 

F 
Rx 

= (P + pv2 ) A (1 - cos ) 

F
Ry = P 

2
A

2
sin� + QpV

2
sinb. 

F = PAsin.1 + VApsinli 
Ry 

F = (P + pv2) A sin.Li 
Ry 

F = VF � + F 2 

R Rx Ry 

(5 . 4a) 

(5 . Sa) 

FR = [ (P + pv2) 2 A2 (1 - cos ) 2 + (P +p v2) 2 A2sin2A] 
1 /2 

FR = (P + pv2 ) A (1 - 2cosb + cos2t.) 
1 /2 

F = (P +pv2 ) A R (2 - 2cos�) 

') 
FR = (P + f>V .... ) A 2sinD/2 

By symmetry /9 = t:,,12 

1 /2 

' sin.6 + cos2t> = 1 

V2 - 2cosD = 2sinb/2 

(5 . 6a) 

(5 . 7 a) 

(also by substitution of f) =  /J/2 , FRx (S . 4a) , FRy(5 . Sa) into (5 . 7) . 

s- 1 1/ 
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In Figure 5 .6, FR is resisting the fluid forces occurring within 

the bend. The first inclination is to view FR as the total force 

applied to keep the conduit from moving . But FR in the free body 

diagram was established to keep the bend system in a static or 

equilibrium condition. Therefore, FR is composed of both a static 

and dynamic fluid force , shown by the P and v2 terms within the 

brackets of equation (5 .6a) .  Thus , the dynamic force tending to 

move the conduit is pv2 A 2sin l::./2 and acts in the reverse direction 

of FR . r \ �� �-P p 'Lr 

For the buoyant concept the friction force F should be calculated, 
C 

Figure 5 . 5 .  If the friction force is significant then an adjustment 

should be made to the pressure P
2 

at the exit of the bend for 

friction force (F in Figure 5 . 5) . Because of the friction and 
C 

bend headless there is less pressure at the exit than at the entrance 

s - /�CA_ 



of the bend. Test results from a hydraulic laboratory study 5 . 5 / 

showed agreement with equation 

P2 = P1 - t ht, (5 . 10) 

where symbols have previously been defined and ht is from equation (5 . 2 . ) . 

Also ht is used in equation (5 . 11) to compute Fe . 

Fe = fAht . 

The friction force Fe is assumed to be evenly 

distributed along the bend . Thus , the force 

is considered to act tangential to the 

conduit centerline , and at the mid-angle 

(�/2) of the bend . 

Bend Force Example Problems 

Assume�conduit centerline is located at a 240-foot ocean depth, 

D = 30 feet, '{_ salt water s 

6 2 . 41 lb/ft3, and internal 

6 4 . 22 lb/ft3 , '( fresh water in pipe 
f 

pressure within the conduit is produced 

by a reservoir water surface 125 feet above sea level. 

5 . 5/ Hydraulic model investigation of headloss in penstocks of the 

Grand Coulee Third Powerplant ,  Hydraulics Branch Laboratory Report 

to be published .  

s- 1..S}J, 



(1) Compute fluid force for a 6 = 90° bend, R/D = 1, and neglect 

the friction force Fe 

(a) V = 10 ft/ sec, and at a ooint downstream (clm,m the n ioe along 

the direction of water flow) where 10 feet of headless has 

occurred , 

(b) at a noint downstream where 110 feet of headless has occurred , 

(c) when V = 0 and full reservoir head is acting on the bend . 

( 2) Compute fluid force on bend for problem 3 of "Headless Example 

Problems" and for conditions (a) and (b) of the above problem, 

but consider the friction force F .  

(la) Use conditions at pipe centerline to compute effective 

internal oressure within pipe. 

/0 'head loss 
11.S-' 

d} Show>7 .f.or 
c.011dif iM (/t:l.) dr 

h . � 
2f'l ' �-=- _ J/. 

p == iYh 
been  

where h ha.s 
desl,q na  te. t d-5-

s - -· 

f 
/25 I ' '  

, I 
,,, , I 

,,.. ,, - - / 

., 

pressure within pipe y
f.

df = (62 . 41) (240+125-10) = 2 2 � 156 lb/ft2 

- .P_ressure outside 2i2e - Yshs = (64 . 22) ( 240) 

O" � effective internal pressure witHin the pipe 

Use equation ( 5 .6a) 2 ,... <:: 
FR = (P + pV )�A) 2sin6/2 

FR = ( 6,743 + (1 . 94) (10)2) n�0 2
) 2 sin 90°/ 2 = 

FR
= 6,937, 000 lbs 

equation ( 5 . 7a) 8 = 6/2 = 90°/2 = 45° 

5-10  

= ·1 5,413 

= 6 , 743 lb/ft2 

6937 (707) 2 ( 0 . 707) 



Direction of fluid force 

upon the bend 

6 =- ro" 
,c---[3 e ,, J 

F.,:_ 

(lb) pressure within pipe = Yfdf = (62 . 41) ( 240 + 125 - 110) = 1 5 , 915 lb/ft2 

=-15 413 - pressure outside pip� 

effective pressure within pipe 
,,,. " ... ,..' 502 lb/f t2 

FR = ( P + pv2) A 2 sin f;/ 2 = 502 + (1 . 94) (102) (Q .707) (1) {o . ?o?J  

FR = 696 , 000 lbs . 8 = 45° 

(le) pressure within oipe = yfdf = (62. 41) ( 240 + 125) 

pressure outside pipe 

2 2 , 780 lb /ft2 

- 152413 

effective pressure within pipe 7 , 367 lb/ f t 2 

FR = (P + pv2) A2 sin 6/ 2 = 7367 + (l , 94) (o 2iJ (707 ) ( 2) (0 . 70 7 )  

FR = 7 , 36 7 , 000 lbs ,  13 = 45° 

S- 1 7 



(2a) Need to consider headless for the bend . From Problem 3 of  

"Headless Example Problems" ht = 5 . 32 f t .  From preceding problem (la) 

Pl = 6743 16/ft2 . 

Equation (5iO) P2 = P1 - yht = 6743 - (62 . 41) (5 . 32)  = 6743 - 332 = 

6411 lb/ft2 

Equation (5 . 4 )  FRx = P1A1 - P2A2 COS6 - Qp (V2COS6 - V1) 
, ,,.. = VA 

- _ Q 
FR.x = (6743) (707)- (6411 - 707) (0) - (7070) (1 . 94 )  [(10) (0) - lQ./ Q 

FRx = 4 , 904, 459 lbs 

Equation (5 , 5 )  FRy = P2A
2 

Sin 6 + QpV2 Sin6 = (6411) (707 ) (1) + 

(7070) (1 . 94) (10) (1) 

FRy = 4 , 669 , 735 lbs 

Equation (5 . 11) Fe = yAht = (62 .41) (707) (5 . 32) = 234 , 739  lbs 

Fo 12 C. E  "'F �VP-rF/2 Ot-, 
THE ,3£l ' S !NA Dtl2.. i=CTltJN 
0PPOSIT1= -ro -p-.1c R£".5VL.TANT 
FOE!Cf::, T/./G'l!.IEl='Of!� (:)!<00WS 
APE O PPOS IT/:? 70 Tf/0.S !: 
.SI/OWl./ IN r:tCiUi<F.. S. 0 

f=°Ry 

I 
FR,,_ _J, / 

F 
� j  

.D. = 45 
f=c.y , c -3>, Z 

I 'c.  - ' o  itY j,..., + __/-- Fe , . 

Definition sketch showing component forces of  F 

Fcx = Fe COS6/2 = 2 34 , 739 (COS 45 ° ) = 165 , 960 lbs 

S-18 

= (10) (707)  
= 7070 

ft3/sec 

L+ 



Fey = Fe sin �/2 = 234, 739 (sin 45° ) = 165 , 960 lbs 

Fx = FRx + Fex = 4 , 904 , 459  + 165 , 960 = 5 , 070 ,419 lbs 

Fy = FRy + Fey = -4 , 669 , 735 + 165 , 960 = -4 , 503 , 775 lbs 

F = "VFx2 + Fy2 = {(5 , 070 , 419) 2 + (-4 ,503,  775) 27 
l/2

::::::,: 6 , 78 2 , 000 lbs 

5 , 070 , 419 � 
Tan � = F� = 4 , 503 , 775 = 1 . 1258  

$ = 48° 23 '  

(2b) From (lb) P1 = 502 lh/ft2 

P2 = P1 - yht = 502 - (62 . 41) (5 . 32) = 170 lb/ft2 

F\x = P1A1 - P2A2 cos� - Qp (V2COS� - Vi) 

F� = (502) (707) - (170) (707) (0) - (7070) (1 . 94) 1-(10) (0) - lOJ = 492 , 072 lbs 

FRy = P2A2 sin� + QpV2 sin� = (170) (707) + (7070) (1 . 94) (10) (1) 

FRy = 257 , 348 lbs 

Fe , Fex , and Fey same as (2a) 
I ,I -i 

F� = F� + Fef = 492 , 072 + 165 , 960 = 658 , 032 lbs 

F� = FRy + Fey = -257 , 348 + 165 , 960 = -91 , 388 lbs 

F = VF�2 + Fy2 = [-(658 ,032) 2 + (-9 1 , 388) 2_7 112 
¢ 664 , 400 lbs 

5- 1 9  )., 



Tan S = !3J _ 658,032 

Fy - 91 38° = 7 . 20 

e = 82
° 6 '  

' , 

5- ::l 0 

. F 
,8° e2• 7---1.____J 

____,_,/ 



4 

SECTION 6 

HYDRODYNAMIC FORCES ON CONDUIT 

Pressure Variation Around Bodies of Revolution 

At  low velocities the varia tion in pressure in the potential flow around 

an immersed body is nearly hydrostatic. A t  high velocities unbalanced 

normal stresses are large and require detailed knowledge of pressure 

distribution for structural stability , Figure 6 . 1 .  

V 

8 OIJVtlfJC Y 

� __,_ 
DtaAtn Fonce-.-------

! $ UCT!CiN fol?CE 

t WtnGfl'T 

f i2esre,i.1N , 

Figure 6.1 Forces on bouyant cylinder 
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A very costly example of the need for accurate information on the pressure 

variation was the 1940 �ailure of the Tacoma Bridge caused by not considering 

the oscillation effect of a high speed wind . 

Velocity increases produce a changing zone of separation with an accompanying 

shift in the force acting on the body1 Figures 6. 1 and 6 . 2 .  

p:1/2 > 0  
\' 

� 
Tl O - I  - 2  

lip " 
pv,'/2 

FIG. 122. Distribution of pressure for two-dimensional flow past a <;Ylinder. 

Figure 6 . 2  - Cylinder Pressure Distribution 6 . 1/ 

The separation zones further exhibit a periodic change as the zone of low 

pressure shifts from side to side. A variab le thrust in the form of a 

stable trail of vortices is coupled with a drag force in the direction of 

flow1 Figure 6 , 3 .  

6 . 1/ Rouse, Hunter, Elementary Mechanics of Fluids , John Wiley and Sons, Inc ., 

1946. 
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·, 

FIG. 123. Instantaneous stream lines of the von Karman vortex trail. 
,;:_ 

Figure 6. 3 - Separation Periodicity 6. 1/ 

The total longitudinal force exerted by the moving fluid on the body is 

a summation of the components of normal and tangential stresses on the 

boundary surface. These forces are fluctuating for the velocities 

expected to affect the aqueduct . 

6. 1/ Op cit 
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Modeling Hydrodynamic Forces 

A dynamic similarity of the forces acting on a cylinder has been 

derived by dimensional analysis . These forces have been related 

through a dimensionless parameter of the Reynolds number (R) . This 

number relates the inertia force to the friction force.  

R = pVD where 

V = average approach velocity 

D = diameter of cylinder 

µ = dynamic viscosity of fluid 

p = density 

Lift and drag force equa tions have been derived in a similar manner . 

The force acting on the body is the surface integral of all normal 

and shearing stresses . Dimensional analysis leads to the conclusion 

that for geometrically similar systems a lift and drag coefficient 

may be related to a dimensionless group formed of V, D ,  p , and µ in 

the form of the Reynolds number . The component of the resultant force r,-n f��<.,'Jt:k..}/ 

in the direction of the undisturbed initial velocity is the drag F0 , 

and the component perpendicular to the velocity is the lift FL . Figure 6 . 1 . 
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The dimensionless coefficients of drag and lift are defined for a 

unit length of cylinder 

CD = FD 

P Dv2/ 2 

C
L

= FL 

P nv2 ;2  

Design of the undersea aqueduct requires a dynamic similarity between 

models used in obtaining experimental drag and lift coefficients and 

the aqueduct pipe . According to model laws for predominant viscous 

forces 

Lr Vr = 1 where 
(µ/p)r 

L , V ,  and (µ/p) r are the ratios of the geometric and dynamic simi­r r 

larities of the model and prototype . Thus for dynamic similarity 

between the cylinders used for experiment and the pipeline 

Lm Vm = � 
(µ/p ) m  (µ/p) p  

Model cylinders in available data have ranged from fractions of an inch 

to 24 inches in diameter. One set of data has information on coeffi­

cients measured from cylinders having diameters ranging from 3 to 24 

inches . 6 . 2/ 

6 . 2 / Beckman, Herbert , Thibodeaux , M. H . ,  ''Wave Force Measurements for 

Offshore Pipelines , "  Journal of Waterways and Harbors , ASCE, WW2 , May 1962 , 

page 125 ,  and Discussion WWl, February 1963 , page 61 .  
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Assuming a range of about 0 . 3  to 2 feet in cylinder diameter for 

experimental data and 30 feet for the prototype pipe then 

Lm = 0 . 3  = 
LP 3 0  

1 and 
100 

2 = 
30 

1 
15  

Therefore the range of model to prototype scaling is 1 5  to 100 . 

Because most of the data is on smaller size cylinders, an example 
�f 

will be based on the 0 . 3A diameter cylinder . 

Experimental data � been obtained from the use of water and air 

as the flowing fluid . Assuming water in the model and seawater in 

the prototype, the kinematic viscosities at 50° F would be 

µ/p = 

Thus 

and 

'V 
50° 

_ 1 .  5x10-5  fresh 
- 1 .  9Xl0-S sea 

0 . 3xV m. 
1 . Sxlo-5 

= 

Vm = 1 . 5  x - --
Vp 1 . 7  

30xV
l! 

1 . 7xio-5 

30 = 88 
0 . 3  
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If the expected velocity in the vicinity of the undersea pipe 'ill9e' 

about 5 to 8 feet per second , then 

v� = Vp x 88 = 5 x 88 = 440 fps "'� "� -�· ' 
A ieynolds number computed from this velocity would be in the order of 

R = 440 x 0 . 3  = 8 . 8  x 106 

1 . 5  X 10-5 

There is not a significant amount of experimental <lata available in 

tiiis Reynold 
�6 

1b 

" 
';:;,.' 
'- 4 
� 
.... 3 ., 
§ 2 C: 

-<: 
:, 
() � 
v, I 

.8 

.., .6 
<> 

t .4 
:g 
� .J 

"" .2 

. I 

- -�-
- - ,---

- - Fi � 

�fT - 1 n-----:-;-=-i--,..--,. 
Nominal 

-� -�-�� 

sizo, inc hos 
o 12 

� p 4 C 
<> I 

d 

- - - Rot. 5 
A 12 f-

Rot. 7 fb/V 

10• 2 3 4 6 8 10• 2 

6 . 4  - Jl 

.. � � 1 .... 
fb/V �..-:-v �--
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Figure 5.-_Vorlollon of drag coefficionl and Strouhol numbor with Reynolds numbor for the circular cylinders. 

Figure 6.4 6. 3 
� i /Y,'1 t d lfl/(} fr 

' 
Gt,; :t 'l I? ' ') I- -

6 . 3 /  Delaney, N .  K . , Sorenson, N .  E . , "Low Speed Drag of Cylinders of 

Various Shapes, "  NACA Technical Note 3038, November 1953 . 
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The velocity of the expected currents flowing past the underseas 

aqueduct is very low compared to that used in experimental studies . 

For example, a Reynolds number for a 0 . 3-foot cylinder at a velocity 

of 5 fps would be  

R = 0 . 3  x 5 

1 . 5  X 10-5 ; 
1 X 10S 

This value of 1 x 105 is an order of magnitude less than indicated 

as needed by similarity relationships . However, the 5 fps velocity 

occurs in both the model and the prototype and the large difference 

in Reynolds number is caused by the difference in cylinder diameters 

(0 .3  and 30) and fluid viscosity . 

The drag and lift forces are dependent on the separation pattern of 

the flow around the cylinder . These patterns in turn are controlled 

by the flow velocity and turbulence level in the flow surrounding the 

cylinder , Figure 6 ._1 .  The low Reynolds numbers are usually associated 

with potential flows and high Reynolds numbers with separated flows . 

The relationships are not well defined especially in oscillating flows 

because of the change in pressure distribution with the pattern of 

separation. 
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The possibility of the lack of correspondence between the experimental 

drag and the drag occurring on the aqueduct may be indicated by com­

paring the coefficients in Figure 6 . 5 .  6 . 3/ 
10 
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\ I 
Legend pl \. > a 

?1-f-� Wilson - JO-in.-diam pile 
Bretschneidc r - 16-in.-diam pile I - �  

):1 Wie.;el ct al. 
.I) Wiegel ct ol.  

- v  Wiegel e t  al. 
a Reid 

- 6-5/8-in-•iiom pi le 
- 12-3/4-in.-diom· pi

0

le . . . I - 24°10.-d_aam �lie, I 

1 - 6--5/8-in.-diam pile 

0 c.-I 

I i --<>- -Deon - 3-in.-diam pile (horizontal cylinder nccclcrated 
-- Vcnnord (Steady-state flow) 
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I I I I 

104 2 

l 
3 4 5 6 7 8 9105 

Reynolds number [D.?} 

I I I I II I I 
J 4 5 6 7 8 9106 

Figure 6 . 5 - Drag coefficients for smooth cylinders .  6 . 4 /  

1$ 
A 3-inch cylinder -. assumed to be a model for a 24-inch cylinder . 

A CD value of about 0 . 95 occurs at a Reynolds number of 1 x 105 . At 

the 3-inch model velocity, the Reynolds number for the 24-inch cylinder 

would be 

6 . 3 / Op cit 

24 X 1 X 105 = 8 X 105 

3 

6 . 4/ Wilson 13 .  W . ,  and Reid , R.  0 . ,  l!A Discussion of Wave Force 

Coefficients for OffshorePipelines . "  J .  Proc . ASCE, WWl, pp 61-63 , 

February 1963 . 
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The coefficient of drag value 0 . 95 is nearly twice the 0 . 5 value 

measured for the 24-inch cylinder at a Reynolds number of 8 x 105 • 

A similar example compared the 6-5/8-inch cylinder with the 24-inch . 

C � 
D 
24 

6-5/8 

0 . 6 Reynolds Number 7 . 5  x 104 

4 5 
X 7 . 5  X 10 = 2 . 7  X 10 . 

The 24-inch experimental curve passes through a Cn value of 0 . 6  but 

at an approximate Reynolds number value of 6 x 105 instead of 2 . 7  x 105 . 
7t <1:.1 .,_,,?. , 1 °I r-l � / n">""j A. • .,/  £ · / �, 

C!A¥/..lC,l/A,1� fi, .-!·)'VU ''.-c�nc,L� ,>-,,._#,,g _.. '' tJ 1ih "PNZI fl .,4/.r� 6/t.it,t, 

Reasoning of a similar nature applies to the frequency of vortex 

shedding and oscillation of the pipeline. Experimental data available 

on the vortex shedding frequency may be limited by the size of cylinder 

used in the study. 

The frequency of the vortex shedding is dependent on the flow velocity 

and separation of flow from the cylinder . For large pipes and low 

current velocities , the frequency of shedding obtained from small 

cylinders may not scale in an accurate manner. 

The dimensionless parameter co11ll!lonly used for relating the vort�. 

frequency to Reynolds number is the S trauhal number 

where 

s = f D 
V 

f :  measured vortex frequency 

D = diameter of cylinder 

V = average approach velocity 

6-:J.O 



Parts of this relationship are not well defined because of flow 

turbulence level and the change in pressure distribution as the 

flow clings or separates from the cylinder . Experimental values 

do not extend to the Reynolds numbers indicated by similitude 

relationships of the model cylinders and the aqueduc t ,  Figure 6 . 4 .  

Flow separation patterns and therefore pressure dis tributions are 

different on smooth and rough cylinders . A part of the variations 

of drag , lif t ,  and oscillation forces noted in experimental data 

has been related to changes in boundary turbulence caused by rough­

ness . Higher drag coefficients have been shown to occur at  lower 

Reynolds numbers on cylinders with sand-roughened surfaces , Figure 6 . 6 .  

I ·� , 

- �,-=�� I ��� I ·0 ,----\-�l:::.-::::50 , � 1 
J 

u s  '2000 X \0-;  
900 x 10->  

-0 6 I iOO x 10- ,Y-ti 
400 � 10- sf-=F=f� 

O·-l I I 
200 X 10 5 

I '-/ �  ��- '\' - ti '\�' +-t---+--� _ __,__ J 
50 x 10-s 

0-� I I 
2 x  104 

' - 1 --+- --l---� 
6 8 105 2 

Re 
4 6 8 106 2 4 

FrcunE !l. Conectc-cl dmg coC'fncicnt of rough circulnr cylinder;; in cross-flow. Compn.rison 
with rcsult.s of J:'agc & Warsap ( 1 030). t:,, J.:,/D = l l O x  10-.;; O ,  k,/D = 450 x J 0 -3 ; 
:J, k,/D = 900 x l0-5

;· - - , Fa.gc & Warsap (1930).  

Figure 6 . 6  - Drag coefficient for rough cylinders .  6 . 5/ 

6 . 5/ Achenback, E . ,  "Influence of Surface Roughness on the C�ossflow 

Around a Circular Cylinder , 1
1 Journal Fluid Mech. , Vol. 46 ,  part 2 ,  

pp 3 21-335 .  
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The large difference between the diameter of the model cylmnders, 

for which data is available, and the diameter of the aqueduct. is 

a basis for reasonable doubt on the validity of extrapolating 

the drag, lift, and 11mass11 or 11inertia11 coefficients from a 

model to a prototJq>e force . However, because data from large 

e11inders was not available, the "small model" data discussed 

in this section is used in recommending values of the coef­

ficients�Table 6.1.  

, - 1 :Z.. 



Table 6 . 1  

SUMMARY OF RECOMMENDED 

Drag CD , Lift CL , and Inertia CM Coefficients 

and Strouhal Numbers 

Coefficient Reconunended Probable ran_g_e 

Bouy ant concept 

Drag 

Single cylinder 
Normal flow 1 . 2  0 . 25 to 1 . 3  Figure 6 . 4  
45° (3  max) Figure 6 . 14 

Paired cylinders 
Separation 4D 

Upstream 1 Figure 6 . 7  
Downstream 0 . 5  

Lift 

Single cylinder 0 . 5  h/d = o ,  0 . 6  
h/d = 0 . 3 ,  0 . 1  
Figure 6 , 8  

Paired cylinders 
Separation 

4D h/d = 0 . 02 
Upstream 0 . 7  Figure 6 . 9  
Downstream 0 . 4  

Inertia 

Single cylinder 2 0 . 7  to 5 
Table 6 . 2  and text 

Strouhal number 0 . 2  to 0 . 45 Figure 6 . 10 

Compare to pipe 
natural bending 
frequency 

{; -1.3 



Table 6 . 1  (continued) 

Contact or Partly Embedded Concept 

Coefficient 

Drag 

Single cylinder 

Lift 

Single 

Inertia 

Strouhal number 

Single 
Paired 

Variation with 
current angle 

Recommended 

0 . 9  

1 . 5  

NOT KNOWN 

Compare to pipe 
natural bending 
frequency 

90° 

60° 

6 - 11 

0 . 2  
0 . 1  

Probable range 

0 . 85 to 0 . 9 3  

1 . 48 to 1 . 11 

Variation in ratio of 
natural frequency to 
vortex frequency 
f/fs = 2 to 5 
Figure 6 . 13 

Figure 6 . 14 



Drag Force - Buoyant Concept 

The major force on a pipe in a steady current is the drag force . 

The drag force has two additive components , a form or pressure drag 

and a skin friction distribution around the cylinder 

cn = cP + cf 

Artificial roughness of round sand grains were applied to the surface 

of a 150 mm cylinder by E .  Achenback. 6 . 5/ The sand grains were applied 

to the outside surface of the cylinder in a manner used by Nikuradse 

on pipe interiors. The relative roughness ranged from a 

K /D = 110 x 10-5 to K /D s s 
-5 = 900 X 10 

I Figure 6 . 5  

The studies indicated a frictional drag of the order o f  2 to 3 percent 

maximwn of the total drag . Pressure distribution or form drag appeared 

to be  the predominant part of the total drag . 

A relative roughness can be  calculated by estimating the height of 

protective coating , sand grain roughness ,  or plastic surface on the 

aqueduct pipe . For example, estimating a Kg =  0.001 foot the relative 

roughness fo� a 30-foot pipe would be 

K
5

/D = 0
3�0l = 3 . 3  x 10-5 

and indicate a very smooth cylinder . 

6 . 5/op. cit. Achenback , s  
6-* 



Marine growths on the pipe roughen the surface but the character of 

the roughness and the effect on the total drag have not had thorough 

study . An estimate of the possible thickness of the growths range 

to 6 inches . A relative roughness of 

K /D = s 6 c: 1700 X 10-5 
360 

falls well beyond the 900 x 105 used in determining the percentage of 

friction to form drag . A curve for a roughness of 2000 x 10-5  indicates 

the total drag would not be materially affected except by the increase 

in total proj ected area and in the turbulence level of the flow around 

the surface of the pipe, Figure�6. A generalization of the effect of 

roughness on the drag coefficients for cylinders has been made for 

higher Reynolds numbers (1 x 105 to 6 x 106) .  The CD values range 

from about 0 . 58 for the smooth cylinder to 1 . 1  for the roughest 

cylinder . 6 . 6/ 

A steady current may occur at times in flow passing the pipeline . The 

drag �orce will not be steady on a suspended pipe because of vortex 

shedding but experimental mean drag coefficients have been determined 

for a f ixed cylinder . Assuming this condition, then the range of drag 

coefficient CD most probably would be from 0 . 25 to 1 . 3 . The 0 . 25 

occurs in the "critical range" of the shif t of the flow pattern from 

6 . 6/ Ippen, A .  T . , Ed. , "Estuary and Coastline Hydrodynamcis , "  Eng . Soc . 

Monographs, McGraw-Hill Book Co . ,  Inc . , page 3 62 ,  Figure 8 . 11 

/ b  
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partially to fully spearated flows . The value of about 1 . 2  to 1 . 3  

occurs at Reynolds numbers both higher and lower than the critical 

range between about 3 x 105 to 2 x 106 . 

The use of a Cn value of about 1 . 2  would be indicated for computing 

the maximum total form drag for a steady current at Reynolds numbers 

greater than about 1 x 104, Figure 6 . 4 .  

Currents passing at an angle to the cylinder centerline produce larger 

drag forces than currents perpendicular to the center . Small amounts 

of data are available from a 1 .  5-inch cylinder showing ranges of 

coefficient from 

CD = 1 at 90° to 3 at 45 ° 
6 . 7/ 

(The undisturbed angular velocity was used in the computation) . 

Changes in drag coefficient on a smooth upstream or downstream cylinder 

in a pair show a wide variation for the small Reynolds number range of 

the study . 6 . 7/ The spacing between cylinders and distance from a 
dr�g 

boundary both affected the � force, Figure 6 . 7 .  

6 . 7/ Wilson, J .  F . ,  Caldwell, H .  M . ,  1 1Force and Stability Measurements 

on Models of Submerged Pipelines, " Transactions of the ASME, Journal 

of Engineering for Industry , November 1971 ,  pp 1290 - 1298 .  

1 7  
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Lift Force - Buoyant Concept 

A sus pended cylinder experiences no lift force in potential f low . In 

separated f low a periodic upward and downward force is imposed by the 

periodic shedding of vortices , that is, changes in the lift force. 

A downward force (negative lift) is imposed on the pipe in an assymmet­

rical flow produced by a flat boundary near one side of the cylinµer . 

Velocities are increased between the pipe and boundary producing an 

6 . 7 /  O p  cit 
I B  
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unbalance of pressure toward the boundary . Analytical and experimental 

evaluations have been made of the change of the lift coefficient for 

single and paired cylinders adj acent to boundaries . 6 . 7 /  6 . 8/ 

Lift coefficients (negative, that is toward the boundary) resulting from 

the experimental data for bvo pipe Reynolds numbers, 3 3 , 200 and 56 , 6000 , 

brackets in part, analytical data and experimental data for a Reynolds 

number of 150, 000, Figure 5 .  6 . 7/ 
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Figure 6 . 8  - Lift coefficients for single cylinder . 2.:.2_/ 

6 .  7 / Op cit 

(a) Reference 19 , Rouse, IL , Ed.  Engineering Hydraulics , 

Wiley , N .  Y . , 1950, page 130 (b) from Reference 6 .  8 

6 . 8/ "Ocean Environment and Design Considerations in a Prereconnaissance 

Study of a California Underseas Aqueduct, " Contract No . 14-06-D-6780 , 

Litton Systems , AMTD , . June 13 , 1969 . 
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1 

The lif t  on an upstream cylinder is increased by the presence of a 

cylinder on the downstream side for small models and low Reynolds 

numbers. 6 . 7/ The lift coefficients reflect the proximity of both 

an adjacent boundary and the distance between two cylinders, Figure 6 . 9 .  
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coefficients 6 . 7/ 

Oscillating Forces - Buoyant Concept 

A primary characteristic of the flow past a stationary cylinder is 

the lateral pendulation of the separation zone as a vortex is shed 

from alternating sides of the flow centerline, Figure 6 .3 .  Experiments 

have generalized the characteristics of the shedding frequency in 

terms of the cylinder Reynolds number and the Strauhal number (S)  

prevouely cited. 

6 .  7 / Op cit 
2 0  
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An abundant amount of information is available on vortex frequency 

but application of the results may be limited by the large magnitude 

scaling from model to aqueduct pipeline . Strauhal numbers range from 

about 0 . 2  to 0 . 45 for Reynolds numbers 1 x 104 to 1 . 5  x 106 , Figure 6 . 4 . 

Measurements at  higher Reynolds numbers indicate a decrease in 

Strauhal number to about 0 . 25 ,  Figure 6 . (Q 
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Figure 6 . 10- Variation of Strauhal number for circular cylinders, 6 . 9 /  

6 .  9/  Bearman, P .  W . ,  "Vortex Shedding From a Circular Cylinder , "  J .  Fluid 

Mechanics ,  Vol 3 7 ,  part 3 ,  July 1969 ,  page 584 . 

1. I 
6-1-6 



Selection of a S trouhal number from these small model data to apply 

to the large aqueduct may be difficult. Additional study on larger 

cylinders in a stationary position may show the correspondence 

between the model and aqueduct pipeline. Solving the S trouhal number 

equation us ing the natural bending frequency of the pipeline would 

indicate a critical S trouhal number. Coincidence of the number with 

one in the range indicated by experimental investigations would be 

cause for an extensive s tudy of the possible oscillation of the 

aqueduct.  

Forced oscillation of a flexible cylinder, e . g .  a tethered aqueduct 

pipeline by waves could cause serious bending moments if the natural 

period of elastic oscillation is in resonance with the vortex and 

wave velocity periods . The force exerted by the water on the moving 

pipeline contains two parts , one depending on the form drag, and the 

other depending on the displaced water . 

The direct and fundamental approach represents the total force on 

the cylinder as the sum of the drag and inertia force components 

dFT = d FD + dF1 (Morison Formula) 

The components dFT and dF1 are def ined 

dF = CD pD uJuj  ds 
D 2 

C 2 • 
dF = I P nD uds 

I 
-

4 

i.2-
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where p = density of water 

u = instantaneous horizontal velocity of 

water particle 

u = instantaneous horizontal acceleration 

of water particle 

CD = hydrodynamic force coefficient, the 

drag coefficient 

Cm = hydrodynamic force coefficient , the inertia 

or mass coefficient 

The equation for the drag force component is the usual representation 

of the force resulting from the steady flow discussed in the previous 

section on drag . The absolute value symbols in the FD equation insure 

that the drag force component is in the same direction as the velocity . 

Measurements of drag forces on cylinders subj ect to wave velocities 

show a large scatter apparently caused by turbulence near the cylinder . 

A steady state vortex shedding period cannot occur because of the 

oscillating nature of the wave velocity . Thus in the presence of a 

current and oscillating wave velocit� wide variations occur in the 

drag force, Figure 6 . 1�.  
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Flow patterns resulting from the movement of a cylinder in the 

surrounding water in unsteady and oscillating flows are related 

through the "inertia" or 1
1mass 1 1  coefficient . Because of the 

oscillating motion of both the pipe and water, the effects of such 

motion are not well known . 

6 . 10/ W eigel, R.  L . ,  Beebe, K .  E . , Moon, J . ,  "Ocean Wave Forces on 
--\;ircular Cylindrical Piles" ASCE Transaction, Volume 124, pages 89-116, 

1959 . 
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An early theoretical and experimental study resulted in agreement 

of the computed and measured forces on a cylinder in a wave tank . 6 . 11/ 

The Morison type equation was used to find the total force on the 

cylinder . No steady or unsteady currents were imposed on the simple 

sinusoidal currents in a rectangular basin. 

Studies were extended in later years by investigating the forces on 

single and paired cylinders in laboratory and ocean condition. 

6 . 12/ 1 . 13 /  1 . 14/ 6 . 15 / .  The studies further reinforced the doubt of 

assuming a C
D

-value applied to a cylinder in reversible accelerating 

flow , as in wave action, would be the same as a CD value for steady 

flow . The wide variance of values for both CD and CM indicate caution 

should be exercised in using the information in a model to aqueduct 

conformance,  Table 6 .2. 

6 . 11/ Kuelegan, G .  H . , and Carpenter , L .  H . , "Forces on Cylinders and 

Plates in an Oscillating Fluid , "  Research of the National Bureau of 

Standards, Vol 60, No . 5 ,  May 1958, Res .  Paper 285 ,  pp 423-440 . 

6 . 12/ Laird, A. D .  K . , Johnson, C .  A . , and Walker , R. W . , "Water Forces 

on Accelerated Cylinders, "  Jour . of Waterways and Harbors Div . ,  ASCE WWl, 

March 1959 , pp 99-119 . 

6 . 13 /  Beclanann, H . ,  and Thibodeaux , M .  H . ,  "Wave Force Coefficients for 

Offshore Pipelines, "  Jour. Waterways and Harbors Div . , ASCE ,  WW 2, May 1962.  

6 . 14 /  Laird , A .  D .  K . , "Water Forces o n  Flexible Oscillating Cylinders, " 

Jour . of Waterways and Harbors , Div . ,  Proc .  ASCE, August 1962 , Vol 88 ppl25-137 

6 . 15/  Surry , David, "Some Effects of Intense Turbulence on the Aerodynamics 

of a Circular Cylinder at Sub critical Reynolds Number , ' ' Jour. Fluid Mech. , 

1972 , Vol 5 2 ,  part 3 ,  pp 543-563 . :i.., 
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An 

TABLE 6 .� 

Summary of � and CM Coefficients for Cylinders 6 . 4/ 
TaLle 8. I Orng and lnerlial Coefficicnl \"alucs for Circular Cylinders in 

Accelernling Flo-.s (from [6]) 

Coefficient 
Au1hori1y �ature of 

Cylinder value 
and dale experiments 

diameter Type of How 
(inches) Co CM (remarks) 

( I )  (2) (3) (4) (5) (6) 

Crooke, 1955 )lode[ 2, I , ½  J.60 2.30 Oscillatory 

Kculcgan and )lodel 3, 2½, 2 1.34 1.46 Oscillatory 
Carpenter. (av. or 29 
1956 tabula1ed \'alucs) 

I½, l '�  1.52 1.51 (Av. of 57 
1abuln1cd values) 

Keim, 1956 Model I , ½  I 1.00 0.93 Acceleralcd, 
nonosci llatorr 

Dean, 1956 )1odel 3 l .10  1 .46 Acccl eral ed, 
nonoscillatory 

Wiegel e l  Pro1otypc 24 1.00 0.95 Ocean ,•,aves, 
al., 1956 west coast 

(based on their 
Fig. l=>) 

ficid, 1956 Protol)'pc B¾ 0,53 1.47 Ocean waves, 
Gu If of \lcxi co 

Brctschncidcr, Prototype 16 0. .10 1 . 10  O('can wa,·cs, 
1957 Gulf of )lexico 

Wilson, 1957 Prototype 30 1.00 1 .-15 Ocean \\':l\TCS, 
Gulf _2f \l�xico 

average value of C
D = 1 . 05 and cm = 1 . 40 from Table 6 . 2  would be 

first approximation in a preliminary design of the buoyant aqueduct. 

A mean value of C = 2 . 51 standard deviation of 1 . 2, and e s kewness 
m 

AS..c, _,a+e_J .11, f}) r. ,.,,,,, coefl./J1Ct<?; -f.s 

a 

of about zero was calculated from data of Figure 6 . 10.  6 . 10/ This mean, " -
in a range of Cm values from 0 . 7  to 5 . 5 ,  indicates a much larger "inertia" 

effect than the average f�om Table 6 . �. Thus , a maximum C value appears 
m 

to be greater than 5 or about 2 . 5  times the theoretical value of 2 .  

Information reviewed generally indicates that an "inertia" coefficient 

value Cm =  2 should be used in the appraisal study of the aqueduct . 

Additional investigation of larger models or analysis of reported results 

may be necessary before design forces on a large aqueduct can be cal­

culated with confidence. Further investigation may resolve the 

inconsistencies by rigorous cont�ol of experimental facilities . 

6 . 4 /  Op cit 
6 . 10/ Op cit 

")b 
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This area of the hydrodynamic design of structures in the ocean has 

been reviewed by several organizations and their publications offer 

valuable reference information . 6 . 6/ 6 . 8/ 6 . 16/ 6 . 17/ This part of 

the design study of the buoyant concept of the aqueduct should be 

given comprehensive study because of the modes of movement possible 

from a semirigid structure . Forces varying in magnitude and direction 

at sections of the pipe throughout the length could produce a highly 

complex dynamic behaviour of the aqueduct . 

nle , C::,£1-j 72oo�er /.. .  / 
6 . 16/ iih,e:l&k, RiGhard, Be . ,  Oceanographical Engineering , Prentice-Hall 

series in Fluid Mechanics, 1964 . 

6 . 17/ Meyers, J .  J .  Ed . ,  Handbook of Ocean and Underwater Engineering , 

McGraw-Hill Book Company , 1969 . 
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Drag, Lift, and Oscillatory Forces - Cylinder in Contact or Partly 

Embedded in Boundary 

A design of the aqueduct may require the pipe to be restrained in 

contact or partly buried in the ocean floor. 

� 

� 

-

t·. 8 ov YllNCY 

t . INE"J2TiA t L I �.,. 

� 
...__ 

---- -... ,, .,,,,,,,. ..... , / ' / ' 

..... ..... -----

\ 
\, 

lt-iE 2 T!A Fo f?cm -.q�- � 
Dviry Fo£ce-

Figure 6 . 12. - Force on cylinder in contact or partly 

embedded in boundary . 

Asymmetry of flow will produce forces of lift, drag , and oscillation 

to be balanced by the restraining structure. Studies of forces for 

z.. 
6-2-5 



the pipe configurations of boundary contact and partly buried appear 

to have been minimal 6 . 13 /  6 . 18 / .  

A discussion of Reference 6 . 13/, 6 . 4 / ,  suggests that the values of CD , c1 , 

and CM recommended from the studies are too low . Values of CD = 0 . 5 ,  

CL = 0 . 5 ,  and CM = 1 . 5  appear to have been used in the analysis but the 

discussers suggest larger values of CD � 1 ,  CL � 1 ,  and CM � 2 . 5 .  

S ix- and ten-inch cylinders were used in a Venturi-shaped flume for 

an ivestigation of lift and drag coefficients 6 . 18/ . Pressures were 

6 . 4/ Op cit 

6 . 13/  Op cit 

6 . 18/ Brown,  R. J . ,  Hydrodynamic Forces on Submarine Pipeline, Jour . of 

Pipeline Division, ASCE, PLl,  March 1967, pp 9-19 , and Discussions PL3 , 

November 1967 ,  pp 75-81. 

6 . 19/  Wilson, B .  W . , and Reid , R ,  0 . ,  Wave Force Coefficients. for 

Offshore Pipelines, Jour . Waterways and Harbors, ASCE , WWl, February 1963 , 

PP 61-65 . 

�i 
6� 



0 

measured at the cylinder surface and velocities in the surrounding 

flow . Values of CD in the range 0 . 9  to 0 . 55 , and CL in the range 

1 . 3  to 0 . 8  for Reynolds numbers ranging from 0 . 6  x 105 to 3 x 105 

resulted from the investigation. No "inertia" or"mass I I coefficient 

information was included in the results . 

Additional experiments 6 . 20/ resulted in drag and lift coefficients 

of CD = 0 . 85 to 0 . 93 and CL = 1 . 48 to 1 . 11 for a Reynolds number range 

of 0 . 9 7  x 105 to 0 . 53 x 105 • 

The lift and drag force exerted on the cylinder will be oscillatory. 

Vortex formation in the wake of the cylinder will be periodic . The 

period of the force may be inferred from the investigations of 

vibrating cylinders having different natural vibrating frequencies 

and cylinder material to fluid mass ratios M, Figure 6 . 13. 

sr � Syrrbol !t � 
o 1,1 14,100 
a 0.78 21,000 
o 1.3 7,450 
• t07 15,500 
• 1.6 4,230 
• 1.02 23,550 
" 2.41 19,900 

6,-------r-----�,---------,-------. 
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W !Symbol M h/d � 
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o 0.78 2.50 22,000 
• 2.41 0.83 1 6,600 
• 2.41 2.67 17,100 
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(Rof.2O) 

O'=
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2
,__ _____ 

4
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HORIZONTAL SPACING, w/d 

Fig. 1 3  Frequency of impending vibrations for a single cylinder near a 
ground plane 

Fig. 14 Frequency of impending vibrations for two cylinders noar a 
ground plane 

Figure 6 . 13 - Oscillating tendencies of cylinders 6 . 20/ 

(Reference 20 6 . 6/ .  

� 
6 . 20/  Font. Juan B . , Discussion of Reference 13 in J .  of Pipeline Division, 
ASCE, PL3, November 1967, pp 77-80 . 

6 . 6/ Op cit 6-27 



Allowing h to become zero simulates contact of the cylinder with 

the boundary . A ratio of the natural to impending frequency of 

vibration can be inferred from the measurements on single and 

paired cylinders . Care should be exercised in selecting the frequency 

ratio because the minimum boundary spacing to diameter ratio is 0 . 25 .  

Extrapolations of the curves have been made for the single cylinder , 

none have been made for two cylinders . 

Reynolds numbers for measuring the frequency ratios were small, 

the largest being about 2 . 5  x 104 . Mass ratios were scaled to 
i1'!9 

represent steel pipes carryA oil , l<H<3 . The model ratio ranged 

from 0 . 7 8 � M � 2 . 4 . and the natural frequency from about 4 . 5  to 

24 . 5  cps . The stiffness of the model was increased thus increasing 

the natural frequency, over a Reynolds number range of 3 x 103 to 

2 . 5  X 104 . 

The model to aqueduct conformance is not well established between 

1 . 5-inch cylinders and 30-foot-diameter pipelines in contact or 

partly embedded in a boundary . One conclusion indicated that the 

natural bending frequency of the cylinder (aqueduct pipeline) or 

segment between anchor blocks should exceed 5 fs 
to avoid significant 

midspan deflections . 

fn/f8 
= 5 .  
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Paired cylinders showed a frequency ratio greater than 5 as the 

cylinders were placed 0 . 25 of the diameter from the boundary . The 

natural frequency of the cylinders should be in excess of fs by 

at least the factor given by the curves . The shape of these curves 

at d/h values less than 0 . 25 is indefinite. 

Available information on drag, lift, and inertia coefficients is 

meager for a cylinder on or embedded in a boundary . Extensive 

investigations are needed on larger cylinders near boundaries to 

improve the reliability of drag, lift, and inertia force coefficients. 

These studies should include thorough investigation of the interaction 

of the pipe moving in an oscillating flow of water . 

Effect of Currents at an Angle to Cylinder - Buoyant or in Contact with 

Boundary 

Currents f lowing past a cylinder at an angle will take place for the 

bµoyant, in contact, and partly embedded concepts of aqueduct construction . 

A small amount of information was available for a cylinder remote from 

a boundary 6 . 21/ 6 . 22/ 

6 . 2�/ Chiu, W .  S . ,  and Lienhard, J .  H . ,  On Real Fluid Flow Over Yawed 

Circular Cylinders, ASME, Jour. of Basic Engineering, December 1967, 

pp 851-85 7 .  

6 . 22/ Schlichting, H . ,  Boundary-layer Theory, 6th ed McGraw-Hill, 

New York, 1968, pp 241-242 .  
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Chiu and Lienhard concluded that the separation along a cylinder was 

independent of the flow angle and would occur beyond the separation 

point of the flow component across the cylinder . Thus, particles in 

the cylinder wake were counterrotating corkscrew paths within the 

upper and lower rows of the vortex paths. The Strauhal number and 

pressure drag coefficient were evaluated for the crosswise component 

as though the spanwise flow did not exist. Strauhal numbers measured 

for Reynolds numbers between 3 . 9  x 103 and 2 . 1  x 104 show a gradually 

d iminishing number as the current angle increases Figµre 6 . 1'9-. 
0.2�! 
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YAW A:;GL[, /3 

Fig. 8 Dependence of dimensionless vortex frequency upon yaw angle 
Figure 6 . 14. Variance of Strauhal number 
with increased current angle .6 . 21/ 

The Strauhal number of about 0 . 1  at a 60� current angle and Reynolds 

number of 2 x 104 is slightly less than the 0 . 12 for a 2 : 1  ellpitical 

cylinder at 5 x 105 and a 909 current angle 6 . 3/ . 

6 .  21/ Op. cit . ,  

6 .  3 / Op.  cit . , 

3.' 
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Drag coefficients for yawed cylinders at angles between 45° and 90° 

show a variance range from about 1 to 3 Figure 6. 14. 
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Fig. 4 Ground piano and downwa,h offo·cts on drag for a ,inglo cylinder 

Figure 6. 14. Variance of drag coefficient 

with increased current angle 6. 7/ . 

The direction of the drag force is the same as the undisturbed velocity. 

Slight decreases in the coefficient were indicated as the space was 

decreased between the cylinder and the boundary. Average values 

of drag coefficient were calculated in this study. 

Information was not available for evaluating a drag and "mass" or I
I inertia' '  

coefficient in the Morison equation for cylinders inclined to the 

current direction. 

6. 7 I Op . cit. (Wilson/Caldwell). 
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SECTION 7 

WATER MOVEMENT CAUSED BY WAVES AND EFFECT UPON THE CONDUIT 

Introduction 

Ocean waves occur in irregular shapes and patterns. Wave profiles 

may have a widely variable shape as shown in Figure ::_. In a wave 

train there can be large and small waves a.rd a wide range of' wave 

heights and lengths. 

. /\, A ,.__ .: ·  r. 

J lJ UVVV� 
Figure 7. / - Wave profiles of' a wave train 

A mathematical theory has not been developed that precisely describes 

all the diverse f'eatures of natural wave action in water. Many theories 

of' varying complexity and difficulty have been developed to describe 

water movement caused by waves. For engineering purposes the Airy 

Equations J..:_/ are often used. A description of the theoretical 

derivation of the Airy Equations is given in Reference 7 ,  I /.  

These equations were selected for use in the hydrodynamics study 

because (1) these equations are the most convenient to use, and 

(2 )  for defining velocities occurring within the lower half of the 

water depth1the results appear as dependable as those from other 

theories (Appendix I) . 

2:.lJ Ippen, A. T. , Estuary and Coastline Hydrg�ics, McGraw-Hill 
Book Company, Inc. ,  1966, pp 14-20. � 
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Figure ? . 2. - Shape of the Airy curve 

The wave profile shape as f'onnulated by the Airy Equatio� is that 

of a sine curve, Figure ___:_f, .  This profile is regular and easier 

to define than that of Figure ?, / • The wave length (L) is the 

horizontal distance between wave crests, and the wave height (H) 

the vertical distance from trough to crest. The wave period (T) 

is the time required for a wave crest to travel the distance of 

one wave length. 

Waves are classified in the literature according to the relative 

depth: 

where 

Deep water 
wave 

1 ·d/L � � 

Intermediate depth 
wave 

½ > d/L > 1/20 

d/L = relative depth 

Shallow water 
wave 

d/L � 1/20 

d = depth of water to bottom (measured from mean water level) 

L = wave length 

As waves travel along the water surface the water particles beneath 

the waves experience an orbital motion. For example, the displacement 

1 - 2 



of a particle of water about point C in Figure 7, 2. has an 

orbital path during the time of one wave period.Flt:1 \JR.1:: '/.3. 
'l 

� -- � · Displacement is the 
(

1 ' ---.:("Disp /Cic.e me >'l
�

bital path 
distance of the water 

�i of the water 
particle :from Point C. 1 1 fl C 

. particle 

-w,... ie r  + ·  
1 

_. center of o r b it · 
'-" 1 pCl-r ,c e -.- � 

Figure 1 ,  � - Orbital path of a water particle under 
a wave for one wave period 

The water particle travels once around the orbit path during the 

wave period T. The magnitude of the displacement, and shape of the 

orbital path, va:ry with distance below the water surface and relative 

water depth. 

The orbital paths change as a wave progresses toward the shore, 

Figure 7. J/. • For a deep water wave (d/L = l ) ,  the orbits are 

circular, and displacement magnitude is smaller with increasing 

depth below the water surface. For this case oscillatory motion 

caused by the waves is negligible at the bottom. For an intermediate 

depth wave (d/L = 1/2) orbital motion extends to the bottom. 

At the bottom; downward movement of the orbital water motion is 

inhibited, and the oscillatory motion is mainly linear, and in a 

horizontal direction. Pr,ogressing upward :from the bottom the orbit­

ing motion is elliptical and may be circular near the water surface. 

For waves moving into shallower water the major axis of the 
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Figure ?. 4 - Variation of orbital motion with respect 

- to relative depth ! . 

elliptical orbit becomes larger (d/L = 1/5 and d/L = 1/10 of 

Figure '7,  I-/ _) .  In shaJ.low water there is less change in the 

horizontal portion of the displacement magnitude with decreasing 

depth. 
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The Airy E9,uations 

Nomenclature and Symbols. - The California Undersea Aqueduct, constructed. 

on the ocean bottcm or above the bottcm, will be subjected. to forces 

of wave action. The Airy Equations mathematically describe the water 

movements and wave action causing the forces on the pipe. Following 

is a list, brief explanation, and definition sketch (Figure ?,.5) of 

symbols used in the Airy Equations: 

x - horizontal coordinate, ft 

y - vertical coordinate, ft 

d - water depth, distance :f'rom mean water level to the bottom, ft 

T) - vertical distance or displacement of the water surface :from 
mean water level, ft 

H - wave height, ft 

a - wave amplitude, a =  H/2, ft 

L - wavelength, ft 

T - wave period, sec 

C - wave celerity, ft/sec 

g - acceleration of gravity, ft/sec2 

t - time measured from the instant that a wave crest is 
located at x = o, sec 

9 - phase, angle 9 = 2�(x/L - t/T ) ,  radians 

e ,  e - particle displacements in the X and y directions , ft 
X y 

V , V - particle velocities in the x and y directions, ft/sec 
X y 

A ,  A - particle accelerations in the x and y directions, ft/sec2 
X y 

k - radian "wave number,"  k = 2rc/L 

a - radian "wave :f'requency, " a = 2rr/T 
p - pressure, lb/ft2 

r - specific weight, lb/ft3 

'7 , 5 
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Figure ,., , �- - Wave definition 

The Equations 

g = 2,t( � - ; ) 
T) = a(cos 8) 

L C = T 

( I• ) 

( " . c. ) 

( '' , 'l. Q )  

Wlot\. d rf = i tanh (kd) 
............ k '  'U 

£ = -a [ cosh k(d+y) ] 

( ·  · - ) 

x sinh kd sin 8 ( 1. �''1 ) 

£ = a [ 
sinh k(d+y) 

] Y sinh kd cos 8 c r,- r- )  
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V 
= a ( 21t ) [ 

cosh k(d+y) 
] x T sinh kd cos 8 ( '? , Sa. ) 

( 21t ) 
[ 

sinh k(d+y)
] sin 8 V = a T sinh kd. y ( ,- • •  t. ) 

A = a c �)2 [ 
cosh k(d+y) 

] x T sinh kd. sin Q 

A = -a(2rc )
2 

[ sinh k(di?t.') 
] Y T sinh kd cos Q 

p = r [ a cosh k( d +y) 
] cosh kd cos 8 - Y 

( 7,o a  ) 

( ') ,, .· ) 

{ f'I , ? ) 

Combining Tenns to Simplify the Equations. - The following terms 

were combined to present the equations in a simplified form. The 

functions Ux and Uy are presented in graph fonn and will be discussed 

later in the text. 

U _ cosh k(d+y) 
X - sinh kd 

and 
= aux xm 

'?hen 

C = tDcm (-sin 9) 
X ' 

Let 

V 
2rc funi cos 8 = -
T 

( '7.�a ) 

( r ' �,� ) 

er .,o) 

( I O )  

2 

.1. Ax = ( 2
T
rc ) funi sin Q (,.1 ,,.., a) 

') - 7 

Uy = sinh k(d+y) 
-< sinh kd 

E, = aUy 
ym 

i& = £ cos e 
I rm 

Vy 
= �1( cym sin 9) 

( I ' 8 ) 

cr;. '1  ... > 
( '. ,, ) 

( ". J ) 

2 
Ay = ( �l! ) � ( -cos 8) (•· . �) 



Explanation for Visualization of Water Movement as Formulated by 
the Airy Equations 

Phase Angle. - Wave action formulated by the Airy Equations is 

periodic in nature. A cycle of wave action occurs over and over 

again. The phase angle is defined: 

9 = 2,t ( � - * ) ( ? . I ) ,  

and can vary between values, or multiples, of O to 21t. The sine 

and cosine of the phase angle perform a cycling function to parameters 

of wave action. These parameters are wave profile, particle orbit, 

particle velocity, and particle acceleration. Note that � appears in 

many of the equations ( 't ,  I j through � ? . 1 2. ) • Thus one cycle 

of wave action occurs as the phase angle varies from O to 2,c. In 

a sense the phase angle may be viewed as a "bookkeeper" to keep 

account of these continuous cycles. "x" and "t" a.re variables of 

the phase angle and are used to obtain the correct relative location 

within the cycle for a given event. 

S�plifications can be made to variables of the phase angle. For 

example, if the wave acts perpendicular to the pipe the pipe 

centerline can be located at x = o. The phase angle will then be 

9 = 2,c (- ; ) • Another simplification is to state the variable t 

in terms of the wave period T. For example, if T is divided into 8 
--t ,  es '\Y ·\ _(,q ,·�, · 

equal parts, the sequence of /V?base -angles will "B"e as follows: 

T T 3T T 5T 3T 7T T 
t = '8' 4' 1,, 2,:-g-, 4' ir, 

-Jt -1( -3:it -,c 
9 = 4' 2' 4' -5Jt -?Jt -71! ' T' 2' T' 

-2,t 
radians 

9 = -45 ° , -90° , -135° , -180° , -225° , -270° , -315 ° , -360° 
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By convention a negative angle varies as shown in Figure ".6 • 
From Equation 1 ( ?,/ ) ,  the phase angle e varies in a negative direction 

for the variab�e t and in a positive direction for the variable x. 

Wave Profile. - The equation 

T) = a(cos 9) ( '7, 2 ) 

describes the wave profile on 

the water surface.  Variation 

of the water surface with 

respect to time is  shown in 

Figure ?, ? a  for x = 0 and 

O < t < T. Since values of 

"' ,- e  R o ta tion IS 
" " c I oc.k w i se 

Figure I), {:, • - Variation of 
Q in the negative direction 

e, in terms of t, a.re negative, these values a.re plotted in the nega­

tive direction on Figure 17,  ?q . The wave profile progresses to the 

right. For example, the read.er may imagine himself located at 

point P of Figure 0 , ,-a and mentally move a complete wave profile 

i:ast himself. 10ne wave passes over the pipe. �One cycle of wave :, 
action occurs as the phase angle varies f'.rom O to 2,r. ) Figure , • ?  q 

shows the location of the water surface above the pipe for given times 

of t. 

The abscissa scale of the wave profile may be viewed as distance 

along the x a.xis ·with respect to the wavelength L. If the wave crest 

is traveling longitudinal:-.ly with respect to the pipe, then the solid 

line of Figure '7 · 7 b shows the wave profile at the instant t = o. 

A:f'ter passage of time T/8 the wave profile has traveled an x distance 

to the right, dashed line in Figure 1 ,  7 b • 
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Wave Celerity. - Wave celerity is the velocity at which the wave 

travels across the water surface. For example, note point A on the 

vave crest of Figure , c., • Af'ter the passage of time (t = T/8) 

the crest has traveled to point A' (dashed line ) .  

the wave celerity is 

By definition 

C = �  ( ,-j,, · ) ,  

and the actual wave c elerity could be computed if wave parameteIS L 

and T are known. The wave celerity fonnulated by theAiry Equations is 

cf =  t tanh(kd) 

Particle Orbit. - The Equations 

£ = £ (-sin 9) 
X XITl 

( 

( ,. . 3 � ) 

) and £ = t cos 9 .(. . ,oh) 
J ym 

describe the particle orbit path around a given point below the mean 

water level. For example, c onsider how water oscillates around the 

point P(x = O, -y) of Figure ,.. , � Q as one wave travels past this point. 

Figure 7.  � o shows the orbit path for a given particle of water. 

Numbered points on the orbit path show location on the particle at 

the corresponding times of ti, t2 , t3 , etc . As the phase angle varied 

f'rom O to 2,r the particle traveled through a complete orbit f'rom point 0 

to point 8. Point O and point 8 are at the same location. 

? - ll 
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Figure r;, � a • Particle orbit 

path during the time of one wave 

period T. _ t = § and 

Figure '7 , ?l � • Displacement of 
particle Po and graphicaJ. 
description of symbols in 
Equations • , � ., and , * ,,.... u • 

T T 3'.U t1 = E' t
2 = 4, t

3 = -g-, etc. 

Figure '] . � The wave orbit 

Figure '? ,  � b is an enlargement of one-quarter of the orbit. The 

displacement of Particle P from point P(x = o,-y) is defined by 
0 

C and £ .  The designations £ and £ were used for lengths of 
X J,, XIll ym 

(2:> 
the semi-major and semi-minor axis-; As the particle travels around 

the orbit the displacements 8 and £ are some fraction (between 
X y 

IZ S 
0 and l) of the axiz £ and £ • For a pipe free to move with the / xm ym provide S' o >v\ C?  Mac.svr-41! c,-F -+lvz 
oscillating water, the orbit path would describe the -z:eq:uir-oo-dista.nces 

I • 
J. ' -'- ,. j ,,., cl • \, t{ e .. ' q n neee,eci f!el!" BtteA movement 'Tho..T n�eds 10 be.. '"' o " S IC',;,,, e - J · � 
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The Equations Particle Velocities. -

2J( Vx = - t cos 9 T xm 
( "? .  I /  o ) and Vy = 

2
T1t tym sin 9 ( ). l , i ) 

describe water movement beneath the waves . There are two methods of 

visualizing the water movement. The choice of which method is used 

depends on whether waves are traveling normal or parallel to the conduit. 

If the waves are traveling normal to the pipe centerline P(x=O,-y) 

should be used as the point of interest. In this case the water motion 

is of the orbital type as shown by Figures ).ra and ?. Cf b . The 

particle velocity V
P 

is tangential to the orbit path (Figure ') ,q0._ ) 

and is defined by the component velocities V and V • Thus during one 
X y 

cycle of wave action the particle velocity changes direction 360° , 

Figure '7 , C/ b • Velocities V l. through V 8 can be considered acting at 

P(x = o, -y) as shown in Figure �, , '; r., • When viewing velocities in 

this manner (normal to the pipe) , one imagines himself stationary 

at a given poinu and observing direction and magnitude of the velocity 

for a given time interval. Thus in the equation for phase angle 9 

only the variable t is used because x = O. \ 

If the waves are traveling parallel to the pipe, water velocities 

should be viewed as shown in Figure_ ') , '1 d • The velocity V is still p 

defined by the component velocities V and V ,  but in thi s case X y 

(the solid line curve) variable x is used in the phase angle equation and 

t = o. Values of x are stated in terms of the wavelength L. Af'ter a 

given time interval the wave profile has traveled to the right. The 
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wave profile of the dashed line in Figure 1,1d is for a time t = T/4. 

For the t = T/4 wave profile both variables x and t are considered. in 

the phase angle. Another method for obtaining the velocity pattern of 

the t = T/4 wave would be to transpose velocities of the t = 0 wave to 

the right a distance t::,x. 

Particle Acceleration. - The Equations 

2,t '-
A = - E sin 8 

x T xm (7,IZCJ) and A = 

y ) 

21{ £ {-cos 8) 
ym en. I 2_t,) 

describe particle acceleration in the orbit. The particle acceleration 

A acts inward f'rom the orbit {Figure . ' ,) and is defined. by component 
p -

accelerations A and A .  During one wave cycle the particle accelera-x y 

tion changes direction 360° , similar to velocities of Figures � , .., b 

and r ,  Cfc , etc . ,  but precedes the velocity as shown in Figure -. '0 b. 

:::::--, A �- »-x ,  

I 
I 
I 
I 

Ap A v  
,. ' Figure , ,, - Particle Acceleration 

/- ,  J ""'  r 

Ap� Vp 

Figure ' , lob - Acceleration 
precedes the velocity 

Note the relation of sine and cosine terms for the phase angle 8 of 

equations 17, // and 1, IZ . For the x direction the relation is cosine 

versus sine and for the y direction the relation is sine versus -cosine. 

With the trigonometric identity sine 8 = cos (90° - 8) a 90° shift of 

the sine equals the cosine. Thus, in vave literature the acceleration 
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acts 90° out of phase with respect to the velocity. But one must 

be careful to view this 90° shi:f't with degrees used in the phase angle 9, 

and not that the angle t3, shown in Figure ? . / 0 b , equals 90 °, 

because for elliptical orbits the actual angle t3 between A and V can 
p p 

be greater or less than 90° . 

Development of Proportionate Vectors to Describe Orbit Parameters 

General. - Proportionate vectors are developed describing parameters 

of orbit displacement, particle velocity, and particle acceleration. 

Later in the text the vectors will be used to construct a diagram 

of the force acting on a pipe rigidly fixed above the ocean bed. In 

development of these proportionate vectors graphical constructions 

showing the various orbit parameters are used. This graphical presenta­

tion more clearly shows how the Airy Equations formulate the "physical" 

motion of the water, and how the proportionate vectors can describe 

the orbit parameters. 

Wave Profile. - The initial layout in preparing for construction of 

the wave profile is shown in Figure 7 ,  / /q • In this example one cycle 

of the phase angle (0 .S O  .S 2�) is divided into 12 equal increments. 

This division is shown on the abscissa sea.le of the wave profile and 

also on the circle to the right. The length of the abscissa scale 

represents either one wave period T or one wave length and the radius 

of the circle represents the wave amplitude a. For convenience of 

ecplanation and construction of the wave profile, incremental points 

are consecutively numbered for both the abscissa scale and generating 
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circle. Values of corresponding points between the abscissa scale 

and circle are noted on Figure '?. //g . The zero numbered point should be 

located carei'ully because the location can be different for the wave 

parameters (wave profile, orbit, velocity, and acceleration ) .  

The constructed wave profile is shown in Figure 1, ltv , and the method 

of construction is as follows. start at point zero on the generating 

circle. Horizontally project the point to the lef't until it inter­

sects the vertical projection of point zero above the abscissa scale. 

At this intersection, make a dot and label it zero. Go back to the 

generating circle and. move clockwise to point· No. 1. Horizontally 

project point No. 1 lef't to the correct location and at this inter­

section make a dot and label it 1. Repeat the above process with the 

other points on the generating circle moving in a clockwise direction 

around the circle. The wave profile is drawn through the labeled 

intersection points. 

The generating circle performs the operation of multiplying the wave 

amplitude a by the cos Q (note point No. 2 on the generating circle 

of Figure t , / / b ) • Generating circles to perfonn cos Q and sine Q 

multiplying operations are used in following construction of particle 

properties. 

Particle Orbit. - Construction of the particle orbit path is shown in 

Figure 1, I '2 In this case, two generating circles are needed. The 

circle on the right is for the semi-minor axis of the orbit path and 

8 
') - 11,. 



n 

·. Q 

u 

,o , 

,,., 
J 

�i . 

1 24 o 
// . _..,..,,-------

/,#/ 

"} - -- - t, 

� 
1 2 ;·0 

I ·-�[')( = l
')(ft/ 

(- s in&) 
� 

_,,/ , .s-
,, 

2. 

I '1 
I 
I 

I ' ?, 
: ) 
I /  
1/ 

� >j 
I 

I 

[.Ym co.s e 

1 2>0 

Orb d ?cdh �  I I  _ _  __..�•-----..... I 
�4 ,-

'� , ,,__.,, 
- - I�,• ._ - - -r 

Fi,J t<re 1,12 -

/ 0 ,; 

� (  

' 6  

C on .s f rlf l fe J 

0 -r-
C: 

I t 

� t  
� j  

CJf'b if path 

-, � � Io = ICJ?r + T"y 

- - - - - - -

l 
i� 

-, L:::::::::= To t 

� C-:rm -= I 
c�,,, 

,� 
9 t 

8 � ,• 

? ,. --�- ---� --,---
6 

-- I 

" 

1 3  

z 

• '3 

Fi J u� e. ? , I 3 - Di a. q itl m 
� orlJif ve.c.. ior Io 

s ho w ,11 e s fa /; /1sh1JJen f- o� the f'l'opor-J-Jon a.--k. 

0-;-;;J 



the radius of this circle is £ The upper circle is for the semi-
ym. 

major axis of the orbit path and the radius of this circle is £ 
xm. 

For point No. 2, the values of £ and £ are shown on the respective 
X y 

circles. Dotted lines f:rcm points No. 2 on the circles show how point 

No. 2 on the orbit path is located by the intersection of the £ and 
X 

£ projections. In like manner, points O through 12 are located for y 

the orbit path and then the orbit path can be drawn in. 

In Figure ,., . / 3 establishment of the proportionate orbit vector r"'' 0 
is shown. The objective was to have a vector ( I ) somewhat similar 

0 

to a unit vector. This was accomplished by the following steps: 

(1 ) Divide the sem.i-major a.xis £ by £ which sets the semi-xm :xm 
major a.xis equal to unity. 

( 2 )  Divide the semi-minor a.xis £-.. by £ (R
,. 

= £ /£ ) , which 
Alll :xm .M. ym xm 

sets the semi-minor axis as a ratio of the semi-major axis. 

(3)  Construct the particle orbit path as shown in Figure ?. / 2 ; 

but for the upper circle use a radius equal to l, and for the 

right-hand circle use a radius equal to RA. 

Thus by this "proportioning technique" equation ".J'_j is developed. 

£ = £
xm 

I 0 
-+ -+ -+ 

where I = I + I • 
0 OX oy 

( rl, / 3  ) 

Equation ';, /3 can be used to define the orbit path. The relationships 

of vectors shmm in Figures� and t, 1 3  to Equations ?. ,O 
are as follows : 

') - Z.0 
� 



£ = £ ( -sine Q) xm ( '}, ltJQ. ) 
-+ 

£ = £ I 
X xm ox 

£ = £ 
y ym 

+ 

£ = £ xm 

cos Q 

-+ 
I oy 

( '). ,� b ) 

In a sense, vectors I
+ 

and I
-+ 

are (-sin 9) and cos Q functions; 
OX oy 

however, because of proportioning the orbit, the vector I is more oy 

useful. -+ -+ 
It should be noted that in equation £ = £ I the £ y xm oy ym 

tenn does not appear, but has been replaced by a £ term, which xm 

allows the formation of equation . '? .  l:2> : 
+ + + -+ -+ -+ 

£ = £ + £ = £ (I + I ) = £ I 
x y xm ox oy xm o 

In showing this replacement, the I vector is ox 
+ 

Iox = ( -sin 8) ( semi-major axis of Figure '7, / 3 )  

r;x = (-sin 8) ( � ) ; 
xm 

and the I+ vector is oy 

I+ = ( cos 8) ( semi-minor ax:i s of Figure ? , /) ) 
oy 

£ 
r:Y = -(cos Q) RA = (cos Q) ( � ) , and 

xm 

+ 
then £ = y £ 

+ 
I = £ oy xm 

[ (cos Q) ( :ym ) ] = e
ym(cos Q) 

( ". J..3 )  

the li n �,,llr,.....J o ( 7 ,lo�_) 
While replacement of the £ term with/£ tenn.may appear inconse-

ym xm , 

quen ial, it will later prove very beneficial for easier manipulation 

of the equations when constructing a force diagram of the orbiting 

water acting upon the pipe. 
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This "proportioning technique" will aJ.so be used to establish propor­

tionate vectors for both velocity and acceleration. 

Particle Velocity. - Construction of the proportionate velocity vector 
+ 

Iv is shown in Figure '7. I If • Constructing the diagram is similar to 

that of Figure 7 .  1 7..  • But in this case the zero-m.nnbered points on 

the generating circles are located 90° clockwise fran the top of the 

circles. Also the radius of the circles a.re different than those of 

Figure ? , I ?.. in that the radius of the upper circle is 1 and the 

radius of the right-hand circle is R11 
= t /£ The relationship of � ym xm. 

vectors noted in Figure ? • .' J./. to velocity equations 1, I I  is as 

follows: 

and 

2,r t V = - cos 8 
X T xm 

V = ( 
21! ) r, I

+ 

x T xm vx 

+ + + 
V = V + v  p X V 

� = r + t  
V X Y 

( ? . / /q ) 

+ 
( 

2,r ) 
+ 

( 
2,r ) V p 

= T � I
vx 

+ T 

2,r Vy
= T r, 

ym 
sin 8 

V = ( 
2

1! ) £ I
+ 

y T xm vy 

£ I
+ 

= ( 2,r ) £ t xm vy T xm v  

( 1.1/b ) 

( ?, /}f ) 

Particle Acceleration. - Construction of the proportionate acceleration 
+ 

vector Ia is shown in Figure 1. IS- . Location of the zero point for the 

generating circles is at the bottom of the circles. The relationships 

of the vectors noted in Figure 1, 1.S- to the acceleration equations 1,/Z 

are as follows : 
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Ax = ( �1C )2 £
:xm 

sin Q 

A"*' = ( 21t )
2 

£ � 
x T :xm ax 

and 

t = ( 21{ )2 
£ t p T :xm a 

( 1, /�) A = (21C )2 £ (-cos Q) y T ym 

A = ( 21t )
2 

£ I-+-
y T :xm ay 

( ?, J 2. b) 

( ?,15) 

Review of Wave Property Diagrams. - With respect to time t, the wave 

profile diagram (Figure ?, lib ) shows location of the water surface, 

the · orb.it diagram (Figure ') . I: ) shows particle displacement, the 

velocity diagram (Figure ?. It/ ) shows direction of the velocity, and 

the acceleration diagram (Figure ?, 'S: ) shows direction of the accelera­

tion. These four diagrams are consolidated in Figure ? • I k • 

Ai3 an example, consider what is occurring at point P(x,-y) (centerline 

location of the pipe below the mean water level) when t = t • Point 
2 

No. 2, Figure ') , / , , of the four diagrams gives the answer. In 

Diagram 1 ,  / � () the water surface is one-half the wave a.mpli tude above 

the mean water level. Orbit properties from the remaining three diagrams 

are illustrated in Figure.1Ji1 . Actually the velocity V ,  and accelera­
P 

tion A , acting at P2 could be transposed to P(x,-y) and considered as p 
acting on the pipe centerline. This would be for the condition where 

the pipe is rigidly fixed at the location P(x,-y) . 

� 
') - 2..S-
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PCx>-y)• Ap 
Pa rhc le loc o. t ,on 

when t = t2 
Vp 

Figure , , I ? - Orbit properties when t = t2 

Notice in Figure 7, 1 6  . the three diagrams, b through d, have the same 

size and shape. Only the location of the numbers is different, which 

reflects the phase angle Q difference between the various orbit 

properties. ActuaJ.ly one diagram is sufficient for the three proper-

::t' + + 
tionate vectors I ,  I ,  and I . 

0 V a. Therefore, to obtain the proportionate 

vectors, only one orbital diagram is constructed, but careful and 

correct observation of phase angle difference is required when using 

the vectors. 

Values of the proportionate vectors can be used in equations ?, /3 , 

?. )µ,, and ,, JS for computing values of the orbital properties .  More 

information about use of the proportionate vectors will be given in a 

later section. 
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' 
Force of the Oscillating Water Acting upon the Conduit 

The Morison Formula. - The Morison Fonnula is selected for comput­

ing hydrodynamic forces, resulting frcm wave action, that act upon 

the pipe. The hydrodynamic forces are composed of two parts. One 

pa.rt considers drag force created by velocity of water flowing by 

the pipe and. the second pa.rt considers the force of the acceleratiqg 

w ater acting upon the pipe. The formula is 

drag acceleration 

� � ___)__ F = l C n·2) + ; c  - -D22 A .l 2 P n v 1+ P m  

where F = force per unit length of pipe, lbs/:f't 

P = density of the water, slug/fi3 or lb-sec2/fi4 

D = pipe diameter, fi 

V = velocity of water flowing by the pipe, fi/sec 

('t . )( ? )  

A =  acceleration of water acting on the pipe, tt/sec2 

S> = drag coefficient, see Section 6 

Cm = inertial coefficient, see Section 6 

Combining and Rearranging Tenns 

Equation r, / (,, r1 is vi:� composed of constant and variable 

terms. The variable terms a.re velocity V and acceleration A acting 

upon the pipe. Then Equation ' . ,., J can be stated 

where 

F = �v2 + KAA 

p�D 

� = -2 ( · , ) and K 
rcpC D2 

A = __.E! 

'J-28 

( '7. /66) 
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Entering Proportionate Vectors I and I into the Formula. - Equation ?, /6 b V a -

should be stated in vector form because in wave motion the velocity 

and acceleration may not act in the same direction at a given instant, 

and may also vary during the time period T. The vector form is 
-+-

-+- -+- -+- 2 -+-
FT = FD + FA = Ku(V ) + �A ( ":,U,C. ) 

p p -

where 
-+-

FT = total force vector 

-+-
FD = drag force vector 

� = acceleration force vector. 

f:P, pe 

� (' 
,. Fo 

' 

Fr 

Equations 
2 

-+-
v = 

p 
( 

2
1( ) r, t T xm v ( ?. /'1' ) \ =  (¥) 8 I 

xm a ( 7. l.., ) 

or 
-+- 2 -+-v 2 

= ( 
21t ) r, 2 ( I 2

) 
p T xm v 

w:ere substituted. into equation 1, I 6 C. to obtain 

-+-2 -+- 21( 2 2 2 1{  
( )

2 -+-

( )

2 -+-

� = K"n(V
P 

) + KAAp = K"n T 8
xm 

(Iv ) + KA T · r,:xm 
Ia 

( )

2 -+- -+-

F; = �1t £
xm 

j 1!>r,xm 
(Iv 2 ) + KA I 

a 
] 

and equation ?. l6d was 
ltPC D

2 

altered further by entering 

KA -
� 

=
� 

4 
PC

D
D 

� 

JCC D - , m =
� 

( ?. /Cf ) KA 
� 

= 
� 

(7. lbd) 

Then the force of drag and acceleration acting upon the pipe due to 

wave action becomes 
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( )
2 K � + 

F; = 2; £:xm [ � £:ion (r/ ) + KA Ia l 

F = 
T ( � )

2 

£ K [ 
£
:xm (I�2) + I ] T :ian A  � v a 

(?,/6e )  

An example problem showing the use of equation 1, I be will be given 

later in the text. 

U and U Functions 
X ';£. 

Q u  'J 
The hyperbolic sine and hyperbolic cosine tenns .,in the Airy j\COSine 

terms va:ry depending upon the va.lues of k, d, and y contained within 

the tenns. Since these hyperbolic terms are coIIllllon in the equations , 

they are combined in the U and u\Functions of equations f>,O, 
X Y' .L.!SJ. 

4 ? .. (;; ' 

U = cosh k(d+v) 
X sinh kd ( ?, �C?  ) u = sinh k(d+y) 

Y sinh kd ( ., , �-L, ) 

The U and U Functions are shown in graphical form, Figures ? • 18  
X y 

and '7 .  / 9 • These figures show (l )  :f'unction values which are 

given on the abscissa scale, (2)  proportionate depth given on 

the ordinate scale, and (3 )  a family of relative depth (d/L) 

curves .  Proportionate depth is  a ratio of distance above the ocean 

bottom to the depth d, and is shown in Figure ? , ,,... • The 

term (d+y) is the distance of the pipe centerline above the ocean 

bottom. 
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Figure ,,�O - Definition sketch of proportionate depth 

Example Problem 

General. - An example problem will be worked and a pipe :force 

diagram obtained for one cycle o:f wave action. The force diagram 

is schematic and gives a visual presentation of the formulated wave 

forces acting on the pipe. This example problem will illustrate the 

use o:f the U and U Functions, construction of the proportionate 
X y 

-+ -+ 
vectors diagram, and use o:f the I and I proportionate vectors in 

V a 

the Morison Formula. A sequence of steps is  given that lead to 

the "graphic"  construction o:f the force diagram. 

Graphically constructing a force diagram should be viewed 

as a visual aid in designing the undersea aqueduct, and provides 

insight about the oscillating force acting on the pipe. The intent 

of the method is to provide a mental picture of forces acting on 

the pipe due to the movement of water by wave action. This mental 

picture should prove useful when the equations a.re used to formulate 

a computer program for solving the undersea aqueduct problem. 

Conditions of the Problem. - Conditions of this problem were taken 

f:rom Reference_/, pages 3-33 to 3-35. However, in this example 

/' ., . . 



problem a fixed wave length of L = 685 feet is used for all three 

water depths. ( In Reference r:2.,. /, L = 730 feet for the 300-foot 

depth and L = 736 feet for the 400-foot depth. More discussion 

about this will follow after working the example problem. ) 

The pipe is 30 feet in diameter with the centerline located 4o 

feet above the ocean bottan. The requirement is to obtain force 

diagrams for ocean depths of 180 feet, 300 feet, and 400 feet. 

Wave parameters :  H = 50  :feet L = 685 feet T = 12 sec 

Density: p = l.994 � 2 .0, drag coefficient CD = 1.0, 

and inertial coefficient C = 2.0. m 

Schematic of Problem Conditions. - � 0 

0 1 .re c t i'o n ofwa ...,·e trcive ! �- L =- 6 65 ' )----1 

T 
H= 50' 

-

T -- f _y = - l tl O '  + d= 1 80 '  

( 
r.Y' Pi pe  

d+� ) ::  �� 

I 
_l_ 

t-=- T= 1 2  sec 
Xo  

m 

t = 0 sec.  
X.r 

The wave crest travels from X 
to x_ (v V - 6A5 ' '  d··-� ..,,...0 -_:1r � - .h. - .._, J UJ.. .1.lJ.e°.l 

r. T of l2 sec . 0The ,;ave profile can 
be viewed as passing over the pipe 
and traveling from left to right. 

x and y coordinates for pipe centerline 
P

� 
(x = o, y = -140) and 

pipe is rigidly fixed (not free to move) 
at these coordinates. 

Figure ,,, :_ 1 - Problem definition sketch 

� 
Ocean Environment and Design Considerations in a Prereconnaissance 

udy of a California Undersea Aqueduct, Litton Systems Advanced Marine 
Technology Division, May l6, l969 . 

.,.e, 
? - 3 1./-



steps in Obtaini:ng the Force Diagram 

step 1 - Compute relative depth and proportionate depth 

Relative depth d/L = 180/685 = 0. 263 

Proportionate depth (d+y)/d = (180 + 140)/180 = 0. 222 

step 2 - Determine Ux and U
Y 

function values 

Using the proportionate depth (0.222 ) and relative depth 

( o.263 ) the function values are obtained fran Figures �'8 
and r , 'f I • I • 

u = o.42 
X 

U = 0.15 y 

step 3 - Compute semi-major and semi-minor axes for the orbital 

path about point P
r, 

(x = o,y = -140) 

From equation 7, Cf q £ = au = (25) (0.42 ) = 10.5 f't 
XIIl X 

From equation :.!Ji £ = au = (25 ) (  0.15 )  = 3 .  75 f't 
ym y 

step 4 - Constructing the proportionate vectors diagram 
£ 

Compute R = � = 3•75 = o 36 
"A £ 10.5 • 

For this example the phase angle Q is divided into 12 

equal increments .  6.9 = 30° and 'Vt = T/12 = 1 sec. Ii' 

a more detailed diagram is desired, the phase angle could 

be divided into more increments.  

The Proportionate Vectors Diagram (ellipse of Figure ?,11.. ) 

is constructed by the process shown in Figure 1 .. '2, but with the 

radius of the upper generating circle equal to 1, and the radius 

-33 
? - 3 "'-



of the right generating circle equal to RA = 0.36. When construct­

int the actual diagram a larger figure should be made. 

rl 1 2, 0 --,i. 

I I  ., 

? ,�/ · 
I q • 

j-....... 

I 2 

• 3 

' 7  s 
I 

/ I 

I I 

, :,-

h . «,o / 

En I <r,ye m 

I - - - - - - lg' - - -

e 

. 
- -

- , 

" 1  
, , , o t _ J _ - _ - -

_ _ 3 

JI '  - • - -
2 

si101vn 

1 ,1,l_ _ - -
_ _ , , -

� 

I'";, ere ?,2� 

� _ - - - -
r--o.,,) • 

' '° 

J 1,-
• '-.. ' ') 

, 1  
� 

• 5 ? 6 

Figure 7, 2 - Constructing Proportionate Vectors Diagram 
for Example Problem 

-+ -+ .7 Values of the proportionate vectors I ,  I ,  and .l are obtained 
0 V a 

for times t ,  t ,  t2 , etc . ,  from the Proportionate Vectors 
0 1 

Diagram; but the correct numbered point for the desired vector 

must be used when accounting for the phase angle difference 

between the vectors . For a review of this phase angle difference 

the reader should refer to Figure , . "' , Diagrams 1,/I, b through 7. t6d . 

N'o'te the location of the zero numbered point on each diagram. 

� 
'7 - 3  6 



There is a 90° phase angle difference between each successive 

diagram. The location of each proportionate vector when t = t2 

is shown in Figure 7. '2. 3 for this example problem. 

9 

I I  /2.0 
_. a -

7 lo 5 

For this example problem .6.t = T/12 
and 6f) = 360°/12 = 30 °, then three 
time increments e9,ual a 90° phase 
angle difference {369 = 90° ) .  In 
this diagram the point numbering 
is for the orbit path, therefore 
the correct numbered point for 
+ + 

I precedes I by 3 points 
V 0 

(2-f:3 = 5 ) ,  and I precedes a 
I by 6 points (2i6 = 8 ) .  

0 

Figure ; , :.._ ".l. - Proportionate vectors for t = t2 of example problem. 

The large-scale Proportionate Vectors Diagram is shown in Figure 1,2/./. 

Points of the respective time increments are numbered clockwise 

around the diagram. Below the point m.miber the value of the pro­

portionate vector is given within the parentheses. This value is 

the measured distance from the center of the ellipse to the 

perimeter and is measured with a scale. An example of this 

measurement is shown for point 2,:_Figure , ,  LJ./- • The relationship 

of the proportionate vectors to orbit properties at t2 is shmm 

in Figure 1, '2.S . .  

Figure ?. ? S - Orbit properties at t2 • 

1 - ?, .., 



Cf 
(J.o) 

C,\ ' , I 

Larye. scale 

\. .. __ ,) 

6 
(0 .36) 

3 

(l.o) 



The mathematical computation for orbit properties shown in 

Figure ?, 2.5 and how to use the proportionate vectors are given. 

Values of the vectors I = 0.885 (Point 2) ,  I = 0.59 (Point 5 ) ,  
0 V 

and I = 0.885 (Point 8) were obtained f'rom Figure '7, 2.'f and were 
a --

substituted into numbered equations as shown. 

(2
;) = ( �� ) = 0.524 ( �1( )2= 0.274 

£ = t i"" = 10.5 I°"" = 10.5(0.885) = 9.3 :t't 
xm o o ( 't , J j ) 

V
B 

= ( 2,c ) 
,. T 

-+ -+ -+ 
t I = 0.524 (10.5)  I = 5.50 I = 5 .50(0.59 )  = 

XIn V V V 

3 .2 ft/sec ( ?,/JI ) 

( 21{ 
)

2 

-+ -+ -+ 2 A = - t I = o.274(10.5 )I = 2 .88 I = 2 .6 ft/sec P T xm a  a a 

step 5 - Substitute problem values into the force equations 

Then 

2 [ e 4 ] 
F; = ( 

�
1( ) txm KA :: (Iv 

2 ) + r: 
2 1CPC D 

K = m 
4 

1CC D m 
Kn 

= 
2� 

- 1t(2}(2 )(30)2 
= 2830 -

4 

= 
1t(2 ) (30) = 94.2 

(1) (2 )  

8 = 10.5 ft from step 3 xm 

F; = (0.274 ) (10.5 ) (2830) [ �; (r:2
) + r: J 

-+ -+ 
F

-+ 
= 8140 [0.111 (I 2

) + I ] T v a 

( 1, 15 ) 

( �  be) 

( ?. I �  ) 

(? . 19 ) 

This is the force equation for conditions of the example problem. 

-::36' 

') - 3 C1  



r;-; 
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L. 
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?ooo �b s�

,.. 
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t 
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.----=-..::::.�--------==================�·· q 
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-r 
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step 6 - Constructing the Force Diagram 

Values of the proportionate velocity vector I and the propor� 
V 

-+ 
tionate acceleration vector I are substituted into the force a 

equation. A graphic method is involved in making the vector 

addition as required by the force equation. The completed Force 

Diagram is shown in Figure ? , 16  .Before explaining the graphic 

vector addition an illustration of drag and acceleration force 

acting upon the pipe will be given, and shown in Figure ' ? , : " • 
Then in Figure ' , h r' the operation of adding vector forces FD 

and FA is sho'Wll, but where the addition actually occurs using 

the proportionate vectors I
-+ 

and I
-+ 

• Afterwards steps 6a through 
V a 

6g are given which explain how the graphic construction of the 

force diagram shown in Figure 7, '1. io was done. 

The drag and acceleration forces acting upon the pipe for times 

t ,  t ,  t ,  and t are given in the table below: 
0 i 2 3 

Table of Drag and Acceleration Forces for Example Problem 

t 
-+ 

I 1 . 0  

r o.36 a 
-+ 

VP 5 . 50 
-+ 

AP 1.o4 
-+ 

908 FD 
-+ 

2940 FA 

t 
i 

0.885 

0.59 

4.87 

1.70 

712 

4810 

� 
') - 4 /  

t 
2 

t 
3 

0.59 o.36 

0. 885 1.0  

3 .24 1.98 

2 .55 2.88 

315 118 

7220 8150 



The formulas from Step 4, 

were 

-+ 

-+ 
Vp = 5o59 I,, ft/ sec and 

-+ ->- 2 
i � = 2 088 Ia ft/sec 

substituted into the following equations 

:+ ( -+ FD = 1<:o V
p

2 

, - - / 

-+ 

+ -+ 
and FA = KAAP 

-+ 
to obtain the drag force FD and acceleration force FA. These 

vector forces are shown in Figure ')' 2.. "/ • 

-to = o sec. -f. , ::  / ..s ec. 
t: ,_  = 2. se c. 

FA 
2740 

Fo 
'108 

Fr 

FA - - -
4810 F7 

FA 
8/SO 

'\.._ r-T 

-:. ::.  :: 3 sec 

Figure ____ • - Vector forces of FD and FA which must 

be added to obtain FT defined by 

equation ,,., • ' ;;  ,- • 

The vector addition of the drag and acceleration forces is 
_,,. "" 

done with the I and I vectors that are within the brackets 
V a 

of equation 

-+ [ -+ -+ ]  FT
= 8140 O.lll ( I/ )  + Ia 

• ( ? ,/6(: , from step 5)  

_., 4 
For t =  t where I = l.O and I = 0.36, the operation of 

0 V a 

Fo 
1 1  '6 

[ O.lll (i;2
) + I: }.s done as indicated in Figure "',2.g • The 

same operation ·was done for times t ,  t ,  and t as shown in 
l. 2 3 

Figure 'l. ?.. 'l:f b c , 7 

,, _  I 
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Po inf- 0 a 11 J  / 2  o>, F,l ?. Z. (, i5 � o r  t -:  t0 J Iv = 

� 0. / /J )  ( I v 2 ) =  ( O. l l l ) ( i. 0 }(1. 0) = �1�1 
�----------- Iv - I .  0 
1 0 1 

I 
I Po , nts O ci hd O' of Fi3. ?. ?.. 6 

Toco 3�[ 0 I l l  ( Jv2) 1 JaJ 

( F i 9 . 7. c. 'ii a) 

I 

� 
I. OJ and 1o., : 0,3{, 

Po i n t  I of F19 .  7.?.. 6  is for i =  t, 1 Iv =  0. 885_, Q nd Tu:::-0.59 

I=' 

Iv == 0. 685 

Po in ts l a Y1 d  l '  of F,g .  ?, 2. 6  

( Fig. ?.2. �  b )  

') ,  1... %' ., p ar i,  el Clr'lc/ h 

� 
/'] - 1-1 3  



Po int  2 of Fis. ?,2 6  is for t =  t,2 > �.::: o. ?°.3.., a nd k = 0. 8 8 5 

� 
� C O. I I I ) ( Ivij = (0. 1 / l ) (0 .5.S)(0.5S) = 0.04 

Io = O. BB5 

-,-. � [ 0. \ l l ( Iv 2) + Io ]  
Po i n t-S 2 CA nd 2 1 of Fi'9. 7.?..G� 

( �19. ?.2 ca c ) 

I v = 0. 55 

PD i .r d  3 of F1iJ - 1. ?.6 is for -- � 
i = t 3 > Iv -= 0. 3 6 1 a nd J. ci = ) . 0 

=r Ia = l .0 1 ,. i � 
3 ... --

[ 0. / I I  (W)+ f;J - - - - -
3'
7T ( O. l l l ) ( lv2) = (0. I H)(0.36)(0.3G) 

,:: 

= O. O M  
PD in+� 3 ci nd 3 '  of r1•9 . 7. 2 6 

') ,  � r'  

(f,�9 .  7 . 2g_dj 
Q C an 

Tv =  0.36  

__ ..__ �. 

Illustration showing the vector addition of 

[O.lll(I+2 ) + I
+

] V a 

4¼­
? - '-t 'T 



The vector additions imicated in Figure �. 1. i  are accomplished 

during the graphic construction of the force diagram, Figure ? . '-' • 

The method of construction is as follows: 

(a) A transparent sheet of graph paper is placed over the 

Proportionate Vectors Diagram of Figure ?, 1 ·-i' • The lines, graph 

grids, and numbered points of the diagram should be easily seen 

t hrough the transparent sheet. Construction of the force diagram 

is done on the transparent sheet, (Figure '7. 'L f, ) • 'i-......_ _ �-_.-

+ + 
(b ) Select the proper I and I vectors that correspond to the 

V a 

times t0, t
1

, t2 , etc. , when making the vector addition operation. 

Point numbering for - the Proportionate Vectors Diagram is for the 

orbit displacement. The phase angle 9 for the I+ and �  vectors 
V a 

precedes the I vector {discussed in &'tep 4 and shown in 
0 

Figure r, , i ;> ) . 
( c )  

+ 
Make computations for determining what portion of the I vector 

V 

should be added. The portion of the I vector is 
V 

& + 

;;- (Iv 
2 ) from equation 1' I b e  

and for the example problem is O.lll ( I  2 ) .  Examples of this 
V 

" ' , computation are shown in Figure , /... c • 

+ 
(d) Loca1e the Iv vector portion on the transparent sheet of 

paper• · The points O '  , 1 '  , 2 ' , and 3 ' on Figure '7 • 1- � show the 

I vector portions for times t ,  t ,  t ,  and t .  These points 
V O l. 2 3 

0'  , l'  , 2 '  , and 3 '  are those shown on Figures , , '!. 8 q through ? , 1.. �c;J. 

� 
? - t/j 



The method for locating these points on the transparent sheet i s  

to measure the distance (0.11, 0.09 ,  o.o4 ,  0.0014 ) with a scale 

for the respective vectors. 

(e)  wcate the numbered points on the Force Diagram. Using the 
-+ 

points ( 0 '  , l '  , 2 ' , 3 ' ) determine x and y c anponents of' the I 
V 

vector portion and add these components to the i� vector. An a 

illustration of' this vector ad.di tion is shown in Figure ' 

for point 1. 

- ---- ; 

- - - �--02 � 

0.111(1 2 ) 
\t;on: F ,r ? ,1n ...._.,, ' . 

---

/ I 
'I ·� @  

,!2] .Xl/(i} ) -r TaY 
1="19 1, 1.. '? q  
Detennine x and y 
component vectors �v - r/  

Po i 11ts 1� @ . Jzl., q, ,J / t? r e  
": ::._- - _o,O'J ) 

-- ..;: - _ _ y 
0. 111 (f/) __/ I 

s h-, wn ·, ,, F,au.r e  ?, 2. 0 ,  
\ 
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Adding the x and y component vectors to 
! -+ 

the I .  vector • a -> 
Figure 7.29 - Illustrating graphic vector addition of [0•1 1 1  ('J:1)+ ..IQ..l. The 
x and y components ar6 determined for the o,u,[l"'t}�ortion, Figure 7 .29a, and 
these same x•:a.pd .. y components are added to the .lq_ vector, Figure 7.,29b. 
The graphic vector addition operation is similar to that for ti shown in 
Figure 7.27, but which is done with the proportionate vectors as shown 
in Figure 7.28b. Thus the graphic vector addition is manua.lly done on the 
transparent she�t (Force Diagram - Figure 7 .26) by using the proportionate 
vectors (Proportionate Vectors Diagram - Figure 7.24) which C!o.n be viewed 
through the transparent sheet. 

Using grid spaces that can be seen through the transparent sheet 

the x and y component vectors a.re determined. by visual inspecti ono 

+ 
Then again by visual inspection the components a.re added to the I 

vector by use of the grid to perform the manual vector addition 

1) _---:_ If_ 6_ 



[ O.lll(I:2) + r; } Point munber 1 of the force diagram is then 

located and marked on the transparent sheet. 

(f) Measure and note distance for numbered points. A scale is 

used to measure the distance from the center of the ellipse to 

respective points on the perimeter of the ellipse (see point 8 of 

Figure ? , 'l. 6 ) • These distances are noted in parentheses by the 

respective points of Figure ?. - �  • The distance represents the 

nagnitude value within the brackets of equation from step 6 

F; = 8140 [o.111(r:2
) + Ia ]· 

(g) Compute the total force at times t ,  t
1

, t ,  etc . ,  and note 
0 2 

the forces at respective points on the force diagram. Computation 

for some points are shown below. The values 0.375, 0.53 ,  and 

o.86 are from the force diagram (Figure 7. '2. � ) and are those frcm 

step 6f. 

For t 
0 

For t
1 

For t2 

+ 
FT = 8140 (0.375) = 3050 lbs/ft 

+ 
FT = 8140 (0.53 )  = 4310 lbs/ft 

+ 
FT = 8140 (o.86 )  = 7000 lbs/ft 

The Force Diagram, Figure ,. ?.. � , shows magnitude and direction of 

the force acting )ipon the pipe for the 12 incremental times of the 

wave period T. 

* 
'l - J., 'I 
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Example Problem Continued for 300- and 4oO-foot Depths 

step l 

Relative depth 

300-foot depth 

� _ 300 
L - '683" = 0.438 

Proportionate depth 
4o 
300 = O.l33 

step 2 From Figures '1, and .:.:_y__ 

step 3 

U = O.l38 
X 

u = o.o48 y 

£ = 25 (O.l38) = 3.45 ft xm 

£ = 25 (0.048)  = l.20 ft 
lOll 

£ 
R'A = � 

au u 
_J:. = ..Ji.. = 

sinh k(d+y) 
sinh kd 

t 
= 

au u 
X X ) 

400-foot depth 

� _ 400 
L 

- "6B3" = 0.584 

4o 
4oo = o.loo 

U = 0.054 
X 

U = 0.020 y 

t = 25 (0.056) = l.4o ft 
xm 

t = 25 (0.020) � o.36 ft ym 

= tanh k(d+y) 

Since the (d+y) = 4o the ratio RA does not change for the 300- and 

400-foot depths. Thus the same proportionate vectors diagram 

(Figure '7 .  '2.. 4 ) eaa-be used. 

step 5 

F; = ( ;" )
2 
e= KA [

e

;;; 
cX:2 > + 1: J = 0.274 (3.45) 2s30 [ �4��ci:1+¾, J 

+ + + 
FT = 2675 [0.037(I 2 ) + I ] V a 

+ + + 
FT = lo86 [O.Ol5( I  2 ) + I ] 

V a 

� 
? - t! � 

300-foot depth 

4oO-foot depth 



30SC 4 3 1 0  ----------

---- 8 140 
8/40 � 

� \ 

� w� +er- d e p th 

3050 

1 80 feet 

370 

2075 �'. �·;-------------:: 
.-- � 2675 

\ 
370 

'v/o te r de pfh 300 -fe e t  

332 

1080 Le.--------'---::::::: 

392. 
\.vQ f e ,  de p+h LJ O O  fe e t  

Figure ? , � "  - Comparison of force diegr8Jlls, :for 
180, 300, and 400-foot depths for waves (H = 50• , 
L = 685 ' ,  T = 12 sec . )  Numbers on :force diagrams are 
lbs/ft 
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step 6 - Construct the Force Diagrams 

Force diagrams are constructed for the 300- and. 4oO-f'oot water 

depths and are shown in Figure '1, 3 0 • Note that deeper water 

has a sheltering eff'ect upon the conduit. Forces acting on the 

conduit at a 4oO-f'oot depth are approximately one-eighth those 

of the l80-f'oot depth f'or the given wave. Thus locating the 

conduit in deeper water decreases wave action forces acting on 

the conduit. 

In the example problem a process is used where wave parameters 

(H, L, and T) are taken f'or a l80-foot water depth. These same 

wave parameters are used for the 300- and 400-f'oot water depths.  

Care must be taken when reversing the process and using" a 400-

foot depth in succeedingly shallower depths, because high waves 

in shallow water tend to break, Figure ", � l "2, • Ref'erences � ------
and . / give information about breaking waves. Another danger 

of the reverse process is that 

wave parameters of H and L may be 

reduced as a big wave moves f'rcm 

gradually deeper to shallower 

water. Thus, wave lengths in 

Reference J;:._} were different f'or 

.__/ "'---
Figure?,� ! . - Breaking 

wave 

the 300- and 400-foot depths. In their example problem the 

"reverse process" was used by modifying the wave length L. 

':'.� / Wiegel, R. L. , Oceanographica.l Engineering, Prentice-Hall, Inc . , 
pages l73 to 177. 

'2:.J.../ Ippen, A. T. , Estuary and Coastline Hydrodynamics, McGraw-Hill 
Book Company, Inc . ,  l966 , page ll4, Figure 2 .u. 

1 - --� 



Additional infonnation about modifying deep water waves to some­

what shallower depths is given in Reference:!.::i.J. 

Buoyant Concept 

Suspension of the Conduit. A schematic sketch of the conduit in suspen­

sion is shown in Figure l'l, '?> 2 • 

'==-
I 

P ipe 
\ 

I' \  
,,,....,. '-,-I_ ........ / •:J '-

I \ . 
1 Pcx1�l. \ 

@- --,.;{) X 

' I 
..... / - --

� t t /+ 
Te thered  s u  pods tiea' 

QC 
Pipe tethered at P( ) x,y 

-vxxx�Oceo n Boffom . 
xx but has some f.reedom of 

movement 

Figure "• � 2. • - Conduit suspended above ocean bottom 

The pipe is suspended above the ocean bottom and is not rigidly confined 

at specific x and y coordinates. The pipe is viewed somewhat analogous 

to a suspension bridge with vertical forces on the bridge acting in an 

upward direction. Due to density difference between salt and fresh 

water there is a buoyant force acting upward on the pipe. Tethers are 

s"paced longitudinally along the pipe to restrict the amount of pipe 

movement and counteract forces acting on the pipe. 

Envisioned Manner of Wave Oscillatory Forces Acting on the Conduit. - The 

pipe when rigidly fixed is subjected to the full action of the orbiting 

water. If the pipe moves freely (Figure 7,3 3q ) the orbiting water exerts 

a minimum drag and acceleration force)because velocity and acceleration 

?.::JJ Myers, Holm, and McAllister, Handbook of Ocean and Underwater 
Engineering, McGraw-Hill Book Company, 1969, pages 12-29 and 
12-39 to 12-41, and Figures 12-20, 12-35, and 12-36. 

?-SI 
� 
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I 

\__ ' 
-

__./ / \9� p ;p, 

Figure ,,�3 !l - Pipe canpletely 
free to move with orbiting 
water 

-
Figure ?,33 b - Pipe moves with 
orbiting water but tethers 
restrain the pipe orbit path 

F,g ure. ?, · 3 - I dea li z. e d  ac.f1on t1 �  b"oy1:01f ·j)iJ., e � 

of water relative to the pipe are smalJ. since the pipe moves with a 

similar speed as the surrounding water. However, the tethered pipe 

will not be f'ree to move with the orbiting water, Figure ? , 3 3 6 • 
In this case the pipe is not subjected to the f'ull action of the 

orbiting water. The important factor is that drag and acceleration 

forces acting on the pipe are produced by velocities and accelera­

tions relative to the pipe. As shown in Figure 7, '3 �  h the relative 
were 

velocity and acceleration are less than if the pipe/rigidly fixed; this 

assumes pipe movement is in phase with the movement of the orbiting 

water. : Most likely, pipe movement will be out of phase as compared to 
idealized condition of Figure 7.33b. The pipe movement may be only 
slightly out of ph.i._:Je or _greatly out of pha�as shown in Figure 7.34. 

\ ' 

Vp , 
/

' Pip
1
e move,ner,t 

-
-
. ' 

..... ' '� 
---0 

K -
AP 

I 

the 

Figure ,,�A . - Schematic showing movement of the pipe which is out of phase 
with velocity and acceleration of the orbiting water. 

1 - S Z 



Use of the Morison Fonnula. - When there is pipe movement relative 

velocity and acceleration should be used in the Morison Formula 

+ +2 + 
FT

= 
I<u(V

R 
) + K

A� ( 'J , / {,C. ) 

p�D 

� = � , K = "A 

1CPC D2 

m • 

The relative velocity and acceleration are 

where 

+ + + 
V = V - V R p c ( '1. '2.-' ) 

+ + + 
and L = A  - A  -""R p C 

VR = relative velocity vector, 

+ + + 
V = V + V = particle velocity vector, p X y 

+ 
Ve = conduit velocity vector due to pipe movement, 

+ 
� = relative acceleration vector, 

+ + + 
A = A + A  = particle acceleration vector, p X y 

( 1 , 1- 1 ) 

+ 
A = conduit acceleration vector due to pipe movement. 

C 

+ + 
One difficulty is detennining what V and A values to use in the 

C C 

Morison Formula when computing the force acting upon the pipe. Forces 

of wave action flex and move the pipe; this movement is in turn 

structurally transferred to the tethered supports, and the tethered 

supports respond by providing a restoring force which moves the pipe. 

Thus to determine pipe movement the force acting on the pipe must be known, 

yet force acting on the pipe is interrelated with and a function of pipe 

movement. 

") - S':;, 
.Jll1; 
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Fluid shear at the sediment boundary ,  lift , and turbulence are considered 

the main forces that initiate the transport of sediment . To determine 

average shear , velocity distributions need to be known . Turbulence is 

described as statistical distributions of eddy sizes and velocity 

fluctuations. Turbulence causes random fluctuation of shear, lift, and 

drag forces acting on the sediment particles . Particles can slide, roll, 

bounce, move as bed form waves, or travel in suspension . The statistical 

nature of turbulence, sediment, and its movement is the reason why 

Einstein 8 . 1/ used probablistic models in developing his sediment trans�ort 

theory and functions . 

Structures have various sizes and shapes that accelerate the main flow 

and change the turbulence characteristics of the flow near the structure. 

Scour near structures is almost exclusively studied by models requiring 

compromising model distortions that apply only to cohesionless sediment . 

No distortion laws are known for moee,ling scour with cohesive soils.  Our 

knowledge of sediment transport , bed forms, scour , and deposition is 

rather limited and comes mostly from experience with channelized flow 

with fresh water rather than seawater . 

For the ocean environment there is very little documented experience and 

our capability of predicting scour on the ocean bottom is further limited 

by the complicated reversing and oscillating flows caused by tides and 

surface waves that are superimposed on the main ocean currents . 

8 . 1/ Op cit 
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Organization. - The organization and the material contained in the scour 

section is tempered by the probable amount and quality of data that the 

designers will have available at the appraisal stage of planning . First 

relative scour in terms of soil classification is discussed . Then 

critical velocity and tractive force criteria in terms of some specific 

soil properties are considered . "-7 ---
4,,, 

Hopefully at this point in the appraisal, furto/r worry or concern with 

scour may have been eliminated . Theoretically scour near a structure 

can be determined by before and after implacement calculations of transport . 

Therefore transport equations are discussed for both unidirectional and 

oscillatory f lows . Finally bridge pier data are presented that can be 

used to determine depth of scour near anchor blocks or other obstructions 

in and on the ocean bed . 

Relative Scour Resistance in Terms of Soil Classification 

Ranking by unified soil classi�ication_groups� - Through experience 

engineers have developed concepts of relative resistance of soils by 

categories to erosion. For example, Bureau of Reclamation Soils Engineers 

have ranked 8 . 2/ the relative resistance of different soil types in 

Figure 8 . 1 .  This ranking is for canals where the embankments have been 

compacted or consolidated . The degree of compaction in ocean sediment 

is one of the more important unknowns when appraising scour . However, 

the ranking in Figure 8 . 1  is probably adequate for cohesionless soils 

and consolidated cohesive soils . 

8 . 2/ Report EM-643 , H . J .  Gibbs, IJ. S r. , .. �r 
8-3 
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Ranking in terms of soil plastic properties. - For soils with over 

50 percent of their grain diameters less than . 074 mm, plastic properties 

can contribute to erosion resistance in varying degrees from just slightly 

adding to being the dominant source. Plastic soil properties are expressed 

by the Atterberg limit as follows : 

1 .  The Liquid Limit (LL), the water content percent dry weight that 

marks the separation between acting like a liquid or plastic . 

2 .  The Plastic Limit (PL), the boundary between acting like a plastic 

or solid . 

3 .  The Plastic Index (PI), which is the difference between (LL) and 
� J �;- -+'"--'-

(PL)irange of water content through which the soil has plastic character-

istics . 

Figure 8 . 2 taken from8t_/ shows the relative resistance of cohesive soils 

in terms of the Liquid Limit (LL) and the Plastic Index (PI) . The 1 1A-line" 

separates the clays above it from the silts below . It should be remembered 
---H,,. "- Y-CA. 1'\ l:. I\'\ ::) I n 

that1\this chart applies to soils that were compacted to 90 pcf (pounds per 

cubic foot) . 

8 . 2/ Op cit 
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California Division of �line 
and Geology Classification 

Rock (Rx) 

Gravel (G) , 
5P.1'J b : '::.' �S1 
Fine Sand (FS) 

Mud (H) 

Shell (SH) 

Table 8. 1 

from Lee and Valent 

Percent 
Occurrence Unified soil classification 

3-mile limit 

37 
2 1  

33 

7 
2 

SW, SP , GW , GP 

CH, CL , MY , ML*, SH 

,'( Most common on shelf near shore. 
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Critical Scour Criteria 

Background . - In order to formulate and quantify scour and transport 

criteria, the engineer must relate soil types or soil properties to 

flow dynamic properties. For cohesionless soils it is generally 

accepted that the weight (W) of the largest sediment grain transported 

is proportionally related to velocity (V) as follows : 

W a v6 • • • • • • • • • • • • • • • (8 .  1) 

The quantity of sediment transported (qs) is proportionally related 8 . 5/ 

as follows : 

qs a vn . . . . . . . . . . . . . ( 8 . ).) 

where the exponent (n) is approximately equal to 1/4 .  Equation (8 . 1) 

suggests the possibility of a critical velocity (V ) that will j ust er 

move a particle of diameter (d) . If all the particles are assumed to 

be spheres with constant specific weight , then we can write 

W a a3 . . • . . . . . • • . • • . ( 8 . 3 )  

and combining with equation ( 8 . 1) results in 

V a d,._ 
er 

Ver = fl (d) . . . . . 
(9 . 4) 

• . (9 . 5) 

8 .  5/ i. 1yers ' Holm and HcAllister ' et al, Handbook o f  Ocean and Underw. 

Engineering , HcGraw-Hill , 1969 . 
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Shear and shear fluctuations at the sediment boundary are considerd the 

dominant factors in initiating sediment movement . For flow in canals 

and rivers , average shear can � easily be determined from a free 

body diagram and assuming normal flow. Then 

where 

-r = Yf D S . . . . . . . . . 
-r = the boundary shear #/ft2 

D = depth (ft) 

. . . 

S = slope of bed or energy gradient 

y = specific weight #/ft3 

f = subscript denoting fluid 

8-10 
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� n 
Sometimes the effects of cohesion incorporated into an analysis subtly � 

by assuming that it is defined by grain size only. Sometimes more 

complicated approaches will include all or part of the following : 

d50 = mean grain size 

Sa = standard deviation grain size 

Ka = skewness of grain size 

¢ = void ratio 

%C = percent compaction 

Svs = vane shear strength 

Cs = compressive strength 

PI = plastic index 

LL = liquid limit 

and others 

Turbulence contributes in initiating movement and is very important in 

keeping particles in suspension once suspended . Turbulent intensity (Et) 

is expressed as 

Et =5 
vm • • • • • • • • • • • • •  ( 8 . 9) 

where (V ' )  is velocity fluctuation about (Vm) the mean velocity . Values 

of ( Et) have been measured from 0 , 03 up to 0 . 07 and 0 . 1  is considered the 

8-12 



Excepting turbidity and density currents, flow is not necessarily in 

the direction of the bottom slopes . Therefore, in the ocean no energy 

slope (S) can be easily assigned to a particular portion of the bed . 

Shear must be obtained from a velocity distribution law and at least 

two measured velocities at different elevations above the bed are 

required . Boundary shear can then be expressed as 

T = p �V2 - Vl 

] 

2 

·� "' 
5 .75  log 10-t1_ ·- · 

L Z1 

.,... 

where (Z1) and (Zz) are elevations above the bed corresponding to (V1) 

and (V2) .  Equations 8 . 6  and 8 . 7  indicate that tractive force is 

proportional to the square of velocity . Also equations 8,6 and 8 . 7  

suggest the possibility of a critical tractive force ("tcr) or shear that 

will just move a particle of diameter (d) and we can write 

"l"cr = f2 (d) • . • • • • . . • • . •  (8.8) 

When over 50 percent of soil particles are less than 0 . 074 mm then cohesion 

(C0
) must be considered. Equations 8 . 5  and 8 . 8 are modified to read 

Ver
= £1 (d ,  C

0
) • • • • • • • • • •  ( 8 . 5a) 

'!'er = f2 ( d ,  C0) • • • • • • • • • •  ( 8 . 8a) 
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value at which the velocity fluctuation can no longer be considered part 

of the main flow . 8 . 6/  Panicker 8 . 7 / compares the particle settling 

velocity to upward turbulent velocity fluctuation intensity and roughly 

estimates the mean velocity of turbidity flows and their depths . 

Velocity fluctuations are normally distributed about the mean velocity 

(Vm) and therefore the largest fluctuation to be expected would be nearly 

(3o) where (o) is the standard deviation . Kalinski 8 . 8/ found that near 
' l� � 

the bed 

vmb� 40 . . . . . . . . . . . . . . . . . ( 8 . 10) 

"\"" 
r, 

to 'C � 

The normal distribution and equation ( 8 . 10) indicates that the maximum 

instantaneous velocity (Vmb)· near the bed can be 1 . 75 times the average 

velocity . Since (T )  is proportional to velocity squared, then maximum 

instantaneous shear can be about three times the average shea r .  8 . 9/ 

V 

CJ'::: 
30? 

I \I - M.. \.) 4 
)._ 
.4 

IJ.... 

-:: V1-.,JJ ·r J.. , J, , .4 

�l 
I 

!> t: -

8 . 6/ Bird, Stewart, Lightfoot, Transport Phenomena, Wiley 1960 .  

-

8 . 7/ V .  N .  Panicker, Prediction of Bottom Current Velocities from Sediment 

Deposits ,  California University, Berkeley Hydraulic Engineering Laboratory I I q f,'( 

8 . 8/ A. A. Kalinski, "Movement of Sediment as Bed Load in River s . "  lr-nr-.5 ,  ,..l i.-. . 
-- G a..o ph'- S ·  J "

0

0 1  1 ' 2 '"' ., 4 
8 - 9/ W .  H .  Graf, "Hydraulics of Sediment Transport . "  I � r {  
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Critical tractive force versus grain size for noncohesive soils . -
11 

Lane 8 . 3:::'i:/ summarizes a considerable number of the investigations 

concerning critical scour criteria , Tables 8 . 2  to 8 . 6 ,  were taken from 

his work. The critical tractive force for noncohesive soils versus 

mean grain diameter is plotted in Figure 8 . 4 .  This figure also shows 

that clear water has more scouring power . 

/() 
8 .-H./ c. rv', /.... 1-1 Nt:.  �R'Ji7Rf .s,: !2rP1 P. T  ON Tile DFs 1011 or- -� 7/: 

C'f!!)NNF.'<::: ;' Bu1cr--1-, ll � F  {1- c1n11:1) 7/0N g,,,1PT, JIYD 3.5,2 , nsz 
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11-l BLE 8 ,5 8. 1vj 

Table 6 

USSR CORRECTIONS OF PERMISSIBLE VELOCITY FOR DEPTH 
Noncohesive Material 

Meters 

Feet 

Average depth 
: : : : : : : 
: o.30:o.60:1.00:1. 50:2: 00 :2 . 50 :3.oo 
: : : : : : : 

. :0.98:l. 97:3028:4.92 :6 . 56 :8. 20: 9.84 
: : : : : : : 

Correction _f�ctor : O. JL�tQ.9 :1.00:1.l :1.15:1 .20:1.25 

-rABLE= 8. b � 

Table 7 

USSR LIMITING VELOCITIES AND TRACTIVE FORCES IN COHESIVE MATERUL 

DescTipti ve term : 
Descriptiye term : 

Voids ratio : 
Principal cohesive : 

Material of bed 

Com�ctness of bed 
Loose : Fairly : : Very-
loose : COfnPact : Compact : C<lmp!<lt 

2 .0-1.2  : 1.2-0.6  : 0 .6-0 . ,  : 0-3--0,2 
T,fuiting iooan veiocity ftJaec and 
limiting tractive force lb/sg ft� 

Lb : Ft : Lb : Ft : Lb : Ft : Lb 
: Ft, : so ft : sec : sa ft 
: 

Sandy clays (sand : 
content less : 
than 50 percent) : 

Heavy clayey soils : 
Clay� : 
:r._ean · cla� soils : 

I : : l :  : : 
1.48 : o. 040: 2.95: o.157:4.26 : 0.327 : 5.90: o.630 

: t\J : 
: : : : : - L : :-

1. 31 :o.031:2.79 :o .141:4.10 :o.305 : 5 . 5s:o. 563 
1.15 : 0.02#:2o62:0.I24 :3 .94:0.28l: 5.4I:0. 530 
1 .05 :0.020: 2.J0 :0.096:3.44:o.214:4.43:o.354 

I 

,0 
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I 
The dimensionless entrainment function of sJhields ·s .�-&/ has been commonly 

accepted for uniform soils or single grain sizes . s+hields ' curve in 

Figure 8 . 9  from Rouse 8 .¥.r/ besides giving a yes-no determination of 

bed transport, provieds indication of bed form and transport mode that 

will occur . The dimensionless shear parameter [ T/ (S-l) d]  must be 

as [ T / (ys - y5) d] for use in sea water . The term (d /T�::/vJ is 

expressed 

a grain 

shear Reynolds number . Outside of the laminar flow range, sjhields ' 

dimensionless shear data vary from 0 . 03 to 0 . 06 .  After a critical Reynolds 

number of 400 is reached , the dimensionless shear remains at 0 . 0 6 .  Vanoni . t: 
8 .-r&/ added an auxiliary scale, Figure 8 . 10, with sloping lines to 

yacilitate the determination of ( T )  when (ys) ,  (yf) '  and (v) are known . 

In Figure 8 . 10 h/pf is expressed as (u*) and is called shear velocity. 

\ 

Figure 8 . 9  - Sfhields Dimensionless Shear Function J .-¼9/ 

,, 
8 . r&/ Sfhields ,  A .  ( 1936) : Anwendung der Ahnlichkeitsmechanik und Turbulenz-

forschung auf die Geschiebebewegung , Mitteil. Preuss .  Versuchsanst.  Wasser, 

Erd, Schiffsbau, Berlin, no 26 .  
I Z  

8 . J!j-/ H .  Rouse, Engineering Hydraulics , Wiley, 1950 
13 

8 . */ V .  A .  Vanoni, Measurement of Critical Shear Stress for Entraining Fine 
Sediments in a Boundary Layer , Report No . KH-R-7 ,  W. M .  Keck Laboratory, 
California Institute of Technology· Pasadena , California, 1964 . 
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Table 3 

8. /0�/ --�- �--

COMPARISON OF ETCHEVERRY' S  MAXIMUM ALLOWABLE 
VELOCITIES AND TRACTIVE FORCES 

: Value of : 
Material : Manning ' s  : Velocity 

: n used : ft/sec 
: Tractive force 

lbf.E.3. ft 

Very light pure sand of 
quicksand character 

Very light loose sand 
, 

Coarse sand or light sandy 
soil 

Average sandy soil 

Sandy loam 

: 
: 
: 

: . . . . 
: 
: 

Average loam, alluvial soil, : 
volcanic ash soil : 

: 
Firm loe.m, clay loam 

: 
Stiff clay soil, ordinary : 

gravel soil 

Coarse gravel, cobbles 
and shingles 

Conglomerate, cemented 
gravel, soft slate, 
tough hardpan, soft 
sed�men��ry_r�ck 

: 
: 

: 

0 . 020 

. 020 

. 020 

. 020 

.020 

.020 

: o .  75-1 .00 ;: . . 
: 1 .00- 1 . 50 . 

. . 

: 1 . 50-2 . 00 -: 

. . 

0 . 006- 0 . 011 

o . 0�1-0 . 025 

0 . 025-0 .045 

: 2 . 00-2 . 50 : 0 . 045-0 . 070 

2 . 50-2 .75 : 0 . 070-0 . 084 . . 
: 2 . 75-3 . 00 : 0 . 084-0 . 100 

} : : 
. 020 : 3 . 00-3 . 75 : 0 . 100-0. 157 

. 025 

. 030 

. 025 

8-16 

. 
: 4 . 00-5 . 00 : 0 . 278-0 . 434 

: 5 . 00-6 . 00 : 0 .627-0 .903 

: 
6 .00-8.00 : 0 . 627-1 . 114 . . . . . . . . . . . . 

.JO . 

-\ � 0 //.) 

" 
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Table 4 

COMPARISON OF FORTIER AND SCOBEY'S LIMITING VELOCITIES 

Material 

WITH TRACTIVE FORCE VAWES � c.:> /ji>. ::- z. S, 
Straight Channels After Aging 

: : :Water transporting 
: For clear water : colloidal silts 

: n : :Tractive: :Tractive 
: :Velocity: force :Velocity: force 
: : ft/sec :lb/sq ft : ft/sec :lb/sq ft 

:0 .020 : 1 . 50 : 0 . 027 : 2 . 50 : 0 .075 ,· O I (;  . . 
� 

Fine sand colloidal 

Sandy loam noncolloidal 

Silt loam noncolloidal 

: . 020: 1 .75 

2 . 00 

• 037 2 . 50 : 
• rr • 

0 .075 

0 . 11 

O \ �� L-..-: 
. 020 : 

• ' J \;....,..!> 
. 048 : 3 .00 : 

: : 
Alluvial silts noncolloidal: .020 : 2 .00 : .048 3 . 50 : 0 . 15 

r Z..  

Ordinary firm loam 
. . . . 
: . 020 : 2 . 50 .075 3 . 50 0 . 15 . 0 1 1-. 17 

Volcanic ash 

Stiff clay very colloidal 

Alluvial silts colloidal 

Shales and hardpans 

Fine gravel 

: : 
: .020 : 2 .  50 .075 : � 3 . 50 : 0 . 15 

: 
: .025 : 3 .  75 
. . . . 
: • 025 : . 3 .  75 

' : 

.26 

. 26 

: . 025:  6 . oo : .67 
: 

: . 020 : 2 .  50 : . 075 

: 
: 

5 . 00 : o.46 
+'- : 0 , (.  S ,, 

5 . oo -: o . 46 

6 . oo : 0 . 67 . . 
5 . 00 : 0 . 32 · 

I 1 

\ 
r' 

I 

Graded loam to cobbles 
when noncolloidal 

: . 030: 3 . 75 : . 38 5 . 00 0 . 66 · O "L 'l 1 · )  . . . . 
: 

: 

Graded silts to cobbles : ._030 : 4.oo : .43 : 5 . 50 : o . 8o  ,., ·ll vhen colloidal : : 
: 

Coarse gravel noncolloidal . 025 :  4 .00 
: 

Cobbles and shingles : .035:  5 . 00 

8-17 
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I It/-
Gess ler a .-ri-/ shows that the average bottom shear is equal to critical 

shear for a given grain size when the probability of remaining still (q) 

is 0 . 5 .  He then determines that this definition is independent of grain 

distributions or armoring . Then he presents a dimensionless S4hields 

type shear plot in terms of grain , Reynolds Humber , and the probability (q) 

of remaining still. His plot is shown in Figure 8 . 11 .  in F:i..e:ure i-.'"**" 

(4 ) "  Gessler used (K) for grain sizefr He also shows a narrower range of 

dimensionless shear for turbulent flow from 0 . 033 to 0 . 047  for (q)  

of 0 . 5 .  GQ.,• \er-� ().. ·;J ?Y-00-.C h Co...Y\ 6� v<:.e a --ro d a.  . a  r 

p e re e �'i C>-.. �<Z. o-r o. u \te n  F f\..c:t c-{ ·1 o 1, r) -r r 

I I 
l t '-l\:J...'4- i J n  -t-h ti. 

v-.; \ \ '\� \ \,._""' J 

1 1.I 

r e r., (J. • )'\ (I ... , -1 ;.._ � 
so , 

'\ 

-I L..� 

8 .ii/ Gessler, J .  ( 1965) : Der Geschiebetriebbeginn bei Mischungen untersucht 
.. .. .. 

an naturlichen Abpflasterungserscheinungen in Kanalen, Mitteil . VAWE , 

Eidgen, Techn . Hochschule, Zurich, no . 69 . Translation T-5 . W .  M .  Keck 

Laboratory, California Institute of Technology, Pasadena , California 
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t, 
Critical tractive force for cohesive soils .  - Chow 8 .-:l-�/ presented the 
u From L o..V'\e .../J.;J_QJ 

--

�SSR data Table 8 , 6 Ain graphical form that clearly shows the effect 

of compaction and/or voids ratio on the value of critical tractive force 
G 1  

for various clay soil types ,Figure .:;,(1. G-4:,lfVJS- 8 .  2/ gave tractive force 

values for plastic soils plotted along the A-Line of the plastic index 
1 3  

line. The data shown in his plot of Figure 8 . e  are for soil densities 
I 

near 90 f//ft3 . Smerdon and Beasley S . '±4/ and Eng�r , 
. f f, 

et al ,  8 .¼5-/ and 

others have made linear correlations in terms of several cohesive, grain 

size, and density properties of soils . Smerdon shows that plastic-index 
I 

is an important property . Lyle , et al, 8. ¼6/ shows that some form of 

compaction variable should be incorporated in relating to tractive forces . 
I ) 

Flaxman 8 . H-/ relates tractive force to unconfined compressive strength . 

Enger, et al ,  did various multiple correlations of several variables . It 

is doubtful that a sufficient number of the soil properties will be knmm 

to apply the multiple correlations during the appraisal stage of the 

undersea aqueduct design. All of the approaches mentioned in this 

paragraph are discussed more thoroughly by Graf 8 . 9 / .  

. IS 
8 .-·13/ Chow , Open Channel Hydraulics , McGraw-Hill, 1959 . 

. I �  
8 . ¼4/ Smerdon and Beasley, The Tractive Force Theory Applied to the 

Stability of Open Channels in Cohesive Soils . A C1,- 1c.vHuv� ["f'e_r i r-·H . Y\-+ s-fq,_-f,u l'\  
�R,a..s� 3., ·  <7 ' ,  I.J o .  7 IS' u l':v , • . C,f/ ui b ,  (l , .;, 

�/ Enger , et al,  Canal Erosion and Tractive Study (correlation of . ,. 
laboratory test data) - LCCL Program USBR, Gen Report 26 ,  1960,  10 pg . 

IB 
8 .H/ Lyle, W. M. , et al ,  Relation of Compaction and Other Soil Properties 

to Erosion and Resistance of Soils , Trans Am . Soc. Agri. Eng . vol 8 ,  no . 3 , 1965 . 

8 .rt/ Flaxman , E .  M. ( 1963) ,  Channel Stability in Undisturbed Cohesive Soils , 

Proc Am . Soc . Civil Engrs . ,  vol. 89 , no.  HY2 . 
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Figure 8 .-6- - Cohesive material tractive force. 
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Types of Soil on the Continental Shelf 

To apply Figures 8 . 1  and 8 . 2  soil samples must be obtained at the site or 

existing sampling records must be used . There is not much information about 

continental shelf sediments . Table �. 1 was taken from Lee and Valent . 8 . 3/ 

Their table shows the distribution of soil types within the 3-mile limit 

according to the California Division of i'Iines and Geology Classification 

System . Because the California system is not as discriminatory as the 

Unified System , the suggested equivalent "Unified Soil Classification 

Grouping 1 1  is also shown on Table 1 .  

Bara 3 . 4/ in his summary report on foundations followed the 60-foot and 

300-foot contour lines on the continental shelf and estimated distribution 

of soil types along them . 

8 . 3/ II . G .  Lee and P .  J .  Valent , 1-lCEL, Report :fo . 4, USBR Contract No . 

14-06-D-7210 "Comparison of Soil Classification Data - California Coastal 

Region , including Foundation Design Applications, 1972 . 

8 . 4/ Summary Report on 1iarine Soils , Bara, USBR , California Undersea Aqueduct 

Study . 

8 . 7  



CX> 

50 r------,r------,r-----,r------,,-------.---------,,-----------

40 

X 
1r.J 
0 
z 
- 30 

>-
I-

0 
.,_ 20 

(1) 

<l 
.J 

c... 

10 

E � P LA N AT t O �  
TRACTDVE FORCE FRm.� TESTS 

() · · · · · 0.0·�5 - 0.0GO 
41 · · · · · 0.035 - 0,0.(5 
0 . . • • .  0.025 - 010 35 
l'tl • • • • • O.C H 5 - 0,0 2!5 

0 

<> 

I 
I 

M------· ··--- ----- --- · . .  

60 70 80 

PLAST(CITY CHARACTER[STiCS WffH LA80RATOF�Y TRACTIVE FORCE VA LUES ADJUSTED 
BECAUSE OF H [GH AND L0'.:1J D E t-JS!TY. sAr .... PLES W!TH DEi·JS!TIES BELOW 80 PCF W E RE 

RAfSED IN  \(t'.LUE AND SAMPLES VJffH DEf�SiTfES ABOVE ,oo PC F \\¥ERE LO"JER ED IM VALUE 

F;r, u ?r r FP r � 



Critical velocity versus grain size .  - The critical velocity curves of 
, -

Sundborg plotted in 8 .iO/ were converted to feet per second and are 

plotted as solid lines in Figure 8 .S . The intermediate solid line is 

the curve for critical velocities measured about 3 feet above the bed . 

Data of Hjulstrom 8 .li/ for critical average velocity, all fall within 

the bounds of Sundborg . Kuenen 8 .-i§/ critical velocity data is also 

plotted (dashed) for the portion outside of the bounds of the Sundborg 

curves and for maximum velocity for deposition. The Hjulstrom line for 

sedimentation agrees almost exactly with the Kuenen deposition curve. 

The zones denoted by "Erosion , "  "Transport ,"  and "Sedimentation" shown 

on Figure 8 . B  are those designated by Hjulstrom . The indication of 

consolidation of the fine soils is from Sundborg . 

I t  is proper to consider the velocities along the unconsolidated line 

as those causing particles to be lifted from the bed and transported , and 

the �gion A b etween this line and the "Deposition" line where particles 

will remain in suspension once they are already in suspension . The 

�gion B between the consolidated line and the unconsolidated line shows 

the range of variation of resistance to erosion for soils with diameters 

less than 0 . 1  mm .  

, � 
8 . le/ NCEL "Environmental Factors Affecting the Emplacement of Seafloor --

a... �-• �"'--·\ ... C ., -
Installation" 197 1 .  0 

8 . 191 Hjulstrom, 1935 ,  "Morphological Activity of Rivers as I llustrated by 

River Fyris , 11 Bulletin Geological Institute, Uppsala , Vol . 25 ,  Chapter III . 
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Chow 8 .B/ presented the USSR data in Tabl:;, 6Ain a graphical form 

that clearly shows the effects of compaction and/or voids ratio on the 
I 

value of critical velocity for various clay soils, Figures 8 .9 .  

2 �--�-�--�-�--r-���� 

� 
' I [ ' I I �  -� I c r. o ,  \ ��'f:=:::: Sandy cloys { sar1d < .... v ,o , 

1 f-.-----+--+',__,,"",.t--j- i I 
0.9 
o.el------1----1--\--\�...---t--r,---r-7 

2 o.1 I 0 --+---� 0.6 -----!--�-- -, 

� o 5�---+--�---��&---t-1rt1 .g 
I o.4L--:...--i-�--+--\-t-��--crH 

0.3 \\ I I l+d 

0-2
, 2 3 4 5 6 7 8 

Permissible velocities, fps 

F'1c. 7--l. Curves showing U.S.S.H.. data on permissible velocities for cohesive soils. 

Figure 8 .9 - Cohesive soil critical velocity 

l :5 OP r- , -
8.  B/ --caew,-"Oi:,ea Chaaael Hydretilies , 1 1  McGrew Hill, 1959 . 
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Linkage between critical velocity and critical tractive force. - Scour 

criteria are usually expressed in terms of grain diameter and critical 

tractive force because the force is generally considered to be the more 

appropriate than critical velocity. For example, the scour criteria 

data from Lane 8 . 12/ was stated in terms of tractive force and particle 

diameter (d) and came from canals and rivers data . In open channel 

flow it is useful to state erosion resistance in terms of critical 

tractive force , b ecause fluid f low conditions of the c�nnel can be  

related to boundary shear. But, probab ly for the undersea aqueduct) 

designers will not have sufficient information to determine what tractive 

forces are acting on the ocean bottom near the conduit . Most likely the 

designer will have j ust one value of water velocity above the bed .  

An attempt to provide the designers with a rather crude linkage from 

critical tractive force to critical velocity is contained in Figure 8 . 5 .  

Tractive force data along with a corresponding velocity measured at about· 

3 feet above the bed were available, and were plotted as velocity versus 

critical tractive force 8 . 12/ . The solid data points and the dashed line 

are for soils with clays . The USSR data from Table 8 . 6  plotted as triangles 

in Figure 8 .f, indicate that the compaction and/or voids ratio shifts the 

plotted values along the curve. The data for hard pan and shales to soft 

rock seem to be an extension of clay soil curve. 

)D 1... 1 -r 
8 . 12/ E-. W .  Lane, "Prog-r-ess Repo-z:.t.--.GD the Design -0-f-Stable Chaimels." Bux:eau-

O.--MlG.lamcl-{r.l-Ofll-*��., Hvd J§2. 19§2 . 
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Application and certain limitations of scour criteria. - Critical velocities - -
and tractive forces should be considered as guides only . They do not 

always account for f low section shapes or turbulent fluctuations . All 

data were obtained from rivers or flume studies with fresh water rather 

than sea water . The elevations of velocities are not always clearly 

defined and the moment of initial movement is based on the decision of 

many different individual observers . The results usually are expressed 

in terms of single grain sizes or very uniform distribution of grain 

sizes. Those using these data for graded soils must select some 

characteristic grain size (50 percent size or larger) that could be 

assumed to effectively hide or protect the finer sizes . However , the 

dimensionless tractive force plots are self-correcting for water 
-,-_, r 

properties. Gessler Function is recommended for noncohesive soils because 

it can Le applied to soils with grain distributions and can be used to 

predict armoring . In any case, decisions made from scour criteria need 

be tempered by the engineer ' s  experience and judgment . 
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Transport 

Unidirectional bottom__!ransport . - The amount of sediment being transported 

in the approach flow depends on the scour around structures . There are 

times where unidirectional transport equations can be applied to the 

ocean bed. Studies indicate that for (D/L) ratios greater than 0 . 5  waves 

do not produce significant oscillatory velocities on the bottom . The 

only reversing flows would be caused by the longer period tides . These 

reversing flows could be linearized to accomodate the use of unidirectional 

flows . � 

Bedload is probably the main mode of transport for the ocean near the 

aqueduct outside of beach areas and conyons . Bedload is the sediment 

that is traveling by sliding , rolling , and bouncing on the bed . 

Graf 8 . 9/ has an excellent summary of various methods for computing 

bedload rates and shows the limitations of the method . He  classifies 

bedload computations into three basic approaches that consider the 

relationship of : 

1 .  Shear stress (du Boys) 

2. Discharge (Schoklitsch) 

3 .  Statistics of lift force variation (Einstein) 
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Graf compares four methods ,  Meyer-Peter et al 8 . 22/ ,  Schoklitsch 8 . 23 / ,  

Kalinski 8 . 24 / ,  and Einstein 8 . 25/ . The values of transport were 288, 

8 . 6 ,  290, and 350 kg/sec , respectively . Neglecting the extremely low 

value, there is about 20 percent variation about the mean of 312 1\ /::..!j /t;e.c. . 

8. 22/ Meyer-Peter, E .  ( 1949) , Quelques Problemes concernant le Charriage 

des Matieres solides, Soc . Hydrotechn. France, No . 2 .  

8 .  23/ Schoklitsch, A .  ( 1930) , 1 1Handbuch des Wasserbaues , "  Spriner , -- . 
Vienna ( 2d ed . ,  1950) English translation ( 1937) by S .  Shulits . 

8 . 24/ Kalinske, A.  A.  ( 1947) , Movement of Sediment as Bed-Load in Rivers, 

Trans. Am . Geophys . Union, Vol 28 ,  No . 4 .  

8 . 25/  Einstein, H .  A . , ( 1950) , The Bed-load function for sediment transportation 

in open channel flows, U . S .  Dept. of Agr . Tech . Bull.  1026 , 70 p .  ( 1951) . 
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Einstein ' s  method has been quite generally accepted and has been 

modified to compute the total load 8 . 26/ and 8 . 27 / .  The method 

requires some samples of suspended sediment however . Colby , et al. 

has compared various computational methods with actual measurements of 

total load. The modified Einstein method had deviations of sediment 
�U.S " ..- J 

load running from 0 . 16 to 1 . 00 times the � load. The other methods 

had deviations as high as 3 to 10 times. 

Oscillatory bottom transport . - Simplified models of transport of sand by 
7::i 

water waves have been developed. Most are based on the Longuet-Higgins 8 .�/ 

equations of mass transport within the boundary layer for waves . Incipient 

motion criteria are establisheda in terms of mass transport velocity, 
;; ', 

Eagleson 8 .*f or in terms of some oscillatory Reynolds number , Manohar 
!� 

--
� ,  

8 .�/ . These references are swmnarized in 8 ."l/ .  

8 . 26/ Colby, et al, Computations of the Total Sediment Discharge Niobrara 

River near Cody, Nebraska , Geological Survey Water Supply Paper 13 57, 

1955 , 187 pgs. 

8 . 27 /  Step Method for Computing Total Load by the Modified Einstein 

Procedure, USBR, 195 5 .  
? .. 

8 .-3¾/ Longuet-Higgins, M .  S . ,  Mass transport in water waves, Phil . Trans. 

Roy. Soc . ,  London (A) 245 ,  No . 903 , 585-91 (1953) 
".' -

8 . 3/l:/ Eagleson, P .  S .  and Dean R.  G . , Wave-induced motion of bottom sediment 

particles , Proc . ASCE, 85, No . NYlO, 53-79 (Oct . 1959) 
!:,. .. 

8 .-33-/ Manohar, Madhao, Mechanics of bottom sediment movement due to wave 

action, U . S .  Army Beach 

� 
/ L 1£ /-"IA// 17· .. , 
,'k'E SS.1 1967 

Erosion Board TM No . 75 ,  1955 . 
_:_ 1, SF .Ao'.1 1, ::.PA ·v JlvD ,,-14()_ ,l"'s Pc·R$ /:>MOIV 
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Beach transport .  - Where beaching action is occurring, erosion can be 

taking place at one point and deposition at another . For a constant 

wave, sorting of grain size occurs and continues until an equilibrium 

Ii 
beach profile is formed . Figure 8 . H- shows a simplified equilibrium 

beach and segregation of so il sizes during a laboratory study with 
3� 

a direct on-shore wave 8 .7:8/ .  

• f/b'llu/JR:J. - - - - -......._ ,
,./In i t i a l  prof i l e  ' / 

-<._ 
� w. s. ,,

/-D_ep_o s i ts  f i n e r  than  t h o s e  
zz:z� .... l 1 n  und i sturbed are a 

,--- -Depos its coarser  than those  
U n d i sturbed area,,, 

,:}\ 

IIA\'f@lt§I & ti /,fl 11-\Y!I 

SCALE OF FEET 

.,,.,,,., in u n d i stu rbed area 

2 

,,,--Equ i I i  br i  u rn  p ro f i l e  

F I G U R E  1 5  R E PORT H YO. 4 7 5  

'C R O SS - SECT I O N  S H OW I N G S EG R EG AT I O N  OF SOI L  S I Z E S  F O R  WAV E NO.  I 

Figure 8 . H  - Simplified Beach and Soil Size Segregation 

Jc. 
8 . � /  USBR Report 11yd.  No .  475 .  
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3 3  
Bascom 8 .��/ gives a more detailed description of grain segregation 

1 8  
shown in Figure 8.¥.r: The transport of sediment is complicated by 

wave direction, refraction, and focusing which cause coast-wise 

long-shore currents that carry sediment along the coast, feeding gullies 

and canyons that carry sediment out to deeper water. Water accumulates 

after successive waves , causing strong rip currents that can carry 

large amounts of suspended sediment, cut channels through the off-shore 

bars, and carry fines out to deeper water. Wave orbits described in 

Section 7 can continue to cause sediment movement out into deeper water. 

Vortex ripples have been found out to a depth of 170 feet. Wind-caused 

upwelling or tilt of the water surface can contribute to wave backwash 

currents . The backwash can be in or out of phase with mass transport of 

the wave. Wave steepness changes transport action and the beach can 

have a storm or winter profile versus a berm-type or summer profile. 

Tides change the still water level and cause currents . Both continually 

change sediment transport and bedform characteristics of the beach. 

3� 
Trask 8. 3--0/ defines the active zone to a depth less than 30 feet, where 

sediment grain size increases with depth. He defines a more or less tranquil 

zone to a depth greater than 60 feet where there is very little movement and 

sediment grain size diminishes as depth decreases . In the beach area, the 

pipe should be buried out to at least the 60-foot depth. Between 3 0  to 60 

feet there is occasional movement but grain size remains nearly constant . 

� ,..._ '3  r 
8.-z'!J-/ f.ascom, W .  N . ,  Relationships between sand sizes and beach face slope, 

Trans . Amer . Geophys . Union, 32, No . 6 866-74 ( Dec . 1951) 

8 . 3--0/ Trask, P. D . ,  Movement of sand around southern California promontories, 

U.S .  Army Beach Erosion Board TM No . 76, 1955 
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The difficulty of making transport load calculations and their lack of 

accuracy indicates that the designers should carefully apply critical 

velocity and critical tractive force criteria to eliminate the need to 

make these tenuous computations that are only rough estimates . Many 

of the wave transport models and computations need much further field 

comparisons and modifications for application to the more natural and 

complex beach s ituations . None of the transport computation methods 

apply to cohesive beds . 
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When there is general sediment transport in the approaching flow, 

dunes can travel along with the flow, Tia. ,.._ f F.-, .. ,11111• 1.. i ... 1:1 :: ... ct 

l>e sueerimr,o:,ed on t!rte deta FjEme 8.36 , Half the height of  the 

largest expected dune should be added to the estimated equilibrium 
detc·r·n d +'-r-ovY\ \- 1c.uri:: 8 .3, o R.  �9e111 r1111v � // 

depth of scour to predict the maximum probable depth. Traveling dunes 

or ripples 6 feet high have been reported in the oceans 8 , Wi:/ . 

Posii.. 1 L l e.  
� limitations o f  this design method are : 

1 .  data are for freshwater an<l for grain sizes ranging from 0 . 08 

to 0 .  68 mm , 

2 .  does not apply to cohesive soils. 

The Reynold Number in Figure 8 . 18 is se.lf-correcting for water pro­

perties. The equilibrium depth (d5e) may not need correction for 

difference in submerged weight . 

_:::::- A change of submerged weight could be considered tantamount to a 

change of diameter size and Chen et al 8. 36/ show data that suggests 

that a change of grpin size causes shift along the equation line in 

Figure 8 . 18 .  However, there is insufficient data to definitely elimi­

nate the possibility of correcting for water density, A significant 

velocity will have to be defined to apply to Chen et al method to flow 

with wave oscillation. 

t o p  C l • 
8 .  '!rt:/ M;->ers et al, -Hand "booic-OT ocmm and--tmder·wat-er Eng-ir>eex::i og_,. 

McGraw & +H·:ll, 1969--. 

� , >J a1 uT 
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Time Rate of Local Scour . - Carstens provides considerable evidence 

that all local scouring relationships due to disturbances are of the 

form 

i = f l/(N2 _ N2 )5 / 2 .Q. Vtl 
L � s sc ) L '  � 

where the symbols not previously defined are 

S = settlement or scour depth 

L = fundamental dimension of structure :: t) -Fo 'r c.yl .·�de}-

t = time 

V = reference velocity 

N = vfJ (Y - Yf) gd s . ' . s 

His dimensionless plots for both a vertical or horizontal cylinder 

are shown in Figures 8 . 19 and 8 . 20. Although Figure 8 . 19 suggests an 

asymtoptt:allltic value for the vertical cylinder (S/D) of 1 . 5, at one 

time his data was as high as 2 .  The limit (S/D) for the horizontal 

cylinder of 1 is,of course, expected . The data for the horizontal 

cylinder are limited to ratios of length to diameters equal to 4 .  

.,IQ 

1.5 r------,,----....-----...------,------,-------, 

1.0 

0.5 

o. 

Eq. 16 

Symbol D, In millimeters 
o 50 
• 100 

0 ._ ___ ___. ____ _._ ____ _._ _____________ ....., ____ .. 
. 0 0.5 l.O 1.5 2.0 

Value of (N2-N2 ,.,. (D•) (El) x 10-• I •c D D 

2.5 3.0 

,! C ' FIG. 10.-SCOUR DEPTH VERSUS TIME (VERTICALCYLINDER) I � , .3 f '· . 1 ::D - d . ' .,, 
.•'· :5 - . . . ' ., 

fi<t,t:R� $3 .  I f/  S C:JUf' � 5£,=rTA · V!:R s c,s 1, 1 11,, 

fl - 4 � 
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Figure 8. 20 . 

Underflow Scour. - No information on local scour for long cylinders 

supported above or on the bed was found . The only method outside 

of model studies for the pipe above the bed is to estirnate) by pro-
- , J,N O ;;�P.... '°' PF. 

portioning the approach flo� by potential theory , the increase of 

velocity under the pipe and check for critical velocity . If the 

velocity is above critical then assume a bed shape and find the depth 

of scour that will bring the velocity back to just below critical . 

It would probably be assumed that the slopes of the scour hole would 

be near the submerged angle of repose as Carsten 8 .1f found for scour 

holes. Because of this tendency of local scour to form slopes at 

w,· s the submerged angle of repose1 Figuref 8 . 21 ang �.22 ue�e taken from 

'd,/0; to indicate the repose angle. 

i,Jtf op . cit . 

8 ,/0;  c,p c ,-f. 
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Local Scour 

Background . - Laursen 8 . 35/ essentially stated that the fundamental 

characteristics of  local scour are : 

.Xl , The rate of scour is the difference between the rate of 

I �  
sediment supply approaches the scour area and the rate of local 

transport from the scour area . 

2 .  The rate of scour will decrease as the scour hole enlarges 

and approaches an equilibrium shape that limits the extent of 

scour, 

4 .  The limit of scour will be approached asympto'9'ltically with 

respect to time . 

These statements imply that flow conditions are known before and 

after placing the structure . These statements also imply that methods 

are known for determining the sediment properties, for computing the 

transport before construction, and for computing the transport after 

placing the structure, and for determining the changing shape of the 

scour hole . 

When a structure is placed in or on the bed, flow is accelerated and 

the turbulence is changed around parts of the structure. Wake vortices 

trailing vortices, and horseshoe vortices can be produced, Figure 8. 14 . 

8. 35/ Laursen, E. M. Progress Report of Model Studies of Scour Around 

Bridge Piers and Abutments, Research Report No . 13-B Highway Research 

Board ,1951. 
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FIG. 2.-DF.F!N!TION OF V,;RIABLES USED IN ESTIMATING STRENGTH OF 
HORSESHOE VORTEX 

Figure 8 . 14. Horseshoe Vortex 8. 36/ 

(from Shen et al) 

Scour trend·! - Blunt-nose piers have maximum scour depth upstream 

in the stagnation zone and sharp-nose piers have the maximum scour 

downstream. Scour tendency patterns are shown in Figure 8 . 15 taken 

from reference 8 . 1/ .  The references relating to each case are shown 

under the respective diagram. 

8 . 36/ Shen, H .  W .  et al , Local Scour around bridge piers, Journal of 

the Hydraulic Division , Proceeding ASCE , Vol 95 , No . HY6 ,  1969.  
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valueJ\from Figure 8 . 18 The smallest value of the two 

should be used. Larras' eauation is written as follows : 

d ic _ 
se - 1 . 42 Kb 0 . 7 5 . 

where K = 1 for cylindrical piers 

• • • •  ( 8 , / 1 )  

K = 1 . 4  for rectangular piers aligned with flow 

d5! = depth of scour defined in Figure 9 . 1 7  

b = diameter or width of projected plane normal to flow 
- D ' C '( ' • I-\ t "� 
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8 . 37 Shen, H. W . , Schneider, V. R, , and Karaki, S, S, (1966), Mechanics 

of local scour, Engineering Research Center , Colorado State University, 

Report no CER 66HWS22, Fort Collins, Colorado, 1966. 

8 . 3�_/ Shen, H .  W . ,  Ogawa , Y,, and Karaki, S .  S ,  (1965), "Time variation 

of bed deformation near bridge piers, " in Proceedings, 11th Congress Inter­

national Association for Hydraulic Research, Leningrad, Sept. 7-1 1, 

1965, Vol . 3 .  Moscow, Committee for the USSR Participation in Inter­

national Power Conferences, 1965, paper 3 . 14 .  

8 . 39/ Carstens, M .  R. (1966) . " Similarity laws for localized scour, " 

American Society of Civil Engineers, Proceedings , Journal of the 

Hydraulics Division, vol . 9 2, no, HY3, May 1966, pp, 13-36, 
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( Js) 
Shen et al 8. 36/ contrasts the clear water scourftwith scour with 

;;;- e t1i  li�r-, u >c _!_e.o '-'� ( d 5 J 
transport ·� respect to time, Figure 8. 16 and with respect to vefocity, 

Figure 8. 17. 

""' �-
� 

rime 
{o) 

Can , 
Sccur wi/ft a,ttl""­,.dl_,,, _lott 

Timtt 
{b) 

FIG. 1.-TIME VARIATION OF SCOUR DEPTH { 9 ,  l.!._ 

Figure 8 , 1 6 . - SCOUR V GR � J 'S  Tf ME 
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� : 
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� =r I 
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A;prooch v,/ocily, U 

FIG. 4.-VARIATION OF SCOUR DEPTH WITH VELOCITY ll_. l.e_ 

Figure 8 . 17. - S C. O U R.  \) c R. 'S V S vEl.oc 1 Ty 

Dimensionless Scour Depth Envelope. - For design Shen et al 8 . 36/ 

sugge�ts that their equation and plot shown in Figure 8.18 be used as 

an envelope for clear water scour. If there is a continuous sediment 

transport in the approach flow then the value of equilihriwn scour depth 

it (d�) should I -d__ also be computed from Larras 8 . 40/ equationJcornpared with 

[§Ao 
L , .. � 

Larras, J .. "Prore'ndeurs Max1malcs d'erosion des londs mobiles autour des piles en rivicre" 
("Maximum Depth of Erosion in '-hilting Beds Around River Piles"), Anna/es des ponts el 
chaussees. Vol. 133, No. 4, pp. 4 1 1-424. 
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Long reaches of a pipe partially buried or resting on the bed can 

be easily underscoured and left unsupported . The p1 pes can either 

settle or rupture.  No suitable information for helpiag to account -for 

� .'Ir� 
�he amount oLscour depth'f1fas &eefl- found to help comput�'the required 

-
bridging strength . W o..ve,, o c; c.:1 i l Q.+;,, II' o. V' d \ 10 ,  , i? x -! � : . > Ct.."l , 

C,re.·,4� � u ( S O. r. f"r.1 ,- r�,.. $ O Y1 -t k, "- b e.) O '<  e__ve. 1 .  

p rocl u c...e., · n.\-l e. Yr-�-t r"'') I :,- ; "j 01 +k.c p: 1 e. -fyo"r''\ Th.� be'cl . 

I ( Scour by Fluidization . - Posey � .4// describes another mode of scour 

occurring around oil towers having many piles and braces disturbing 

the flow. For long-waves, pressures can be transmitted into per-
e·,, ,. . 

meable soils causing in and out flow . If this action fluJ,idizes 

the soil, the soil can move out. No suggestion for predicting this 

scour was made. 

Scour in �ohesive 5oil . - No information on local scour was found for 

cohesive soils in the consolidated, unconsolidated or the ooze form 
h .CWE.. 

Thesef unconsolidated forms virtually 
A. 

connnonly found in the ocean . 

no resistance to scour . After foundation feasibility has been 
u. 

establishedJ before and after tractive force valyes can be used to 

0� 
determine whether critical shear velocity -0+- critical tractive force 

are exceeded . If critical values are exceeded, scour can not be pre­

dicted and scour protection such as riprap or anchoring into bedrock 

must be considered . 

g,q. [I Posey, C .  J . ,  1 1 Protection of offshore structures against under scour 

ASCE Journal of the Hydraulic Division, Vol . 9 7 ,  HY7 ,  1971 , page 1011-1015 .  
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Some limitations . - Virtually all the data included in the scour 

section is based on fresh water studies . The completely dimensionless 

aoproaches are self-correcting for seawater . 

included some field checking were stressed . 

Those studies that 

I 
Bridge pj{er studies pro-

vide a source of local scour data but is usually presented in forms 

that include discharge, energy gradients, F&ri-de number, and depth of 

flow. Therefore, none can be easily applied to the ocean bottom . This 

is the reason that approaches of Chen et al �.36/ and Carsten m/ were 
f.l.5ed #IT// 

stressed . However, their data must he ,reKteae-eEl"care to � obstruc-
. �1.. le 

.,t. vY) ', � t C».-'' 1 .J/ 
tions where turbulen�

�
frorn theiJ: top' might a.1ifee� scour -s,;i.g.ai.£::icaut-ly . 
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SECTION 7 

PROBABLISTIC APPROACHES� 

The d iscussions and data contained in this section and in the 

remainder of this appendix were extracted as complete units with-
�� Gv � US0P. 

out any internal editing from the more complete work �by Dr . R. H .  

Riffenburgh . / / 

� l I' ( {') 
( '--

� D EVELOPMENT OF METHODOLOGY FOR I 00-YEAR _EXT_REMES 

Suppose there exists a probability density fx(x) on a variate X. Le t us use 
X = wave height (vertical component of trough-to-crest distance) in meters as an ex­ample throughout this section ; other variates follow the same theory and methodology, but have different forms of fx(x). We are concerned with extreme values. In our ex­ample, we wish to predict the greatest wave height which wiH occur in the nex_t hundred · years. The first impulse is to find b such that 

b P [ X  � b ]  = J f(X)dX = J - a, 
-00 

and then to say, . "We are I 00 ( I  - a) percent. confident that the greatest value on X which wi�I eve�1observed is b . "  However, several objections occur in this approach. ( l )  Gumbel [- J r has shown that extreme values, _or records, over a time period in­crease monotonically with the length of the time period, so that no "greatest . . ·. ever be observed" is possible to predict. (2) The physical circumstances which generate common values on X may be sufficient ly d ifferen t  from those which generate record values so that influences found to be negligible in one may be important in the other and vice. versa. Thus, the probability d istribution for common occurrences may be different from _ that for extremes. (3) The difference between the,., true and assumed probability densities may become large in the tails. Consider figure'-?: In this figure, fx represents the assumed probability density, the one we can manipulate and calculate, and gX represents the true density, which we can never know. If  fx should deviate very far from gx, empirical frequency distributions of samples from gX would so indi­cate in the region of the bulk of observations; herein lies the problem. The bulk of  observations are i n  the central part of the curve. The reasonable agreement lies in  the central region, not in the extremes. Traditional statistical methods study central parameters and variability about central parameters; the area under a tail is used only for measuring the separation betwee� values of central location or central variability parameters. For example, in figur/ I ,  the d ifference between the two curves, i.e. , the percent error in density in assuming f X when gX is true, is about 6 percent in the vicinity of the mean,  but it is about 400 percent in the vicinity of point a. 
__!J Cf'd 
St; Gumbel , E .  J . ,  ( 1 958) : "Statistics of Extremes , "  NY : Columbia University Press . 

-
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What we ��uire is the probability distribution of extreme values. Gumbel [-1 958}- .P)J and Borg_nrnn � ] have derived probability distributions for the number of t imes an existing record wil l  be exceeded during-an ensuing time interyq l of given length, but they say nothing of the values of the exceedeness. Thom12son [--l.969� proved that the distribu-tion function of the values of the extremes follows the form 

Hx(x) = e-e-(x- (3)/'y 
for the parameters 

(3 = mode (x )  and 'Y = (,/6/rr) X  (standard deviation of x). +1 
z.. '6 hx(x), the density associated with the distribution 1 -Ix(x), is il lustrated in figure?-'� in its re­lation to gX· Although Thompson has given the form of hx. observations from hx are not ava i lable to estimate the parameters of hx, and we have been able to find no general devel­opment in the literature which allows observations from gxto estimate h parameters. The analytic derivation of an approximation to hx has appeared in the literature for only certain of the gX forms we use, and even for those forms sample sizes and time in terval relations prevent the approximation from_ be}ng adequate in many cases. (For a review of such work, see Barlow and Singpurwalla r�2) .,:)- Since any analytic method developed must depend on the form of gx, necessitating a new development for each form of gx, we developed a simulation algorithm to be utilized on a computer so that the same program could be used for any gX· Steps in the simulated algorithm are listed on page I 0. 

� - o-r cJ\ 
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5:,-.3 / Borgman, L.  E . ,  ( 1961 ) : "The exact frequency distribution by near 
extremes , "  presented Pacific Southwest· Regional Meeting, American 
Geophysical Union , January 2 6 ,  196 1 ,  Berkeley, California. 

1;;4; Thompson,  Wi l l iam A. , ( 1969) : "Applied Probability , "  NY : Holt ,  
Reinhart , and Winston. 

0; Barlow, Richard E .  and Singpurwal l a, Nozer D. , (1972) : "Averaging 
Time and Maxima for Dependent Observations , "  Proceedings of the 
Symposium on Statistical Aspects of Air Quality Data. Triangle 
Universities Consortium on Air Pol lution and Division of Meteorology. 
Environmental Protection Agency, Chapel Hi l l ,  November 1972 .  In  press .  
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I .  Ob tain observat ions (x )  on X. Desirably, x can appear only at discrete time in ter­vals of, say. to in length. For example, i f  X is the wave height during a storm and there are about three storms per year, then t0 is about 4 mon ths. A lternatively. X may be continuous. in which case Xt (x at time t) may be correlated with X t+E (E small and positive) because of continuity constraints of the physical process. Worse. a simulation sampling can yield an arbitrarily large extreme because any size sample may be taken from any nonzero time in­terval. As an ad hoc solution for CUA purposes, an arbitrary time period, say t0, was taken in continuous cases, and the midinterval or largest x in  this interval was used as a datum. to was chosen large enough to damp out the autocorre lation. An example of such a variable is the density of seawater, which exists and is measurab le at any moment at any place in the sea. 2. Predict by fx the functional form of gx, and verify by goodness-of-fit tests on the empirical frequency function, which is i l lustrated in figurc2.-J1: Estimate parameters of f X from data. 3 .  Using a computer, take a randomly chosen sample of n values drawn from the fitted f X ; record the largest of the n values. Suppose we wish to predict the most extreme values on X to appear in the time interval t l (> to) ; for CU ARO, t l = l 00 years. Then n = t I /to. This procedure provides one observation on X drawn from hx, and satisfies ob­. jection I .  Steps I and 3 together satisfy objection -2. 

>, 
u 
C 
(I) 
:J 
0-� ._ 

4. Repeat step 3 m times (m = 500 for the CUA study), and use these m data from hx to estimate the parameters (3 and -y o f  h x . This step satisfies objection 3. 5. Find an xo so that Hx(x)  = I - a by 
xo = --yQ17 [-Q17 ( 1  - a)] + (3 ,(� 

to compute a I 00 ( 1  - ex) percent confidence bound on the greatest value of X to be observed _in time period t 1 . This bound, x0, is sho·wn in figure !. ..._ 

Figure ;( A possible random sample of 2Q0·obscrvations drawn from g
X 

(x). 
b 

1 o
"--

I 
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PROBABI LITIES OF CONFLUENCES OF SURVIVAL 
THREATS ro1�L - --

Suppose we have two independent events. random in time, with variables t and w representing their beginning points. (The events may be tsunami bottom surge and wind wave bottom surge , or they may be any general events.) Let us use the following symbols. 
Symbol 
Q t Qw ft(t) fw(w) 
nt 
nw 
nt l 'nt2 , . . .  ,ntkt 
nw 1 ,nw2' . . .  ,nwkw CE 

Meaning 
Length or occurrence of t event Length of occurrence of w event Probability density of t event Probability density of w event Time interval(s) in which t may occur Time interval(s) in which w may occur Possible starting points of t i f  nt is composed of kt separated in tyrvals Possible starting points of w if nw is composed of kw separated intervals Confluence of events 

The probability of a confluence of the two events is the probability that the two intervals [ t ,t +Qt) and [w ,w+Qw) overlap, or 
P{CE(w,t) } = · s f ;(w) J w+Qw ft( t )d�  dw. 

n nn w-Qt t w 

I 
( 1 6) 

In particular, i f  the events are as likely at any one moment as any other when they are pos­sible to occur, which will be assumed in this report, the f's are uniform distributions and 

[ f1(t) = A[1 , 

fw(w) = A� 

kt 
t e  z: i =  I 

kw 
w E L  i = I 

nt · , 

nw., I 

I , where the ">,..'s are constants. In  this case, Eq. ( 16) becomes 

rs_.,6 
, '\ 

( 117) 

v' 



J 
Jw+Qw 

· 

J -I Qt+Qw P { CE(w,t)} = 01.tXw) dtdw = ---"t"w 
I I  d w  . . . . . . (M_) 

ntnnw w-Q t ntnnw 
Let us consider the case of confluence of three independent events, adding a new variable c with definitions equivalent to those of t and w. P {CE(w,c,t) } i s  given by the probability that all of [w ,w+Qw) ,  [ c,c+Qc),  and [ t, t+Qt) overlap, or 

J r c+Qc 
I 

c+Qc 
P {CE(w,c,t ) }  = fc(c) J fw(w) ft(t)dt d w  de. f-l-9 -) ncnnwnnt c-Qw c-Q t 

In particular, for uniform probabil i ty densities, 

J J c+Qc J 
c+Qc 

P {CE(w,c, t ) } =  (AtAwAc)- 1 d t dw dc  
n nn nnt c-Qw c-Q t C W 

= 
(Qc+Qw) (Qc + Qt) 

"t"w"c · J  ncnnwnnt 
de. · (20) 

Let t ,  w, and c denote the start times of the century's greatest tsunami, wind wave 
bottom surge , and bottom current ,  respectively. Let us make the following assumptions, 
where the scale of al l  variables is measured in  hours. 

A tsunami wave train 's largest portion will last 3 hours; Qt = 3. The largest portion 
of the wave train o f  the century;s worst storm will last 3 days; Qw = 72. A century's worst 
.current will last during either the ebb or flood (depending on direction) of the semidiumal 
tide; Qc = 6. The great tsunami may occur at  any time of any year; 1 00 years contains 
24X365 . 25X 1 00 = 876,600 hours; ft(t )  = "t i = (876600r 1 , t E [0, 876600). The great 
wind wave bottom surge may occur only in winter; one-half of each year for 1 00 years 
contains 438,300 hours; fw(w) = A."�I = (438300)- 1 , w E [0,4383), [ 8766, 1 3 1 49) ,  ... , [ 429 
[ 4295 34,4339 1 7) .  The bottom current modelled by EPRF has as its tidal component the 
typical year's greatest spring tide. In 50 to 200 m of water, deeper than the wind effect 
(calculated by Eq. ( l'-6) ) and over a century of time, the greatest current may be considered 
as occurring equally in time. Then fc(c) = x-J�50 = (876600)- 1 , c E [ 0,876600), when 

/ 

z � 5 0 m. In  20 m of water, storm winds add a component to the current ;  the great storm 
may occur only in winter; the great t ide would be expected to occur in  winter in  only half 
the years. Thus, the 20-m great current may occur only in  winter in  half the years. f c(c) = 

x-J<50 = ( 2 J 9 1 50)- J , C E  [ 0,2 1 9 1 . 5 ) ,  [ 8 766.0, I 09 57 .5) ,  . . .  , [ 2 1 0384.0,2 1 2 5 7 5 . 5) ,  when 
z < 50 m. When the great current does o�cur, it must occur simultaneously with the great 
wind wave bottom surge since both require the great storm. This situation provide" ihe only 
departure from independent events in this section, but i t  is simple enough to  be d iscussed 
without using more sophisticated formulation. 

1 37 



� I fhe depth of the frictional influence D has been 
/-.,.-D = 1n/a/prlsin¢, , , ( }0) 

where a denotes an eddy viscosity coefficient of approximately I 00 g/cm sec2 , n denotes an angular velocity of 0.729 X 1 0-4 r/sec, and ¢ denotes latitude. D was calculated for lati­tudes from 42 deg (near Crescent City) in the north to 33 deg (near San Diego) in the south. D for Crescent City was about 44 m, and D for San Diego was about 49 m. With an expo­nential particle velocity di minution , frictional influence anywhere near the 44- to 49-m bound wi l l  be negligible. It may be concluded that wind influences are o f  concern only at the CUARO standard depth of 20 m. 1 



SincC' the 20-m j!reat current has half as many opportunities to occur as the great wind surge and since the greatest wind surge in the century has a probability of one of  occurring. the probabi l i ty of  confluence of the 20-m great cufrent and great wi nd surge i s  one-half. By  similar reason ing. t he  probabi li ty of connuence of the '20-m great current ,  great wine! surge. and great tsunami is ha lf  the probability of con nuence of the great wind surge and great tsunami alone. Let us calculate the other  con nuence probabilities. Subst ituting appropriate values in Eq. ( 1�8'), we obtain 
/ I  

P{CE(w,t) } =  7 5  ( f 4
383 

3 .842 1 378X J 011 · . 
0 

J 
4339 1 7  ) dw + . .. + dw 429534 

J 4383 == l .9 52038264X I o-1 0 X 1 00 dw = 8 .5557  837 1 l X J 0-5 
0 

� 0.000 086. 
· 7 8  f 4383 P{CE(w,c(�SOrn ) )l = Ii X 1 00 dw == 0.000 089. f · 3.842 1 37 8X I O  O 

· 9 ·  J 876600 P{CE(c(�50m),t ) }  = 1 1  . cit = l .026694045X 1 o-5 7.6842756X I O  O 
� 0.000 0 1 0. 

. 9 ( 1 2 1 9 1 .5 J-2 1 2575 .5  · i P CE c <50m t = · de + + de 
{ ( )  ) ,  ) }  1 M lf"l t:OCl V l () ] ]  Q . . .  2 1 0384.0 

, ( 2 1 9 1 . 5  
= 4.684891833X 1 0-9 x 1 OOJ O . de = 1 .026694045 X 10-5 
� 0.000 0 1 0 . 

(Note that while P { CE(c(�50 m),t ) }  = P {CE(c(<50 rn),t) } the c events involved are quite d ifferent. In  the latter probabil ity, the chance of the great current occurring on any day for which it is possible is four times as likely as in the former, but the chance of con-fluence with the great tsunami is one-fourth as great.) ll  To calculate a triple confluence, we  substitute the appropriate values in  Eq .  cio). 
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702 '
f,

2 1 91 . 5  . .
J

2 1 2575 .5_ 
) P{CE(w ,c(�50m),t)} = · 

1 6  I de + . . .  + de 
8.420044989X I O \ O 2 1 0384.0 l2 1 9 1 .5 

= 8.3372476 1 5 X J 0- 1 5 x 1 00 dc= l . 827 1 078 1 5 X J 0-9 
0 

� 0.000 000 00 I 8. 

The con fluence-of-events probabilities for all conflutnces at  CUARO standard depths, 
with associated particle velocities, for northern, central, and southern California coastal re­
gions are given in table .;!. I 

IO 
Table�- Confluence-of-events probabilities for all confluences at CU ARO 

standard depths with associated particle velocities for northern, 
central, and southern coastal California. 

Probabie Extreme Velocity, cm/sec, 
Given Confluence Occurs 

Type of  O h ept m Confluence 
Probability of Crescent City San Francisco San ta Barbara Confluence 

20 0. 500 000 606. 5 6 1 8.2 454.6 
50 0.000 089 4 1 2.8 430.0 3 57.0 

W, C 100 0.000 089 440.9 442.6 407.0 
200 0.000 089 4 10.3 403.0 396.5 . 

20 . 0.000 086 462.8 42 1 .8 205.6 

w, t 50 0.000 086 209.7 200.4 I 00.9 
1 00 0.000 086 1 2 1 .9 1 07.9 56.5 
200 0.000 086 59.8 43. 1  27.'2 

20 0.000 0 1 0  5 1 2 .3 459.6 407.0 

c, t 50 0.000 0 1 0  388.5 362.0 335 .5  
1 00 0.000 0 1 0  429.2 4 1 3 .5  397.7 
200 0.000 0 1 0  4 1 6. 1  406.7 396.5 

20 0.000 043 790.8 749.8 533.6 
50 0.000 000 00 I 8 505.5 496.2 396.7 

w, c ,  t 1 00 0.000 000 00 I 8 496.0 482.0 430.6 
200 0.000 000 00 I 8 443. l  426.4 4 1 0. 5  

�� 



STUDY NEEDS 

Introduction 

During the literature search it became apparent that there is a " degree of 

unknown" about hydrodynamic loading and scouring conditions for the aqueduct. 

The action of the hydrua.lic and soil environment surrounding the aqueduct is 

not explicity defined, but is only known in somewhat general terms. Thus the 

designer is required to design the aqueduct for�range of loads, and with the 

uncertaintly of 11underdesigning or overdesigning" when obtaining an estimated 

cost. Providing the Hydrodynamics Loading and Scour Task Force Team have not 

missed pertinent information in the literature search, further study is needed 

to give the designers more precise design information. If the aqueduct 

proposal proves worthy of continuation then it is essential to obtain more 

accurate information. The team believes study needs are required in areas 

which are noted in the following subheadings. 

Waves 

The collection ef wave data (parameters of 'Wl\Ve height H, wavelength L, 

period T, and accompanying water motion beneath the waves) are not near as 

common as collection of streamflow data. Wave data is meager when compared to 

stream.flow data and also much more difficult to obtain. Maximum wave conditions 

which may occur for a 100-year time period off the California Coast are not 

accurately known. For actual construction of the aqueduct it is imperative 

that the maximum wave forces acting on the aqueduct be known. 

r1l 
\...� 



Whereas wave data was not a task force team assignment , there is a connection 

of wave data with respect to wave theDries and applying the wave theories to 

compute aqueduct forces. The wave data will be used in conjunction with 

determining adequateness of the Airy Theory or if another wave theory better 

defines the water motion. Accurate wave dimensions are needed when applying 

a wave theory. Generally dimensions (H and L) are sl:lffieient, but the crest 

length may be important for application to the aqueduct . Crest length is a 

distance the wa�e crest extends over the vrater surface and is measured per­

pendicular to the wave profile showing the H and L dimensions . Ocean waves 

can be irregular and evidently can have crest lengths considerably shorter 

than a mile.  Possibly short crested waves could produce more critca.l loads 

along the aqueduct than waves with indefinitely long crests . 

"--.!_YI ff«'� I, )l,,;,11, l�,/s, " ,-" I"'  / 

Hydraulic model studies can �-o-f;:;grea:t. assist.a:m:o. <itlring design � of 
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the aqueduct and accurate wave data will be essential in conducting these 

hydraulic model studies . 

Lift, Drag, and Oscillatory Forces 

Emperirical formulas have been developed for computing hydrodynamic forces 

acting on a circular cylinder. Numerous hydraulic model and field tests have 

been made to determine values of coefficients used in these formulas . However 

hydrodynamic forces that act on a cylinder are unsteady and thus many test 

results show a wide range of coefficient values. Further hydraulic model tests , 

with oarfully devised instrumentation, should be made to study and measure the 

unsteadiness of the forces. Hydraulic model tests should also be made to 

obtain coefficients values for flow configurations which have not been 

extensively tested. 

� 



The preponderance of information on hydrodynamic forces is for fixed bluff 

bodies . A moving body may have a steadying effect on the movement. Studies 

made on cyclinders or other shapes without movement limit the understanding of 

dynamic forces. 

Investiga.tions should be extended to studies of large cyclinders 1/3 to 1/2 

the diameter of the aqueduct to confirm small model drag, lift, and inertia 

coefficients.and vortex shedding frequencies. The cyclinder suspension should 

provide close simulation of 11free body-'1 movement. Perpendicular and angled 

flows should be applied to the suspended cyclinder. 

The effect of an adjacent boundii.I7 on a fixed cyclinder and on the movement of 

the cyclinder should be studied for the unbalanced pressure of accelerating 

flow. An erodible and fixed boundary should be included in the study with 

attempts made to measure velocity changes between the cyclinder and boundary. 

Scour 

Probably scour on the ocean bottom near the aqueduct, and providing a estimate 

of this scour, is the most unknown factor of all. Especially when considering 

a 100-year time period. Ocean bed sediment transport, as computed by a 

theoretical-mathematical type models, has not been verified by field observations. 

These type of sediment transport computations exist only for noncohesive 

sand sediments, and not for the cohesive fine-particle or clay type sediments. 

Better information about scour conditions can be obtained by model and 

field-type tests. 
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Model-type tests would be advantageous in determining scour tendencies for 

various pipeline configurations . Such configurations are those of a buoyant 

pipeline above the bed to a pipeline resting or partially buried in the ocean 

bed. In a moving w.ter medium a large pipeline presents a structure where local 

fluid acceleration occurs as the water flows past the structure . There is a 

susceptibility of scour by this acceleration, even if the pipeline is somewhat 

above the ocean bottom(buoyant concept) . Model tests would also be valuable 

in studying and learning more about the interdependent relation of scour and 

the acceleration flow field of a large diameter pipeline. 

Field tests should be made with concrete blocks of different structural shapes 

which are of interest. These blocks should be set at various locations on the 

ocean bottom, from deep water up to the surf zoneJand on different type marine 

soils . Observations of scour and settlement should be made, and if possible 

also measurements, in an effort to obtain some correlation between scour , water 

depth, wave parameters, block size, block shape, and soil properties . 

Marine Fouling 

For the buoyant concept marine fouling is a serious problem. Weight of the 

marine growth may exceed buoyancy of the pipeline. Such problems need studying, 

weight of the marine growth (pounds per square foot of pipe surface) , rate -

which marine growth acquires weight with respect to water depth and time, and 

if there are possible methods of restraining or removing the growth. 

Priority of Study Needs 

After making a design and cost estimate; better information should be available 

concarning study needs . Some unknown factors may prove to be more critical in 

relation to cost than others . Thus a priority can be established about the ( Lf 
relative importance of future study needs . 
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APPENDIX I 

CHOICE OF THE AIRY EQUATIONS 

The ocean bottom and a portion of the water depth above the bottom 

are the prime location�under consideration for the proposed California 

Undersea Aqueduct . The Airy Theory appears to be as accurate as other 

wave theories for evaluating wave effects near the ocean bottom . The 

decision to use this theory in the design data reference book was made 

after considering information noted in referencesI�/ and l�/ . 

The maximum horizontal and vertical water velocities occurring beneath 

waves have been measured in a wave tank for a d/L value of approximately 

1/10 -3./ . The Airy Theory agrees favorably with the measured horizontal 

velocities in the lower 1/2 depth range ; however , the Airy Theory gives 

velocities approximately 30 percent smaller than the measured vertical 

velocities . Conclusions in the reference noted that the simple Airy 

Theory may be applied at the bottom . 

A comparison of horizontal particle velocities for various wave theories 

is given in reference ib/ . For the lower 1/3 depth range the Airy Theory 

agrees closely with two other wave theories, while one wave theory shows 

higher velocities .  ReferenceI�/ also concludes ''When inertia (accelera­

tion) forces predominate , a first-order theory is probably sufficient . "  



/J/iJ) 
The Airy Equations are a first-order theory and calculations for a 

large diameter pipe show that acceleration forces are predominant. 

] <?:_/ LeMehaute , D .  Divoky, and A. Lin , Shallow Water Waves , Proceedings of 

Eleventh Conference on Coastal Engineering , London, England , Sept . 1968 , 

Vol 1 ,  page 86-107 .  

l b /  Handbook of Ocean and Underwater Engineering , McGraw-Hill Book Company , 

New York , 196 9 .  
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