/%ﬁw Wc/maéa/ %4/ % s
@/J AV M /éé)tember 1978,
/w%wcw W CareelZ \}&Z/g//?g

Dear Sir,

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 Comité Organizador.
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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.

Seveﬁi 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 agueduct 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 bottom,

and a flexible buoyant pipeline, Figure 1.

BURIED BUOYANT
. RESTING i <
= ON BOTTOM
e X:::X
e / \
i T = \

Figure 1. Concepts of pipeline configurations.



PURPOSE
The purpose and scope of the ‘Hydreanamiee-ﬁoading-ané~8eea£3
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

<4 work items in the oceanographic studies.

"Work Statement

"A literature search is reguired to define areas in which design
data are inadequate. The following data are essential for 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."



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 hydrauilic 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 (_l_/ 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

1) Jeren., AT Ep., Estuary armo ConsizNe Hypeoomwanics.,

ENGINEEEING ZoCiETY MorocriHS, NMb Geewv- il [Sook
Compony, INC 1766



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 EThe 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 the section "Study Needs." There was insufficient time to

perform hydraulic model studies for supplementing the data.



SECcTION 1

HYDRODYNAMICS AFFECTING THE CONDUIT

Buried Concent

ar'k
Buoyant forces acting upon the buried conduit 4= probably insignificant

under normal conditions, but in the event of soil liquifaction the
buoyant force increases. The buoyant force equation can be used to
Sectwon

predict the upward thrust acting on the conduiE?Sec. 3, "Buoyant Force -

Considerations for the Buried Concept.'

A buried conduit is normally protected from hydrodynamic forces pro-
duced by movement of the ocean water. Hydrodynamic forces acting

upon 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 negligéble 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 ;{,

B = Bueyancy
[Due to the steady velocity
E L= L = Lift[—jof an ocean current and
A A oscillatory velocities
D - Drag| |of wave action
\ PN -
) A- Acceleration
Bend force
N = XN
ElfEnze ﬂf_ - Forces on conduit for partially buried or resting on the

bottom concept

/-1



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 one dynamic,
results Frerm
acts from within the conduit. The static force ,d®s the internal water

A

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 Headloss and Fluid Forces at Conduit Bends."
The 1lift 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) a:bg::aris a steady type

s resd [T

velocity act®se on the conduit. TheAdrag 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 1lift, 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

[-2.



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 ;;ctor 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.

Buovant Concept

Normal and parallel hydrodynamic forces act upon the buoyant conduit,
Fipurel2. Possibly the normal forces are predominate, but an effort
should he made to define the narallel forces in relation to the total

load on the support.



RL = Reverse lift (sﬁction force)

Bend force only where bend or curve
in conduit alignment

Due to the steady velocity
of an ocean current and
oscillatory velocities of

§iE wave action, Oseillgtory

B ~ Buoeyancy

velocities and accelations
may be horizontal a
\Jgrtieal.

Norvial

JD - Internal drag

ED = External drag
(steady or oscillatory)




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 uastable low pressure area 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 to

The flow of water in the pipe produces forces that may, 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 neeessarily linear. There-ara horizontal and

vertical accelerations and velocities of the water actiagsamon the

AND WLl obligue#
conduieﬂwhieb periodically reverse direction. ,Wave crests aeting

at-an-angle produce(ﬁgég forceg}both normal (D) and parallel (EDT%

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,
4 anp me'/ﬁoalf o

and acceleration forces are given in Section 6 andﬂées computing water

qre 31&’-’1
velocity and accelerationAin Section §. When the conduit movesjuhen
relative accelerations and velocities between pipe and water should

f

be used in the force ecuation; S Section ﬁﬁ "Buoyant Concept."

65



For a conduit subject to both ocean current and wave action, the
velocity to use in the 1lift 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

e

5
limited to rugosity values of & = 0.008 feet and £ = 0.000064 feet,

the data may prove useful to the designers.

Water liammer

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.



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

of use in analyzing the possible '"firehose'" movement of the aqueduct.



SECTION 2

FLUID PROPERTIES

Background
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
2
F'= Ma 40a apw ao aya s sviw (R)
where (3) 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 in,the direction of the gravitational field
is called weight (W) expressed as
)
WS Me . ta avna amd e e amie ((2)

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

for (F) results in

a

<y

F=¥ J
& 2
exp e

where (W/g) is a-way-to-express mass,in engineering units called

slugs.



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 setting 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.

W = weight, lbs

1b sec?
M = mass, slugs, =
y = specific weight, 1b/ft3
2
p = density, slugs/ft3, ih?%%ﬁ_

Using these definitions and substitution into equation (2.2)
¥ =08 W e, o . (2.3)
Stagnation pressures, drag forces and lift forces are proportional to

(pV2), (yV2) , or (iv2)

z

2-3



Therefore mass expressed in the form of density or specific weight

is a fundamental property in fluid statics and dynamics.



A substance that continues to deform under a shear stress, no matter
how small, by definition is a fluid. 1In real flow, internal shear forces
cause heat or frictional losses. If the velocity is great enough thkam
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.

T
Viscosity (p) is defined as the ratio of shearing stress (¥x=) to the
rate of strain. The rate of strain is the velocity gradient (dv/dy).

Thus dynamic viscosity is defined as

=
]
rﬁ
~
S
~

-d_v - i L] L] L] L] L]
dy
ML ¢ = dynamic viscosity, lb/sec 3 Sloas f@+ Sec.
e 3 /
T = shearing stress, lb/ft =

4dv - velocity gradient, —L1-
dy sec

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:



When hydrodynamic equations of motion are transformed into dimension-
less variable form, both g Froude numbers(NF) and Reynold% numbers (Np)

are formed and expressed as

9 2.
%=l”.,.‘........w)
Lg
and
2,
Ny = YLe op N o e e (D
- vV

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) slg ghE
important parameter when gravity and free surface wave action dominates.
(Ng )
The Reynolds number is the important parameter when frictional and form
A

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

fluid flow is laminar or turbulent. S hee

iffects of Temperature, Pressure, and Salinity on Density and Viscosity

Both density and viscosity vary with temperature, pressure, and salinity.
Thus the=empimeer—witi-meed-to=have-kaowladge-of the range of variations

and the effect of these factors on fluid propertiesttieeed 48

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 0O to about 600 feet. Salinity varies from about 33 to

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



increase the density (p) of the fluid because water is slightly com-—
pressible. For water the bulk modulus is high and the relationship

9-
P=vyh=pgh...........(8)

is usually assumed rather than integrating the variation of density (p).
(=]
A 3L
For example, sea water at 1 atmosphereréﬂc‘F and .35 ppt has a specific
weight of 64.00 pounds per cubic foot. At the same temperature and at
a depth of 300 feet the specific weight increases by about 0.03 pounds
23 » 000 Hntl ad Bz 300450 s
per cubic foot. ThusAnressure effect on both (p) and,(Y) can be
considered negligible, iv-#egard=to-the-California- llndersea _Aguaducs,
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 specific weight of sea water
at different salinities will vary similarly to aqueous solutions of
(NaCl). The most probable ranges of density Fipupe— and specific
weight ®€imre—- 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-3354ppt. 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 guantities of clay sediment that can
YRS Ei/hl 7“"-’/./3

sustain a small shear (TB) before yielding)eeaﬁno longer be-eaitled a

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

2
applies to the flow after yielding takes place. Bingham 1/ expressed

this as follows:

i T, > T

then T =T, = ng il . . @ Bl

a B dz

%

applied shear

a
TB = yield shear
% = differential viscosity
du/dz = shear strain or velocity gradient

with respect to distance

e ———— e ————— e, D @

2.1/ Bingham, E. C., Fluiditv and Plasticityv, McGraw-Hill, 1922
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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, "A Literature Review on Erosion and Deposition

of Sediment Near Structures in the Ocean,' 1970.

2.3/ Anonymous, ASCE Preliminary Research on Pipeline Floatation,

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

Journal of Pipeline Division, Vol. 92, PLI, March 1966, pp 27-71.
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Tabla 17
RELATIVR DIFFERENTIAL VISCOSITY AND BINGHAK L.:.AR STRENGTH (TESTS 1 & 2)

Suspension intarcept s Ta = Distilled Slopa e

hy = B
concentra- Salinity "e 1 h water

tion m/1itre 08 250 pise B p. BT calibration
& oL cm 2L

gm/litre cm 2L slopo
cm/sec
dynes/cm

+12,25
+12,50
+12.71

+13.10

+11.9 1016.6 1016.6

+12,38 e 1114

+12.50 H 1175

+12.61 1195
+12.71 - 1378

+12.85 5 0 1315




DRAFT Schuster:rf-s SECTION 3
November 28, 1972

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 object'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

2 2 2 2
BrhissF - wf - wp = %—Do A= %-Di Yg - %-(Do - D1 ) Yp (Bna)

D = outside pipe diameter, ft

Dy = inside pipe diameter, ft

o 5 specific wgt ocean water, lb/ft3
Ffb F Ye = specific ﬁg& fresh water, lb/ft3
ol
A | /o b specific qél pipe material, 1b/ft3

cL
Fb = buoyant force due to the ggt of the

<:::> displaced fluid, 1lbs/ft
+

Frb = resultant buoyant force of the conduit, 1b/ft

L AR
We = wgt fresh water in pipe, 1b/ft

e
= b%i. W, = wgt pipe, lbs/ft
W_-and-W.-act-
P i

througicpipe

Figure - 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 1 inch pipe wall and inside pipe diameter 30 feet,
yp = 112 1b/ft3, and water temperature 50° F
From Section ;i“ Ye = 62.41 1bs/ft> and Yg = 64.22 1bs

Do = 30' + 2"
Frb=1D

2 2 2
oy, -mD4¢ vy =1w (D, ~Di%) vy ;
7 el T BT ¢ P Dy = 30.167
Frb = 7 (30.167)2 (64.22) - = (30)% (62.41) - = [ (30.167)2 - (30)2](112)
4 4 4
Frb = 45,901 - 44,115 - 884 = 902 1bs/ft

Figure next—sheat is a graph of the resultant buoyant forces for various
©
pipe diaq&ers and wall thicknesses. The buoyant force obtained from the

graph for the pipe dimensions of the example is 760 1lbs/ft. This value is
imporfance
considerably less than 902 1lbs/ft and shows the dependency.of-the-resudting
o correcl
buoyant ‘force-on selecting thqﬁvalues of Ys and Yg-

f/ The yg = 64422 lbs/ft3 value was used in numerous example problems,
The value is believed to be excessive for probable conditions of the
undersea aqueduect, 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,
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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 be made between a turbidity
flowage 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

ey
3.1/ K. R. Demars, and D. G. Anderson, Environmental Factors Affecting
the Emplacement of Seafloor Installation, Naval Facilities Engineering

Command, October 1970, 84 pages.



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

I

abyssal plain e I
— -
L/’ Continental shelf
- |
s " /
F T Continental slope

L Afjjrs sal 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.



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 of 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.



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 0 of turbid water

Vo LN . (1.01) (64.22) = 64.86 lpercent

Ye = 1.10 v (1.1) (64.22) = 70.64 10 percent

R

Using equation (1)

2 2,

D Yy — m D;
o t —_
4

2 _n 2
(D, Di)\rp

3

o
4

Frb (30.167)2(64.86) - 44,115 - 884 = (714.8)(64.86) - 44,999

S E

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

Frb = (714.8)(70.64) - 44,999 ~ 5490 1b/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.



Consideration for the Buried Concept

Even though the conduit is burieqja buoyant force still acts upon the
conduit. For examplq,assume the condition of the conduit buried in sand,
FigureE'T The conduit is immersed in

a fluid and a hydrostatic pressure

—— ———
acts upon the conduit. This hydro- -
static pressure is caused by the Fb
3.1 A
water depth and equation (1) can _ﬂs“-—d—ir%——'——
I'g
be used to compute the resultant ‘—ig:;L
buoyant force due to water.
Probably for the buried concept Figure ' - Hydrostatic fluid
the pipe would be heavier than pressure acts externally on
the buoyant concept pipe. The the conduit producing a
pipe weight (W ) term of equation buoyant force. Fy.

Shl)
(A) is assumed larger than in the

Therefore the resultant

forcejFrQ,would be negative or acting in a downward

tstm:andvsign'nnnzgnzinn:nﬁ;ﬁignzézii.

Liquefaction of the soil medium surrounding the conduit is a troublesome
issue concerning buoyant force for the buried concept. Ekimtefaction s
~defined in.referemee-(€), ''The term *liquefaction‘ has been applied to the
process by which a saturated mass of soil is caused by external foxces to

eferersice -

suddenly lose its shearing strength and to behave as a fluid_,”A Thus when

(C) F. E. Richart, Jr., J. R. lilall, Jr., and R. D. Woods, “Yibration of Soils
and Foundations, Prentice-llall, Englewood Cliffs, New Jersey, 1970, Pag- 6-
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liquefaction occurthhe specific weight for the medium surrounding the

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

pipe now hashﬁeight 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

: Most of soil i'.Vibrating conduit
possibility that turbu- medium acts _agitates surrounding
as a solid w0il medium
lence of water flowing in -
the conduit could vibrate s
the conduig,especially
near conduit bends.
Vibration of the conduit
could liquefy the soil as Figure 4. - Envisioned liquefaction to a
3,
shown in Figure ‘4. relatively small portion of soil medium

surrounding the conduit.

In the pipeline industry the problem of pipelines in liquefied soils is
termed ''Pipeline Flotation'. Reference (B) 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

(D) (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, PL1l, March 1966, pp 27-71.



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

soil and that objects such as pipelines will float or sink in the VYdense
Liquid“ depending on the object.” Pipeline flotation tables of a''completely
preliminary and tentative nature" éﬁ?ﬁ given in time reference (B). Thus
from these tables for 2-inch to 60-inch diameter pipes in various density

soils, a range of &e pipe weight could be determined where the pipeline

was expected to neither rise nor sink.

One example of pipeline flotation was given in reference (). 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 specific gravity of 2.0.

pipeline was floated mp from the trench

(E) R. J. Brown, Soil Mechanics Important in Marine Pipeline Construction,

The 0il and Gas Journal, pp 151-155, Sept. 16, 1957.
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Example Problem

An example of what resultant buoyant forc%‘may act on a buried conduit

is given for assumed conditions of liquefaction.

Steel pipe 2" thick with 2' thick covering of concrete, internal
diameter of pipe is 30'. Compute Frb for buried conduit in liquefied

sand with specific gravity = 2.0.

Given - y steel, = 490 lb/ft3, y concrete = 150 1b/ft3, v liquefied sand =

+ Il
(2)(62.4) = 125 lb/ft3, diameters 30', 30' ¢ 2" = 30.167', and 30' = 4' =

N A
30.333"'.

‘Hae=oymboinration oI—FRigure-3+1
Weight steel pipe = m (30.167% - 30.02)(490) & 3870 1lbs/ft
4

Weight concrete coating = v (30.333%2 - 30.1672)(150) ~~ 1180 1b/ft
iy

Wp = 3870 + 1180 = 5050 1b/ft

Weight fresh water in pipe W; = 44,115 1b/ft = 44,120 1b/ft

(from first buoyant force example problem)

Fp, = 1 (30.333)2(125) = 90,330 lbs/ft
4

Frb = F, - W - W, = 90,330 - 44,120 ~ 5050 = 41,160 1b/ft (UPWARD)

3-//



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
PER FOOF OF CONOULT
two parts of the buoyant force F, are shown in Figure .
A =

2
o

Fy =Fppt+ Ry A1+A2’=ZD

e Ry Fho= @i

Fb = buoyant force due to the weight of the

two displaced fluids, 1lb/ft

Fbl = part of the buoyant force due to the

conduit immersed in liquefied soil, 1b/ft

sz = part of the buoyant force due to the

conduit immersed in salt water, 1lb/ft

Al = area of conduit immersed in the liquefied

F% soil, £t2
n ? . Az = area of conduit immersed in salt water, ft2
& ?%
e
| \ Do = outside pipe diameter, ft
k! ..
. \ Y, = specific weight of liquefied soil, 1b/ft>
z 0]
> , 5
ef,od

Y, = specific weight of salty ocean water, 1b/ft3

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



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 ,

il Fb > Wf + Wp the conduit will rise,

3l Fb < Wf + Wp the conduit will sink,

HMOULD

and if Fb = wf + Wp the conduit is at equilibrium and is—considezred

floatimg in the liquefied soil.

Consideration of Fouling - Buoyant Concept

/s 3.6
A definition of marine fouling wes 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 objects." 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.

awﬂ{ 04‘n0ar7r“?af'buh£221
Ther-mas notsgerciwedie §ata about weights A thickness/\ or depths ,that occurs,

are NCAPEF =
in-maripe fouling. Figure . showest that the greatest weight (1b/ft2) was

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.



A in the upper 30 feet of water, and that foulinngecweend 450 feet below

qre
the water surface. Other examples of fouling weights were given:

1. "Under conditions more favorable to fouling than the aqueduct
design conditions, as much as 5 or & 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." Names of the various growhthvE!e
g&van, and in some cases growth dimensionsy Theze-dimewsiens were gzlver) —
barnacle (up to 2 inches in diameter at base), sponge (up to 3 inches

in height), jingle 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).



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 conjecture. The best information appears
/S
to be from the above item 4. In this case the surface area was 168 square
e = H,2 /5/97

feet and the fouling weight was 700 1lbs/168 ftf, for a 3 year time period.
¢
S

If the conduit w‘s located at deeper depths (200 to 400 feetZ,the expected

growth weight would be less.

An example illustrating loss of buoyancy for a 30-foot diameter pipe with
as lb/ft2 fouling weight is given.
(n30)(5) 470 1b/ft

This value would be subtracted from Frb of equation (3.1).

3-/5
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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 headloss through the pipe (2)
for computing power needed to maintain flow inside the pipe, and
(3) for computing the friction force, both inside and outsidqx of the

pipe caused by water flowing parallel with the pipe.

Formula for Computing the Headloss

The headloss is defined by the Darcy—Weisback equation (1),

2 L
h, = £1V 1
B p3e D2g 52
where hg = headloss for conduit length L, feet of water

f = dimensionless friction factor, obtained from
4 $

Engineering Monograph No. 7 (Figure %) 1/

. = length of the conduit, ft

D = inside diameter of the conduit, ft

V = average velocity of water flowing in the con-
duit,(e%Ag-pipe-dischatge 0-divided by-internZz
pipe..area—4}¥, ft/sec

o g acceleration of gravity (32.3), ft/sec2 -

— e e e

.1/ USBR, Friction Factors for Large Conduits Flowing Full,

Engineering Monograph 7, 1965,

4~/



= Hv, the velocity head in the pipe, ft

Determining the Friction Factor "f"

Difficulty is encountered in selecting an appnropriate value for the
friction factor f for equation (l). Diagrams giving the value of the
friction factor are available. Generally these diagrams were pre-

pared from laboratory tests on operating pipe lines. The majority
a

ese
of thi® test data is for small diameter pipest pires that are—csmall

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

vy
information in the range of 30-foot diameter conduits. TFigure wl

SR h-an—--c R s R
FORCONCRETE MPE D+ 00"’!‘ of ppe » lees
3 ¢ Rougess tory Lz (eNIn O rest eC1ON w feel
"""" L Dometer o 00 o R S { b - N o 11 {,‘,'*;", nteet

LV ety s teel ’u second

t 5 heetion toctor

£ 0.7 01 ryest, .
Corves frdn protetype B6i0

T= Nenbess eacareed (A painty)

CF et cuie Ll A w
DoTables 1, A 0nd G

P

v
R %P

Figure 5.—Frictron faclors for concrele pipe (refer also lo lables A

Figure 4.1 - Friction Factor Diagram 4.1/




Values of the friction factor f are listed at the left side of the

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

the right side. The Reynolds Number R and the €/D ratioAmust be

calculated to use the diagram to find f,

R=2YD and e/p {this-ratio also defined as
v "relative roughness’),
where R = Reynolds Number, dimensionless
V = average velocity of water flowing in the conduit, ft/sec
v = kinematic viscosity of fresh water in the conduit, ftz/sec
(see Section 2/
€ = 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 judgement.' Roughness, such as small projections 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 pipe walls after years of operation. Should this
occur on the California Undersea Aqueduct cleaning the pipe walls to

preserve the capacity may prove economically feasible.

A smooth-walled pipe is desired to minimize friction loss. -Rugesity

valugs-for.-smooth-pipe-ara.given.on. pages-28-and-29.0f . Engineating

—— e ST e T

§-3



Q 46~ stee/ams! aon
Monograph~No—d. e range of rugosity values 8706003 ft-< e 0+0002—f¢)

listed at the-bottom-portion of the pages:28—and—2% represant smeeth
Pirex Q€ GIvER i Erg nec/"):y/a Momajru/o/) No. 7.

Use of the Friction Factor Diagram and Headloss Computation

Assumed conditions for the example are as follows:

D =30 ft

V =10 ft/sec

e = 0.000120 ft
TX = temperature of the water)50° F
L = 1000 ft

from Section 2}v = (1.41)10'S ftzlsec

_vDp _ (10)(30) 7
R = VD _ 1.

v (1.41)10-5 (2.13)10
e _ 0.000120 _ ( gp0004
D 30

Entering the diagram of Figure 1 with R = (2.13) 10’ and €/D = 0.000004
I
the value of f = 0.008 is obtained. Using equation (%)

he = £LVZ _  (0.008)(1000) (10)?

D2 - (30) (D) (32.2) = Ol fe-

In this example problem there would be 0.414~foot friction headloss

along a 1000-foot length of the conduit

44



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 (é), for smooth-

walled pipesx and Reynolds numbers greater than about 3000

it —~ -
vy 2 logyg RV £ - 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 (3) 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 pire and maintain a
given velocity. This power must equal the headloss and represents

the tangential force on the pipe. The power, in units of horsepower,

.
can be computed from equation (2),

g

Php = % (@),
where Php = horsepower needed for pipe length L (the 1. of equation éi) )
Q = pipe discharge, ft3/sec
Y = gpecific weight of water, lb/ft3 (see section = )

Gl
he = headloss from equation ), ft

W

S

o
[}

conversion factor, ft-1lb/sec
hp

)



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=V1D2 = (0) (v 3039 = 7070 ft3/sec

4 4
y = 62.4 1b/ft3, from section 2
Php = QYhf = (7070) (62.4) (0.414) = 332 hp

550 550

Formula for Computing the Internal TFriction 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 Tigure 4.2:

i) =_wprDV2 (4.4a) I; = Ayh (4.4b)

3 f

The direction of Fi shovm in Figure 4.2 is for the reaction of the

pipe and will be transferred to the support 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.

(N



P
£

Yy =
Station Stetion .
5 @ |
—— L
| -
<« Ff — P
'—>Q Y = L:\/ De—}:a b=
A =
Free-body diagram for pipe P =
of length L -
Subscripts refer to ends of /? -2,
pipe in the free-body diagram
Fj = P§JA F, = BsA Fl’FZ =
Pressure drop from
Station 1 to 2
hf =
vhg = Ap = P;-P, f =
A BEE T fLV2
p = vhg (Y)ng N é
V =
2
Ap = pf LV
p P 2D
X
Fi = Fl = F2 = PlA = P2A = A (Pl = P2)

Fz
or Fi = A(4p) =

38

2@#@)

Swvmbol Notation

i3]
" : o
specific weight water, 1lb/eee Sec)
density fresh water, l%:%ﬁiz QSee”ifta
poiv

acceleration of gravity, ft/sec
length of oipe, ft

diameter of pipe, ft

pipe area, £t2

pressure, 1b/ft2

= friction force the pipe exerts on

water flowing through pipe, 1b

= force acting on each endyéf free

body diagram, lbs. £
headloss, ft (equation A)

= friction factor, dimensionless,

(Figure"%O

average velocity, ft/sec

= A(AP) = ™2 |pfLy?
2 D)
Avhe  (4ud)
"y

Figure 4.2 - Derivation of equation €(4)

4-7
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Using equation (#) and conditions from the example prohlem:

D = 30 ft f = 0.008 (dimensionless)
V = 10 ft/sec o = 1.94 lb-sec?/fth
L = 1000 ft

The force tending to move the pipe would be

=
T 2 2
Hili= nofg LD - n(l.94)(0.028)(10 ) (1000) (30) - 18,280 1bs.
r—-————loooﬁ—————ﬂ
TV — ? The forcs F, exerted
Pipe A +«—— 15,280 Ibs< by the flowing water
Support on the pipe is

{ resisted by the

&_pmrt structure,

Reaction eof the support structure

Rater-

1 . A

e VR, -

Fe = 18,280 Ibs.— % __y_...%
Tethered support ¥
for condition of P\
no water flow in

S
pipe - /L//
N /

A2 4 XX

ivot-. of tethered
gupport dvue to
friction force Fy
moving the pipe

‘Consideration of the frioction
‘force F4{ for the Buoyant Concept

Formula For Computing the  Friction Force-Outedide
)

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 direction of the ocean current is parallel with the pipe. Formulas

§-%



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).

friction force pipe exerts on ocean water flowing

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

F, = (0.13) v2p2/3L (4.5)
where 1
parallel to pipe, lbs
vV =
D = outside pipe diameter, ft
L = length of pipe, ft

Friction force on the outside surface, Figure 4.4, was assumed similar

to tirat on the inside surface, Figure 4.2.

F
- Equation (4.4a) is assumed to give a
[}
{} - '] measure of this force. The friction
V—>
Direction of water factor value can be estimated from

flow outaside the pipe

the following relationship; but there

Figure 4.3 - Flow conditions is considerable question of how to

outside the pipe

define the hydraulic radus (R) for

the outside of the pipe.

£ = 8g n? (4.6)

(1.49)2 rl/3
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where g = acceleration of gravity, ft/sec
n = Manning's n
’
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 projections) has a similarity to the 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_ = mpFLDVZ = 7pLDV2  8gn?

* 5 8 (1.49)2r1/3
Fo = (0.13) v2p2/3 L (4.5)
p =y and Y = 64.4

g

for pipe the hydraulic radius R is D/4.

For example:

Let V = 2 fps
D=3 L 215 D =R REf
L = 1000 ft
F, = (0.13)(2)2(31)2/3(1000)
Fo = 0.52 x 9.9 x 1000 = 5150 1bs.

per thousand feet of pipe.



Section 5

INTERNAL HEADLOSS AND FLUID FORCES OF CONDUIT BENDS

Introduction

Bends in the conduit produce an eddy-type headloss in addition to the
wall function. Pipe bends also resist forces nroduced bv the turning
of fluid. In this section formulas are given to compute headloss for

hends and the fluid force exerted upon the bend.

Bend lieadloss Formula

There are two types of headloss occurring within a conduit bend. One
is a friction-type headloss (hg) and the second is a form headloss (hy)
caused bv the shape of the bend. The form headloss (hb) is computed

from equation (1)

hy = ov? (5.1)
2g
where hb = headloss in feet of water, ft
C = dimensionless loss coefficient
V = average velocity of water flowing in conduit, ft/sec
# = acceleration of gravitv, 32.2 ft/sec?

The total headloss hy occurring in the bend is
ht = hf + hb (5-2):
where hg is the friction headloss computed using the pipe length along

the centerline of the hend, and the form headloss.

h = fLVZ . y2
£ Dzg 2p
.




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 ¢/D ratio approaches

that of a smooth pipe.

-Rough pipe

LOSS COE FtCENT

-Smooth pipe

FIGURE 11.—Head losses in 80° pipe bends as deter-
mined for various % ratios.

Figure 5.1. Taken from Water Resources Technical Publication Engineering
YMonograph No. 3, Welded Steel Penstocks. U.S. Department

of Interior, Bureau of Reclamation, 1967, page 11.



O FIC NTC

LO

If the bend angle is less than 90° Fipure 5.2 should be used to obtain

the headloss coefficient C.

.26

.24

22

.20

08

06

04

02

o]

0° 5° 10 15° 20° 25° 30° 35° 40° 45° 50° 655° 60° 65° 7?0° 75° 80°
DEFLECTION ANGLE Aa°

F1GURE 10.—Losses for various values of -%. ratios and deflection angles up to 80°.

Figure 5.2 Taken from Water Resources Technical Publjcation 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.)

5-3
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Available information does not show the R/D ratio at which the form
headloss (hb)r%s significant when compared with the friction headloss (hf).
In reference €§} the loss coefficient C for R/D > 10 approximated the
lower portion of the curve shown 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.

VYalue of C for Miter Bends

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

Dosal_ééil suggested slightly angled flanges on the pines. 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

pipe connection. The angle of the miter-gead.;zuld be o¥ and the angle of
The flange «/2% (see definition sketch). The

angle range of the suggested miter

, ¥s
(e®) and 1° 40' to 3°.

Miter bend
definition sketch

€A)/ Mecher, W. A., Discussion of "'Factors Influencing Flow in Large
Conduits™, ASCE Journal of Hyd. Div., Vol-92, ¥o. ¥4, July 1966,
page 207.

ggl[ Litton Systems AMTD, Ocean Environment and Design Considerations in

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

5
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curve drawn 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 plotted and a curve fitted through the data points, Figure 5.4.

O, 14

o2

.10 ////
0,0§ /////
.Q
C zo.002 o:'__
©.06 | \'5/ ’
L/

C

Coaffjerent

O
o
=

<

o

| Y4

fass
o
o
N

@] Y /O /5 20 28 30
Ang/e o in degrees

Figure 5.4 — Curve fit through loss coefficient data points of smaller

angle miter hends.

/|"
Eantion (3) -may.be-used-to-compute the form headloss for miter bendsy
2 4 z £, .
g )

C =0.002 a 1.2 (5.3),

where a is the angle shown in the definition sketch. N oote

C = 0,002 o

(X



¥ezdloes Example Pro

blems

Assume D = 30 feet,
headloss (ht) for:
(1) r/D
(2) R/D
(3) Use
902
nite
(4) Use

(5) Comp

(1) The total headlo
on the conduit,

h

]
=5

t f

- !

From Figure 1, C = 0.

_ cv?

V = 10 ft/sec, f = 0.008, and compute the total

90°.

1 and A

7 and A 65°.

400-foot length pipes with a 1-1/2° flange angle to
bend (A = 90°); fecem .definitier-sketch details of the
#-bend‘a/2 = 1-1/2° and o = 3°.

400-foot length pipes, 5° angle flange to make A = 90°.

are headloss of bends for (3) and (4).

ss from point A to B
o P

equation €2) 4=90°

it hb

(5)

23, and equation (TJ

2g

Since R/D = 1, R =D

and by equation (1),

~(0.23)(102) = 0,36 ft.
a2) (325 2)
=) _ 180 - 1D
and L 380 (27R) 360 D >

Section .ﬂ

| W s 8
hf f 6.7_ (0.008) (12 (102) 0.02 ft
?; 64,4
ht = hf + hb =0N0.02 + 0.36 = 0.38 ft.






P)—GLontinued

sECT/0

—Accunulative-6 for 29 3° miter, beads and 2 1-1/2°

29 x 0.0075 = 0,218

2 x 0.0024 = 0.005

C = 0.223

=
I

v2 D
p = C L = (0.223) (10%) =0.35 ft
2g 64 .4

L = 400 x 30 = 12,000 feet
L v2 %
he = £ L2 = (0.008) (12,000)(10%) = 4.97 ft
g 30 664.4
- = [ -
h, = hg +hy = 4.97 + 0.35 = 5.32 £t

sECTgNS TNERE be
(4) For 5° flanges and 10° miter bends it,would take 9 lengths of pipe
SEEi/IFNE
to make the 90° bend. Of the pipe joints 8 would be 10° miter bemds and

VSR 4 NG
2.5 miter, bends.

* 2

b
[ |
R = [’% = 200 .~ 2295 feet
4% 0.08716
sin
\A.:?ob
C =0.002 (10)1:2 = 0.0317 S PR PR
Rz 22957 |
C =0.002 (5)1*2 = 0.0138 v

Accumulative C for 8 10° miter bends and

2 50° miter bends

8 x 0.0317 = 0.254
2 x 0.0138 = 0.028
C = 0.282

5=



2
b= C T (0.282) (10%) = 0.44 ft L = 400 x 9 = 3600 ft
: 64 4
he = £ L V2 _ (9.00g) (3600) (10%) he = 1.49 ft
D 2¢g 30 64.4
h, = hg + by = 1.49 + 0.44 = 1.93 ft
Ag
/
2 S3IHS A A S/l
I~ = s
S 11 Ceurve
v\\‘ ] \
> N
Laqqe‘ N S 5
Curve _R: 3__2_?¢_.>\L
\ i
\ |
\ 1%
:;
F\”qoo \v
[y R=7640" E3
—— s A N

: S 5;,
(5) The curve with 10° miter sections has the smallest headloss. However,
the small radius curve does not traverse the same distance as points A%
and B2 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 = 10,690 feet
he = f Ly - (0.008) /10’690\{102x 4.43 ft
D 2¢ \ 30 /\64.4/

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

for comparison with the large bend.

1,934 4.43 = 6,36 £t (small bend)
5.32 ft (large bend)

1.04 £t



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

a 1.04-foot greater headloss 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 and F _,

pl p2
act on the end of a bend. The flowing water has momentum in the
direction of flow and exerts a force Fﬁ upon the bend when the flow
direction is changed. There is also a friction force Fc which in
many cases is negligible. However, for the buoyant condition,

forces can move the conduit and the friction force Fc 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 Fp is a static force and

occurs whether water is still & '
P 7
or moving within the conduit,
The dynamic forces of momentum Figure 5.5 ~ Fluid forces acting
F, and friction FC occur only on a bend.

when water is flowing within
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.






discharge, ft3/sec

€
=
1]
2]
1]
O
]

density, 1b sec2/fth

)
|

= pressure, 1lb/ft?
2

e}
=
-

)
N
|

Al,A2 = flow area, ft
V1,V, = average velocity, ft/sec
Fp = resultant force of the bend on the fluid, with

lbs. (F and F is

components Fp, and FRy’ Rx Ry

a total force and includes the static and

dynamic force.)

Equations for forces Fp,, FRy’ and FR are given below. The corres-

pondence of terms in the equations to forces of Figure 5.5 are FPl = PlAl,

Fpy = P,A,, and Fy = Q/W(V cosb -V )

Fox SR, - P4, C°SA-Q/-‘(V2cos —Vl) (5.4)
Fpy = PyA)sind + QpV,sind (5.5)
Fp - VR T TR 5.6
and the anglefa can be found from
Tanf = F— (5.7)
Fry

ik e
For conditions of a reducing bend where P1P2, AlﬁZ’ and V1V2 equations
N A

8 and 9 can be used for determining values which may be unknown at the
entrance and exit of the bend.

Q = Vi1 = V4, (5.8)

2 2
Zl Z

_l_L 2_2_2 (GR)
52 = TR Pt

5-13



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

g = acceleration of gravity (32.2), ft:/sec2

Z_ ,Z_ = entrance and exit centerline elevation above an arbitrary

datum, ft, if bend is horizontal Zl = 22 = 0.

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

i lected, then P_. = P_=P,A. = A = A, V. =V =V, = VA,
is neglecte en 1 2 1 ) A 1 2 also Q

and the force equations can be simplified.

]
I

P - . -
e lAl PZAZCOSA Q/O (Vzcos Vl)

FRx = PA - PAcosh -VA/J (VecosA-V)
F_ = PA (l-cosd) + VA/DV (1-cosp)
Rx
- 2 ol
FRx = (P +/oV ) A (1 cos ) (5.4a)
F =MD, 7 3
Ry 2AzslnA + QPVZS]'HA
F_ = PAsind + VApsinA
Ry
F = (P +PV2) A sind (5.5a)
Ry ;
F =lF 2+F 2
R R Ry 1/2
FR = [[((2 +pV2)2 A2(1 - cos )2 + (p +/0V2)2 A2sin2a]
1/2
Fp = (p +pV2) A (1 - 2cosA + cos?n) 5 sind + cos?p = 1
1/2 ice
FR = (P +pV2) A (2 - 2cosd) Y2 - 2cosd = 2sinb/2
2 .
FR = (P +pV°) A 2sind/2 (5.6a)
By symmetry 5= 472 (5.7a)

(also by substitution of /2 = 8/2, Fp (5.4a), FRy(S.Sa) into (5.7).



o

In Figure 5.6, F, is resisting the fluid forces occurring within

R
the bend. The first inclination is to view Fp as the total force
applied to keep the conduit from moving. But Fp in the free body
diagram was established to keep the bend system in a static or
equilibrium condition. Therefore, Fp 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 /:JV2 A 2sin &/2 and acts in the reverse direction
of FR.

For the buoyant concept the friction force Fc should be calculated,
Figure 5.5. If the friction force is significant then an adjustment
should be made to the pressure P, at the exit of the bend for

friction force (FC in Figure 5.5). Because of the friction and

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



of the bend. Test results from a hydraulic laboratory study 5.5/
showed agreement with equation
P, =Py -3’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 Fc.

Ly )/Aht.

The friction force F_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

(8/2) of the bend.

Bend Force Example Problems

AssumeASSnduit centerline is located at a 240-foot ocean depth,
D = 30 feet, ); salt water 64.22 lb/ft3, 3; fresh water in pipe
62.41 1b/ft3, and internal 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.

515 -



(1) Compute fluid force for a A = 90° bend, R/D = 1, and neglect
the friction force FC
(a) V =19 ft/sec, and at a noint downstream (down the nipe along
the direction of water flow) where 10 feet of headloss has
occurred,
(b) at a point downstream where 110 feet of headloss 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 'leadloss Example
Problems' and for conditions (a) and (b) of the above problem,
but consider the friction force Fc.

(la) Use conditions at pipe centerline to compute effective

internal pressure within pipe.

10’ head loss ; 3 -IJI_L
nus’ 125"
dg, S/Jow;; $or ')

condition (a) he = 240’ -7
57 = . S
{ 1 E T i g
P=rh where h has
been des/ignatet ds. ——

pressure within pipe  Ygdp = (62.41)(240+125-10) = 22,156 1b/£t2

- pressure outside pipe -Yghg = (64.22)(240) ~ =-15,413 =
effective internal pressure gigéih the pipe = 6,743 1b/ft2

2 T
Use equation (5.6a) FR = (P + pV)UA)2sinA/2

(6,743 + (1.94)(10)2) 130202 sin 90°/2/= 6937 (707) 2 (0.707)
4

6,937,000 1bs

Fr
F

R

equation (5.7a) B = 4/2 = 90°/2 = 45°

5-/6



Direction of fluid force I:h&_
L

upon the bend | ﬁ1 Jh\

—

(1b) pressure within pive = ypde = (62.41) (240 + 125 - 110) = 15,915 1b/ft?

-~ pressure outside pipe o 1. - =-15,413
effective pressure within pipe PP 502 lb/ft2
F,o= (P + ov2) A 2 sin 4/2 = (502 + (1.94) (102)/@+38%) () (0.707)
FR = 696,000 1bs. B = 45°

(1c) pressure within vipe = Yedg = (62.41) (240 + 125) = 22,780 lb/ft2

pressure outside pipe R e - 15,413

effective pressure within nipe 7,367 1h/£t2
i (P + pV2> A2 sin A/2 = ;7367 + (1.94)(02i] (707) (2)(0.707)
Ep = 7,367,000 1lbs. B = 45°

S=17



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

"Headloss Example Problems'' hy = 5.32 ft. From preceding problem (la)

Py = 6743 16/ftZ.

Equation (5.10) bl Pl - Yhy = 6743 - (62.41)(5.32) = 6743 - 332 =

6411 IR/EL°

Equation (5.4) FRx = PjA; - PpAp COSA - Qp (V2COSA - Vj)

P Uy r:l = VA
' _ _ Q= (10)(707)
FRx = (6743) (707)—-(6411 - 707) (0) - (7070) (1.94) L(lO)(O) - 10/ Q = 7070
v 3
ft°/sec
FRx = 4,904,459 1bs
Equation (5.5) FRy = PyA, Sin A + QpVp SinA = (6411) (707) (1) +
(7070) (1.94) (10) (1)
FRy = 4,669,735 1bs
Equation (5.11) Fc = YAh, = (62.41) (707)(5.32) = 234,739 1lbs
Foece BF YWATER ON
THE BEND IS INR DIR ECTION £ 1
OPPOSITE TO TI4E PESULTANT RY
roecE, THELEEORE MPRPIVS A 45" =
ALE OPPOSITE 7O THOSE 2" For / _ +
SHOWN IN FIGURE. S-6 + Jyte = |
Fex ) T,, B
T F:CX -

e _/ .

Definition sketch showing component forces of F

Fcx = Fc CO0SA/2 = 234,739 (COS 45°) = 165,960 lbs

S-/8



Fcy = Fc sin A/2 = 234,739 (sin 45°)

165,960 1bs

Fx = FRx + Fcx = 4,904,459 + 165,960

5,070,419 1lbs

FRy + Fcy

Fy -4,669,735 + 165,960 = -4,503,775 1bs

L — il
F= VFx? + Fy?2 = / (5,070,419)% + (~4,503,775)2°7 e 6,782,000 1bs

Tz, 5,070,419

%
Tan B F% = 4,503,775 = 1.1258

48° 23!

w
I

(2b) From (1b) Py = 502 /£t

P, = P; - yh, = 502 - (62.41)(5.32) = 170 1b/ft?

FRx = P1A] - PpAp COSA - Qo (V,CO8A - Vy)

FRx = (502)(707) - (170)(707)(0) - (7070)(1.94)/ (10) (0) - 10_/ = 492,072 1bs
FRy = PpAp sind + QoV, sinA = (170)(707) + (7070) (1.94)(10) (1)

FRy = 257,348 lbs

F¢, Fcx, and Fcy same as (2a)
v S

Fx = FRx + Fcyx = 492,072 + 165,960 = 658,032 1lbs
Fy = FRy + Fcy = -257,348 + 165,960 = -91,388 lbs
F = VFx2 + Fy2 = /7(658,032)2 + (-91,388)2 7 1/2 - 664,400 1bs

5-19 o



N %:_9 _ 658,032
y T 91,388 Jom

g = 82° 6' | -
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A very costly example of the need for accurate information on the pressure
variation was the 1940 Failure 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 body, Figures 6.1 and 6.2.

Ap_
evif2

Fic. 122. Distribution of pressure for two-dimensional fow past a cylinder.

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

flow, Figure 6.3.

6.1/ Rouse, Hunter, Llementary Mechanics of Fluids, John Wiley and Sons, Inc.,

1946.



F1G. 123, [nstantancous stream lines of the von KArman vortex trail.
- kY

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.

(o))

.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 = poVD where

T

V = average approach velocity
D = diameter of cylinder

p = dynamic viscosity of fluid

p = density

Lift and drag force equations 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 y in
the form of the Reynolds number. The component of the resultant force
in the direction of the undisturbed initial velocity is the drag Fps

and the component perpendicular to the velocity is the lift F; . Figure 6.1.

6-4



The dimensionless coefficients of drag and lift are defined for a

unit length of cylinder

C. = FD C. = FL

D~ — L e———

p DV2/2 p DV2/2

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
(u/p)x

Lr’ Vr, and (u/p)r are the ratios of the geometric and dynamic simi-
larities of the model and prototype. Thus for dynamic similarity

between the cylinders used for experiment and the pipeline

Ll = ATV

(u/pdm  (u/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/

o

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 WW1l, February 1963, page 61.



Assuming a range of about 0.3 to 2 feet in cylinder diameter for

experimental data and 30 feet for the prototype pipe then

L =ufe8in—) 1= and -3 Zm-a s
L, 30 100 30 1

W

Therefore the range of model to prototype scaling is 15 to 100.

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

foot

will be based on the 0.3Adiameter cylinder.

F /v‘_i it
Experimental data las 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

_ 1.5%102 fresh

u/p = v »
50° 1.9%X10"° sea

Thus 0. 3anL = 3 OXVJQ

NS0 > |1 oixl0n?

and



If the expected velocity in the vicinity of the undersea pipe wew
about 5 to 8 feet per second, then

Vm = Vp x 88 = 5 x 88 = 440 fps

‘/’u)\r‘
A Reynolds number computed from this velocity would be in the order of

R = 440 x 0.3 = 8.8 x 10°
1.5 x 1072

There is not a significant amount of experimental data available in

this Reynold b . Fig 6.4 y 7 77
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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=—2E2 o1y 107

L g BHR

This value of 1 x 10° 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 1lift forces are dependent on the separation patterm 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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. N N,
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\(‘
: %,
a
%a
aQ — R — Y ot
O @
R ] ®
g +X ol 2
g R %
g O~} 040 At olay %
Z1.0 , R
210 b 1 L,
g B b e EA
7 ' Y
¥ [ i [ b *
i 6 t
a H 1 t g a AY N
5 £
Legend bm \‘b Sl
—0O— wilson — 30-in.-diam pile a
3= < Bretschneider — 16-in.~diam pile “]d
H Wiegel ct al. —6-.5/8-in--liam pile :
4  Wiegel et al, —12-3/4-in.-diam pile l
b— ¢ Wiegel etal. —24-in.-diiam pile, T
O Reid — 6-5/8-in.-diam pile |
~-{--Dean — 3-in.-diam pile (horizontai cylinder accelerated
—— Vennard (Steady-state flow) I | 1 l] horizontally through still water)
o1 » oy | Lol
104 2 3 4 5678 9105 3 4 56 78 9106

Reynolds number [I7]
Figure 6.5 - Drag coefficients for smooth cylinders. 6.4/

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

A Cp value of about 0.95 occurs at a Reynolds number of 1 x 10°. At
the 3-inch model velocity, the Reynolds number for the 24-inch cylinder
would be

2 x 1 x 105 = 8 x 10°

3

6.3/ Op cit
6.4/ Wilson B. W., and Reid, R. 0., "A Discussion of Wave Force
Coefficients for OffshorePipelines." J. Proc. ASCE, WW1l, 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 10°.

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

CD::& 0.6 Reynolds Number 7.5 x 104
24 4 5
m x 7.5 x 10 = 2.7 x 107.

The 24-inch experimental curve passes through a Cp value of 0.6 but

at an approximate Reynolds number value of 6 x 10° instead of 2.7 x 10°.

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 commonly used for relating the vortex

frequency to Reynolds number is the Strouhal number

where
f = measured vortex frequency
D = diameter of cylinder
V = average approach velocity

6-10



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 aqueduct, Figure 6.4.

Flow separation patterns and therefore pressure distributions are
different on smooth and rough cylinders. A part of the variations
of drag, 1lift, 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.

il — = - —— a1
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' T Kl 1 |
| | 50x10-% | - |
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2x10* 4 6 3 10° & 6 8§ 10° 2 4
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Frcure 9. Corrected drag cocfficient of rough circular cylinders in cross-flow. Comparison
with results of Fage & Warsap (1930). A, AJ/D = 110x 10735 O, k,/D = 450x 10-3;
kD = 900 1077y —, Fage & Warsap (1930).

Figure 6.6 - Drag coefficient for rough cylinders. 6.5/

— =

.5/ Achenback, E., "Influence of Surface Roughness on the Crossflow
Around a Circular Cylinder,' Journal Fluid Mech., Vol. 46, part 2,

pp 321-335.
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The large difference between the diameter of the model cylinders,
for which data is available, and the diameter of the agueduct is
& basis for reasonable doubt on the validity of extrapolating
the drag, 1ift, and "mass" or "inertia! coefficients from a
model to a prototype force. However, because data from large
eylinders was not available, the "small model" data discussed
in this section is used in recommending values of the coef-

ficients.Table 6.1.

G= ()2



Table 6.1

SUMMARY OF RECOMMENDED

Drag CD, Lift CL’ and Inertia CM Coefficients
and Strouhal Numbers
Coefficient Recommended Probable range

Bouyant concept

Drag
Single cylinder
Normal flow L2 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
Jbalseie
Single cylinder 0.5 h/d = 0, 0.6
h/d 053, @M

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



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

ik,

NOT KNOWN

Compare to pipe
natural bending

frequency
908 0.2
60° 0.1

(ON
1
N

X

Probable range

0.85 to 0.93

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

Rl C REERG
D P f

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

5

KS/D = 110 x 10~ to KS/D = 900 x 10_5, Figure 6.5

The studies indicated a frictional drag of the order of 2 to 3 percent
maximum 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 for a 30-foot pipe would be

0.001 =
KS/D = Fomeaee 3.3 x 10

5

and indicate a very smooth cylinder.

6.5/0p. cit. Achenback |5




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

Kg/D = _6 = 1700 x 107

360

falls well beyond the 900 x 10° used in determining the percentage of
friction to form drag. A curve for a roughness of 2000 x 10~° indicates
the total drag would not be materially affected except by the increase
in total projected area and in the turbulence level of the flow around
the surface of the pipe, Figureb,&. A generalization of the effect of
roughness on the drag coefficients for cylinders has been made for
higher Reynolds numbers (1 x 10° to 6 x 106). The Cph 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 force will not be steady on a suspended pipe because of vortex
shedding but experimental mean drag coefficients have been determined
for a fixed cylinder. Assuming this condition, then the range of drag
coefficient C most probably would be from 0.25 to 1.3. The 0.25

D
occurs in the 'critical range' of the shift of the flow pattern from

6.6/ Ippen, A. T., Ed., "Estuary and Coastline Hlydrodynamcis,'" Eng. Soc.

Monographs, McGraw-Hill Book Co., Inc., page 362, Figure 8.11

16
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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 Cp 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

dra
boundary both affected the }452 force, Figure 6.7.

6.7/ Wilson, J. F., Caldwell, H. M., "Force and Stability Measurements
on Models of Submerged Pipelines,' Transactions of the ASME, Journal
of Engineering for Industry, November 1971, pp 1290 - 1298.

17
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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 adjacent to boundaries. 6.7/ 6.8/

Lift coefficients (negative, that is toward the boundary) resulting from
the experimental data for two pipe Reynolds numbers, 33,200 and 56,6000,
brackets in part, analytical data and experimental data for a Reynolds

number of 150,000, Figure 5. 6.7/

u = |
. __f " 33272‘00
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Fig. 9 Ground plane and Reynolds number effects on lift of o sint
cylinder:i!# == 90 deg

Figure 6.8 - Lift coefficients for single cylinder. 6.7/
(a) Reference 19, Rouse, ., Ed. Engineering Hydraulics,

Wiley, N. Y., 1950, page 130 (b) from Reference 6.8

6.7/ Op cit
.8

6

"Ocean Environment and Design Considerations in a Prereconnaissance
Study of a California Underseas Aqueduct,' Contract No. 14-06-D-6780,
Litton Systems, AMID,. June 13, 1969.
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The lift 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.

1 T T = T "
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Fig. 10 Proximity effects on lift of two cylinders at R = 33,200 and
= 90 deg Y Y ¢ T Fig. 11 Proximity effecis on lifi of #wo zylinders @@ R = 56,600 and
6 = 90 deg

Figure 6.9 - Boundary and spacing effect on paired cylinder 1lift

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 Strouhal number (S)

Prevously cited.
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Selection of a Strouhal 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 Strouhal number
equation using the natural bending frequency of the pipeline would
indicate a critical Strouhal number. Coincidence of the number with
one in the range indicated by experimental investigations would be
cause for an extensive study 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

dF_, = dFD + dF. (Morison Formula)

{0 i

The components dFT anddFI are defined

ar = CD oD uluj_ds

(3]

dF, =



where o density of water

u = instantaneous horizontal velocity of
water particle

i = instantaneous horizontal acceleration
of water particle

Cp = hydrodynamic force coefficient, the

drag coefficient

(@]
[

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 Fy equation insure

that the drag force component is in the same direction as the velocity.

Measurements of drag forces on cylinders subject 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 velocitz)wide variations occur in the

drag force, Figure 6.11%.
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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. 9;&&1
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 CD—value applied to a cylinder in reversible accelerating
flow, as in wave action, would be the same as a Cp value for steady
flow. The wide variance of values for both Cp and Cy 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 WW1,
March 1959, pp 99-119.

9;121 Beckmann, 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 on 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 Subcritical Reynolds Number,'" Jour. Fluid Mech.,

1972, Vol 52, part 3, pp 543-563. 28
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TABLE 6.2

Summary of CD and CM Coefficients for Cylinders 6.4/

Table 8.1 Drag and Inertial Coefficient Values lor Circular Cylinders in
Accelerating Flows (lrom (3))

Coelficient

Authority Nature of C.ylmder value
4 date - diameter ——— Type of flow
and date experiments o4 Co Cn (-
(1) (o))} (3) (€] (5) (6)
Crooke, 1955 Mode! 2,1,% 1.60  2.30 Oscillatory
Keculegan and Model 3,2%,2 1.3¢ 1.46 Oscillatory
Carpenter, {av. of 29
1956 tabulated values)
i1 152 151 (Av.of 57
tabulated values)
Keim, 1956 Model 1% .00 0.93  Accelerated,
nonoscillatory
Dean, 1956 Model 3 1.10  1.46  Accelerated,
nonescillatory
Wiegel et Prototype 24 100 0.95 Ocean waves,
al., 1956 west coast
{based on their
Fig. 13)
fleid, 1956 Proiol)'pc 8% 0.53 1.47 Ocean waves,
Gulf of Mexico
Bretschneider, Pro!o!ype 16 0.40 1.10 Qcean waves,
1957 Gulf of Mexico
Wilson, 1957 Prototype 30 1.00 1.45 Occan waves,
Gull of Mexico

An average value of ED = 1.05 and ﬁm = 1.40 from Table 6.2 would be a

first approximation in a preliminary design of the buoyant aqueduct.

A mean value of Cm = 2.5,standard deviation of 1.2, and a2 skewness
asswxciated wirth coelPicrits

of about zero was calculated from datahpf 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 from Table 6.Z. Thus, a maximum Cn value appears

to be greater than 5 or about 2.5 times the theoretical value of 2.

Information reviewed generally indicates that an "inertia" coefficient

value C; = 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 contwol of experimental facilities.

6'_4/ OP cit )b
6.10/ Op cit 6-23



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. TForces varying in magnitude and direction
at sections of the pipe throughout the length could produce a highly

complex dynamic behaviour of the aqueduct.

We i GEL KoBr L.,
6.16/ Slkatak,-Richardy-Fd., Oceanographical Engineering, Prentice-liall

series in Fluid Mechanics, 1964.
6.17/ Meyers, J. J. Ed., Handbook of Ocean and Underwater Engineering,

McGraw-Hill Book Company, 1969.

27
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the pipe configurations of boundary contact and partly buried appear
to have been minimal 6.13/ 6.18/.

A discussion of Reference 6.13L 6.4/, suggests that the values of C Cr,»

D’
and Cy recommended from the studies are too low. Values of Cp = 0.5,

C;, = 0.5, and Cy = 1.5 appear to have been used in the analysis but the

discussers suggest larger values of Cp21, C, 21, and CM B 25150

Six~ and ten-inch cylinders were used in a Venturi-shaped flume for

an ivestigation of 1lift and drag coefficients 6.18/. Pressures were

6.4/ Op cit

OB18JNUD ot

6.18/ Brown, R. J., Hydrodynamic Forces on Submarine Pipeline, Jour. of
Pipeline Division, ASCE, PL1l, March 1967, pp 9-19, and Discussions PL3,
November 1967, pp 75-81.

é;lgl Wilson, B. W., and Reid, R. 0., Wave Force Coefficients. for
Offshore Pipelines, Jour. Waterways and Harbors, ASCE, WWl, February 1963,

pp 61-65.
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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 10° to 3 x 10°
resulted from the investigation. No "inertia" or'mass' 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 = 1.48 to 1.11 for a Reynolds number range

of 0.97 x 10° to 0.53 x 10°.

The 1lift 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.
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Figure 6.13 - Oscillating tendencies of cylinders 6.20/

(Reference 20 6.6/.

16.20/ 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.? x 104. Mass ratios were scaled to
represent steel pipes carr;?Zil, 1<M<3. The model ratio ranged
from 0.78 €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 fg to avoid significant
midspan deflections.

£a/f, SUO8
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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 flowing past a cylinder at an angle will take place for the
buoyant, 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/

6.21/ Chiu, W. S., and Lienhard, J. H., On Real Fluid Flow Over Yawed
Circular Cylinders, ASME, Jour. of Basic Engineering, December 1967,
pp 851-857.

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 Strouhal number and
pressure drag coefficient were evaluated for the crosswise component
as though the spanwise flow did not exist. Strouhal numbers measured
for Reynolds numbers between 3.9 x 103 and 2.1 x 10% show a gradually

diminishing number as the current angle increases Figure 6.14.
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Figure 6.14. Variance of Strouhal number
with increased current angle .6.21/

The Strouhal 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 10° 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 plane and downwash effects on drag for a single 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 "inertia"
coefficient in the Morison equation for cylinders inclined to the

current direction.

6.7/ Op. cit. (Wilson/Caldwell).
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SECTION 7T

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 7-_1. In a wave

train there can be large and small waves and a wide range of wave

heights and lengths.

A \ A
k\a \// L// u//\/\ “\_/J (d\/

Figure 1 - Wave profiles of a wave train

A mathematical theory has not been developed that precisely describes
all the diverse features of natural wave action in water. Many theories
of varying camplexity and difficulty have been developed to describe
water movement caused by waves. For engineering purposes the Airy
Equations L_/ are often used. A description of the theoretical
derivation of the Airy Equations is given in Reference 7. [e

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 depth;the results appear as dependable as those fram other

theories (Appendix I).

7,/ / Ippen, A. T., Estuary and Coastline Hydrg'f{amics y McGraw=-Hill
Book Company, Inc., 1966, pp 1k-20,
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Direction ofwave travel
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Figure 7.2. - Shape of the Airy curve

The wave profile shape as formulated by the Airy Equatiogj is that
of a sine curve, Figure _i_. This profile is regular and easier
to define than that of Figure '_?I_I__. The wave length (L) is the
horizontal distance between wave crests, and the wave height (H)
the vertical distance fram trough to crest. The wave period (‘I')

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

depths
Deep water Intermediate depth Shallow water
wave wave wave
A 1 1 o , <
d/L 2> 5 5 >4a/L>1/20 a/L < 1/20
d/L = relative depth
where
d = depth of water to bottam (measured fram mean water level)
I = wave length

As waves travel along the water surface the water particles beneath

the waves experience an orbital motion. For example, the displacement



of a particle of water about point C in Figure_lz 2  has an

orbital path ,)during the time of one wave period-F\ 73.

Displacement is the / '\Qs place men}/\@i}cal path
distance of the water ~< ~—of the water
particle fram Point C. Mot C ) (pirticle
center of orbir © |

.

Figure /.2 - Orbital path of a water particle under
a wave for one wave period

water particle —r

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, vary with distance below the water surface and relative

water depth.

The orbital paths change as a wave progresses toward the shore,
Figure /.4 . TFor a deep water wave (d/L = 1), 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 bottam. For an intermediate
depth wave (4/L = 1/2) orbital motion extends to the bottom.

At the bottam,downward movement of the orbital water motion is
inhibited, and the oscillatory motion is mainly linear, and in a
horizontal direction. Progressing 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






The Airy Egquations

Namenclature and Symbols. - The California Undersea Aqueduct, constructed

on the ocean bottam or above the bottam, 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 1ist, brief explanation, and definition sketch (Figure 2.5) of

symbols used in the Airy Equations:

X

horizontal coordinate, ft
vertical coordinate, ft
water depth, distance from mean water level to the bottam, ft

vertical distance or displacement of the water surface fram
mean water level, ft

wave height, ft

wave amplitude, a = H/2, ft
wavelength, ft

wave period, sec

wave celerity, ft/sec
acceleration of gravity, :f‘t/sec2

time measured from the instant that a wave crest is
located at x = 0, sec

phase, angle 6 = 2x(x/L - t/T), radians

Sy - particle displacements in the x and y directions, ft

v, - particle velocities in the x and y directions, ft/sec

Ay - particle accelerations in the x and y directions, ft‘t/sec2

radian "wave number," k = 2x/L

radian "wave frequency," ¢ = 21/T
pressure, 1b/ft°
specific weight, 1b/ft?

7 -5
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v =a( X l:coshkd-&'y) o (7.52 )

sinh kd

(%)
v =a(-T£>[Slnhk£—_Jsine (.5 )
(%)

2
N sinh kd
21 ¥ [ cosh k(d+y) 9
3 T '6
Ay=al 7 sinh kd }Smg (72
2 ~
_ _.(2=n sinh kgdw) |
a<_'l"_> | sinh kd } ( 7.6¢)

cosh kd

p=')’|:ac—osu{mcose-y] (7.7%)

Cambining Terms to Simplify the Equations. - The following terms

were cambined to present the equations in a simplified form. The
functions Ux and Uy are presented in graph form and will be discussed

later in the text. Iet

U = COSh k(d+y) (7.82) yy = Sinh k(d+y) (795 )

sinh kd ' Y~ sinh kd
and
Exm = aUx (7.7) Sym = aUy (2.95 )
Then
Sx = &m (-sin 0) (7.10) & = S‘ym cos © (2. )
Vx=§,11,t- &xm cos 8 (7.a) Vy=%’E €ym sin O) (. )
o N2
L Ax = < Fﬂ ) & sin @ (%.r2a) < >5.¢m (-cos ©) ("



Ebc‘pla.na'ti_o_n 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:

g=eﬂ<§-§.> ¢ ),

and can vary between values, or multiples, of O to 2%, 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 ( 7./ i through { 7./2.). Thus one cycle

of wave action occurs as the phase angle varies fram O to 2%, In

a sense the phase angle may be viewed as a 'bookkeeper" to keep
account of these continuous cycles. '"x" and "t" are variables of

the phase angle and are used to obtain the correct relative location

within the cycle for a given event.

Simplifications 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 = 0. The phase angle will then be
e = 2x <- %) « Another simplification is to state the variable t

in terms of the wave period T. For example, if T is divided into 8
i es ard_ Cogvesnd:
equal parts, the sequence o_f‘,@ha.s.e angles will Be as follows:

AN ST ST I
"'8') '1;) ’8‘: ) T '}T: '8‘;

-t -t =31t =% =51 =31 -Tit -2x .
Q:—l—;’?’—h—, A S o e radians

8 = -45°, -90°, -135°, -180°, -225°, -270°, -315°, -360°

7~8



By convention a negative angle varies as shown in Figure 7,6 o
From Equation j( 7./), the phase angle © varies in a negative direction

for the variable t and in a positive direction for the variable x.

Wave Profile., - The equation

1 = alcos ) (n.2)
describes the wave profile on

the water surface. Variation

'S /'—9 Rotation is

of the water surface with v clockwise
N

respect to time is shown in

Figure 7/, 7'2_ for x = O and Figure .6 . - Variation of

© in the negative direction
0<t<T, Since values of

6, in terms of t, are negative, these values are plotted in the nega-
tive direction on Figure 7/,7q. The wave profile progresses to the
right. For example, the reader may imagine himself located at

point P of Figureﬂ_‘ and mentally move a complete wave profile
rast himself, (One wave passes over the pipe. KOne cycle of wave
action occurs as the phase angle varies from O to 2x.) Figure 1q

shows the location of the water surface above the pipe for given times

(©12 7603

The abscissa scale of the wave profile may be viewed as distance
along the x axis with respect to the wavelength L. If the wave crest
is traveling lc.Jngitudina.l——ly with respect to the pipe, then the solid
line of Figure -7 b  shows the wave profile at the instant t = O.
After passage of time 'I'/8 the wave profile has traveled an x distance

to the right, dashed line in Figure 7.76

7 -9
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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
wve crest of Figure '+ /b . After the passage of time (t = T/8)
the crest has traveled to point A' (dashed line). By definition
the wave celerity is

C = % w
and the actual wave celerity could be computed if wave parametersL

and T are known. The wave celerity formulated by theAiry Equations is
e = g- tanh(kad) ( 2.3b )

Particle Orbit. - The Equations

Sx = Sxm (=sin'8) ( ) and Sy,= Sym cos 6 [ .10b)

describe the particle orbit path arcund a given point below the mean
water level. For example, consider how water oscillates around the
point P(x = 0,-y) of Figure_m as one wave travels past this point.
Figure___?_,'?ﬂ_q__ shows the orbit path for a given particle of water.
MNunbered points on the orbit path show location on the particle at

the corresponding times of ti, t,, t3, etce As the phase angle varied
from O to 2x the particle traveled through a camplete orbit fram point O

to point 8, Point O and point 8 are at the same location.
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Figure ).2 . The wave orbit

Figure '72b is an enlargement of one-quarter of the orbit. The

displacement of Particle PO fram point P(x = 0,-y) is defined by

€ and € . The designations &€ and £ were used for lengths of
x y xm ym

~

as5
the semi-major and semi-minor axis. As the particle travels around

the orbit the displacements Sx and Sy are same fraction (between

¢S
0 and 1) of the axig € and & . For a pipe free to move with the
N ym provide some measure of i
oscillating water, the orbit path would deseribe-ihe -reguired 4distances

aﬁe&:ﬁe&m&hmovement,\“ﬂ& naec!s “to be c,onsm(ered "

c{eﬂ'jn.



Particle Velocities. - The Equations

25 25
= a— ‘ v = h— 8 i P
Vx |I|8xmcose (n.)la) anmd Vy 7 yglsme ( 2.1/b)
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=0 »=Y)
should be used as the point of interest. In this case the water motion

is of the orbital type as shown by Figures 7,7a and 2.9b ., The

particle velocity VP is tangential to the orbit path (Figure')_:‘?g__)
and is defined by the camponent velocities Vx and Vy. Thus during one
cycle of wave action the particle veloéity changes direction 360°,
Figure 7.9b . Velocities Vl through Vg can be considered acting at
P(x = 0,-y) as shown in Figure 7.7c . When viewing velocities in
this manner (normal to the pipe), one imagines himself stationary

at a given point and observing direction and magnitude of the velocity
for a given time interval. Thus in the equation for phase angle 6

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_m__.. The velocity VP is still
defined by the camponent velocities Vx and Vy, but in this case

(the solid line curve) variable x is used in the phase angle equation and
t = 0, Values of x are stated in terms of the wavelength L. After 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’l—‘?d is for a time t = T/k,
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 Ax.

Particle Acceleration. - The Equations
2 1< exn

A= |7 Sxm sin ® (7/2¢) and Ayl=7 W Sym (-cos 8) (7./2b)

describe particle acceleration in the orbit. The particle acceleration

AP acts imward fram the orbit (Figure -.__9) and is defined by component
accelerations Ax and Ay. During one wave cycle the particle accelera-
tion changes direction 360°, similar to velocities of Figures .75
and 7,9c , etc., but precedes the velocity as shown in Figure 7./0 L.

————

Ax. e
| =5 Ap

!
ADI"{' ~ T Ay

Figure 7,90 - Particle Acceleration Figure 1,/6b - Acceleration
precedes the velocity

Vp

Note the relation of sine and cosine terms for the phase angle 6 of

a;uati_onsﬁrLé_ and 7,/2 . TFor the x direction the relation is cosine

versus sine and for the y direction the relation is sine versus -cosine.
With the trigonametric identity sine © = cos (90° - ©) a 90° shift of

the sine equals the cosine., Thus, in wave literature the acceleration

7-15



acts 90° out of phase with respect to the velocity. But one must

be careful to view this 90° shift with degrees used in the phase angle 6,
and not that the angle B, shown in Figure 7./0b , equals 90°,

because for elliptical orbits the actual angle P between Ap and VP can

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_ll;ﬂg_. In this example one cycle
of the phase angle (0 S0X< 21t) is divided into 12 equal increments.
This division is shown on the abscissa scale 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
eplanation 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’ZA@: The zero nmumbered point should be
located carefully because the location can be different for the wave

parameters (wave profile, orbit, velocity, and acceleration).

The constructed wave profile is shown in Figure 7./b_, and the method
of construction is as follows. Start at point zero on the generating
circle, Horizontally project the point to the left 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. l. Horizontally
project point No. 1 left 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 6 (note point No. 2 on the generating circle
of Figure 7.//b ). Generating circles to perform cos 6 and sine ©
multiplying operations are used in following construction of particle

properties.

Particle Orbit. - Construction of the particle orbit path is shown in

Figure 7),/2 . 1In this case, two generating circles are needed. The

circle on the right is for the semi-minor axis of the orbit path and

g
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Orbit Path
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the radius of this circle is Sym The upper circle is for the semi-

major axis of the orbit path and the radius of this circle is & .

For point No. 2, the values of Sx and Sy are shown on the respective
circles. Dotted lines fram points No. 2 on the circles show how point
No. 2 on the orbit path is located by the intersection of the Sx and

Sy projections. In like manner, points O through 12 are located for

the orbit path and then the orbit path can be drawn in.

In Figure 7./3 establishment of the proportionate orbit vector I-;

is shown. The objective was to have a vector (IZ) somewhat similar

to a unit vector. This was accomplished by the following steps:
(1) Divide the semi-major axis Sxm by Sxm which sets the semi-

major axis equal to unity.

(2) Divide the semi-minor axis § e DY Sxm (RA = Sym/sxm)’ which

sets the semi-minor axis as a ratio of the semi-major axis.

(3) Construct the particle orbit path as shown in Figure L /2_;
but for the upper circle use a radius equal to 1, and for the

right-hand circle use a radius equal to RA'

Thus by this "proportioning technique" equation 7./3 is developed.

B v
th =¥y ( 7.13 )
Xm (o]
> > >
where I =1 + I .
(o} (04 oy

Equation '7,/3)__ can be used to define the orbit path. The relationships

of vectors shown in Figures 7,/7 and ),/3 +to Equations s 1O

are as follows:



81 = Sxm(-sine 0) (2%i0a) Sy = Sym cos © (N10d )
= <= N N
Sx = “xm on S‘F =8 on

In a sense, vectors I-c:x and I:y are (-sin 6) and cos © functions;
-
however, because of proportioning the orbit, the vector on is more
>
->
useful. It should be noted that in equation Sy = Sxm on the Sym

term does not appear, but has been replaced by a Sxm term, which

allows the formation of equation . /7.33“;

- R 3 s - ->
€=¢ +86 =¢€ (I_+1I )=¢ 1 (14,13)
5 vy xm “Tox oy X L0
In showing this replacement, the on vector is
I = (-sin @) (semi-major axis of Figure 7, /3)

oX

- coma (52,

and the I” vector is
oy

. (cos ©) (semi-minor axis of Figure 7./3 )

&
T =(cos o) R, = (cos o) < gﬂ > , and
xm

> > Sm
then 8y= g on= Sxm [(cos 9)< §L>:l = Sym cos 0)
F i

thelin—a_g‘go:‘ on (7.10b)
While replacement of the Sym term With/sxm term,may appear inconse-

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.



This "proportioning technique" will also be used to establish propor-

tionate vectors for both velocity and acceleration.

Particle Velocity. - Construction of the proportionate velocity vector

I_; is shown in Figure_’?._/_/ﬁ_. Constructing the diagram is similar to
that of Figure _7. /7.« But in this case the zero-mumbered points on
the generating circles are located 90° clockwise fram the top of the
circles, Also the radius of the circles are different than those of
Figureﬂ_ in that the radius of the upper circle is 1 and the
redius of the right-hand circle is R, = Sym/ Sxm. The relationship of

vectors noted in Figure 7, /4 to velocity equations 7, // is as

o e i

follows:
V =22 & o5 0 (7./12) V. =22 § gine (72.115)
x - T “m e y T ym '
\?:(2—">8 i \7=<2—">8 T
b'd [ Xm " VX Yy T Xm vy
-> > ->
V =V +V
P x v
=% +71
v b N
and
—)_ 2_,( -> E -»> 21 <>
Vp—<T>€5chvx+<T> SmeVy=<T>8mev (%04

Particle Acceleration. - Construction of the proportionate acceleration

vector I-; is shown in Figure_’). /S . Location of the zero point for the
generating circles is at the bottom of the circles. The relationships
of the vectors noted in Figure 7/,/5  to the acceleration equations 7./

are as follows:

7~ 22
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2 2
A= < %") Sm sine  (2.1q) A = <?,-r’£ > Sym (-cos o) (7.12B)
g=-(=2Yg 2 ) -
Yy T Xm ay
and 5
fp:(%") Bur it (2.15)

Review of Wave Property Diagrams. -~ With respect to time t, the wave

profile diagram (Figure ), /)b ) shows location of the water surface,

the orbit diagram (Figure_’?_./;g_) shows payticle displacement, the
velocity diagram (Figure_M:’{__) shows direction of the velocity, and
the acceleration diagram (Figure 2515 ) shows direction of the accelera-
tion. These four diagrams are consolidated in Figure _Mﬁ_.

As an example, consider what is occurring at point P(x 5=V) (centerline
location of the pipe below the mean water level) when t = 'bz. Point

No. 2, Figure 7+/6 , of the four diagrams gives the answer. In

Diagram 1./4Q the water surface is one-half the wave amplitude above
the mean water level. Orbit properties from the remaining three diagrams
are illustrated in Figurei?;_zz._. Actually the velocity Vp, and accelera-
tion Ap » acting at P, could be transposed to P(x,-y) and considered as
acting on the pipe centerline. This would be for the condition where

the pipe is rigidly fixed at the location P(x,-y).

n-25
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L 1 Barticle locotion
vhen t=t
PCy) P .v‘:/ en T=Ty
/
'\._.\--\-- _,..-"!'-'J

Figure 7,/ - Orbit properties when t = t,

Notice in Figure 7,/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 6 difference between the various orbit
properties. Actually one diagram is sufficient for the three propor-
tionate vectors fo c I-;, and I-;‘ 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 713 ’

—

2 4, and ‘7,5~ for camputing values of the orbital properties. More

information about use of the proportionate vectors will be given in a

later section.

7~ 27



Force of the Oscillating Water Acting upon the Conduit

The Morison Formulae. - The Morison Foxrmula is selected for camput-

ing hydrodynamic forces, resulting from wave action, that act upon
the pipe. The hydrodynamic forces are camposed of two parts. One
part considers drag force created by velocity of water flowing by
the pipe and the second part considers the force of the accelerating

w ater acting upon the pipe. The formula is
drag acceleration

A
(\)_\ ~

_ T oRg)
F=5% pCDDV2 +7 e B (%./60)
where F = force per unit length of pipe, 1bs/ft
p = density of the water, slug/ft°> or lb-sec”/ft*
D = pipe diameter, ft
V = velocity of water flowing by the pipe, ft/sec
A = acceleration of water acting on the pipe, ft/ sec?

C, = drag coefficient, see Section 6

C_ = inertial coefficient, see Section &

Cambining and Rearranging Terms

Equation”, /(G o is vwieved—assbeinmg composed of constant and variable
terms. The variable terms are velocity V and acceleration A acting

upon the pipe. Then Equation__' + 162 can be stated

pC..D neC D'2
vhere K, =-§L (v ) and KA=—-,:I5— (7.18)

-28



Entering Proportionate Vectors Iv and Ia into the Formula. - Equation 7. /6_5

should be stated in vector form because in wave motion the velocity
and acceleratlon may not act in the same direction at a given instant,

and may also vary during the time period T. The vector form is

> >

Fp = Fp ch(v ) +K, (2i6C )
- = o
where F’l‘ = total force vector ({ Fipe
> \ N
Fp = drag force vector “  / 7 To
A< 4,
F-‘:\ = acceleration force vector. F.
T
Equations
21 ’ 91{ = =
v, < ) oL (1) < gL (2.5)
or V+2 = 371 g 2 (I*‘?)
P T xan v

were substituted into equation 7./6C to obtain

lg)(V)+ pl%<2“>82(1)+1(<>

3 ox 2 5 <2 >
= I i AL
Fp < > [!5) (V)+Aa] @i6d)
and equation 2./6c was altered further by entering
:tpCmD2
T nC D

m Xa
=DCDD =TC:;‘ (’7.)7) . KD=‘I§ =

Salfts

KR=

1

Then the force of drag and acceleration acting upon the pipe due to

wave action becames



i

(.16e)

2t
Fp = < T

An example problem showing the use of equation 7,/be will be given

F’,; < >8 L% (Iz)+KAI-;]
AR

(I )+I :’

later in the text.

U._ and U _ Functions
X Y

qu ] ?té
The hyperbolic sine and hyperbolic cosine terms pin the Airyagesine J

tewme vary depending upon the values of k, d, and y contained within
the terms. Since these hyperbolic terms are common in the equations,

they are cambined in the Ux and U;};F‘unctions of equations '?,8 -

U = cosh kfd-lv) (7, 9a ) in = sinh kfd*‘y) (/"'8‘0)

x  sinh kd y  sinh kd

The Ux and Uy Functions are shown in graphical form, Figures 2.18
and 7./9 . These figures show (1) function 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 4, and is shown in Figure 7. ©2 . The

term (d+y) is the distance of the pipe centerline above the ocean

bottom.

1- 30
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I fMean water depth

)

d Proportionate Depth = (—%ﬁ)
GrtPipe
l __f bottem

(d+Y)
¥
Figure 7,20 =- Definition sketch of proportionate depth

Example Problem

General. - An example problem will be worked and a pipe force
diagram obtained for one cycle of 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 of the Ux and Uy Functions, construction of the proportionate
vectors diagram, and use of the I.; and I: proportionate vectors in
the Morison Formula. A sequence of steps is given that lead to

the “graphic" construction of the force diagram.

Graphically constructing a force diagram should be viewed

as a visual aid in designing the undersea agqueduct, 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 wawve action. This mental
picture should prove useful when the equations are used to formulate

a camputer program for solving the undersea aqueduct problem,

Conditions of the Problem. - Conditions of this problem were taken

from Reference ;,~/, pages 3=33 to 3-35. However, in this example

31
7,33



problem a fixed wave length of L = 685 feet is used for all three
water depths. (In Reference 7_"2__/ , L = 750 feet for the 300-foot
depth and L = 736 feet for the L00-foot depth. More discussion

about this will follow after working the example problem.)

The pipe is 30 feet in diameter with the centerline located Lo
feet above the ocean bottom. 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 = 1,94 =~ 2,0, drag coefficient Cp = 1.0,

and inertial coefficient Cm = 2,0,

Schematic of Problem Conditions. -

. - - ) ' . ol IS A e
Direction oTwave Travel Bkl ~ S
e i f
= - o H=50'
) |
y:_lqod: IBO‘ I_ i
e @-T—!Zsec t =0 sec.
(r,J" Pipe %, X;
(d+y): 40 The wave crest travels from X
1 i to X, (Xn - X_ = 685') during
RS S RS SRS e Ol Se e S ThavsmuanroTile dan

o3
be viewed as passing over the pipe
and traveling from left to right.

X and y coordinates for pipe centerline

Pg (x = 0, y = -14%0) and

pipe is rigidly fixed (not free to move)
at these coordinates.

Figure 7,2 ! - Problem definition sketch

il 7.2{ Ocean Environment and Design Considerations in a Prereconnaissance
Study of a California Undersea Aqueduct, Litton Systems Advanced Marine
Technology Division, May 16, 1969,

e
7-34



Steps in Obtaining the Force Diagram

Step 1 - Campute relative depth and proportionate depth
Relative depth d/1 = 180/685 = 0.263

Proportionate depth (d+y)/d = (180 # 140)/180 = 0,222

Step 2 - Determine Ux and Uy function values
Using the proportionate depth (0.222) and relative depth
(0.263) the function values are obtained from Figures 7.!9

and 7.19.

= 0.k _
U, = 0.2 U = 0.15

Step > - Compute semi-major and semi-minor axes for the orbital

path about point P, (x = 0,y = -140)

g
Fram equation 7.9¢ Sm = al_= (25)(0.42) = 10.5 £t
From equation .74 Sym = a,Uy £ (29)(.15) 4= 3, 75kEt

Step 4+ - Constructing the proportionate vectors diagram

&

_ =215 _
Campute RA - Em =105 = 0636
0

5

For this example the phase angle © is divided into 12
equal increments. A® = 30° and Vt = T/12 = 1 sec. If
a more detailed diagram is desired, the phase angle could

be divided into more increments,

The Proportionate Vectors Diagram (ellipse of Figureﬂ’?.?_’l.
is constructed by the process shown in Figure ’7,/@, but with the

radius of the upper generating circle equal to 1, and the radius
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There is a 90° phase angle difference between each successive

diagram. The location of each proportionate vector when t = t,
is shown in Figure /.23 for this example problem.

For this example problem At = T/12
and A8 = 360°/12 = 30°, then three
time increments equal a 90° phase
angle difference ?BAQ = 90°), In

M 120 this diagram the point numbering
- is for the orbit path, therefore
9 the correct numbered point for
- >
: I precedes I Dby 3 points
r v (o]
| =
- . L (243 = 5), and L precedes

Io by 6 points (246 = 8).

Figure g X IS Proportionate vectors for t = t2 of example problem.

The large-scale Proportionate Vectors Diagram is shown in Figure__?;_.
Points of the respective time increments are mmbered clockwise
around the diagram. Below the point number the value of the pro-
portionate vector is given within the parentheses. This value is
the measured distance fram the center of the ellipse to the
perimeter and is measured with a scale. An example of this
measurement is shown for point 2, fFigure /v 24 ., The relationship
of the proportionate vectors to orbit properties at tz is shown

in Figure 7.25 .

Figure Do oeSe _ = Orbit properties at t,.

N
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The mathematical computation for orbit properties shown in
Figurqj&jgfand how to use the proportionate vectors are given.
Values of the vectors I = 0.885 (Point 2), I = 0.59 (Point 5),
and Ia = 0.885 (Point 8) were obtained from Figure ‘7,24 and were

substituted into numbered egquations as shown.

2\ _ 27
8- ()0t (§)om
> >
&= Sm I =10.5T = 10.5(0,885) = 9,3 £t (72.13)

= < T—> Sm = Oe 524 (10.5) I =5.50 I = 5.50(0.59) =
3,2 ft/sec (2.04)

2
_ 27f > i -»> _ > _ 2
= < < > Smea = 0.2‘"(1+(1o.5)1a = 2,88 Ia = 2,6 ft/sec )

Step 5 - Substitute problem values into the force equations

- 8 -*2 =

FT=< A[K? (Iv)"'Ia] (7.16e)
ntPC D2 2

_ _ x(2)(2)(30)° _

K, = um = " = 2830 (2.18 )

P S (T 1) SR (1.9)
2Cp (1)(2)

Sxm = 10,5 ft from Step 3

Then

o)
]

+ 10. >0 =+
* = (0.274)(10.5)(2830) [ PR 4 T ]

o |
]

~ ->2 ->
8140 [0.111 (e il ]
v a

This is the force equation for conditions of the example problem.

=6
n_39



Notes - (1) The lishter lined veclors which arc c/eu/qnafca’ e 'I'hrq@ are proportionete vectors
o5 Fiugure 224 which were vicwed Yhrough 1he /VW)J,JJW' ’/7‘ Sheet, ‘
(1) The dolled /1'765 5""0)71 /Jﬂ//n‘,s o’ Too / 'f'o/ 2 102 ) and %' 1o 3; )’E/Qle fo 7’"16 VGCJ"OI"
addstion ex,o/m/;ec/ jn Steps 6b 7"hru 6e, -

t=26sec .
(0.375) . t = 73¢c
t=Ssec 30s0 Ms g, ' ' (o.fslz
(0.66) © 6 . H3lo lesy,
g3v0 1634 T t=¥sec
5 . (0.%6)
1000 /b3 4 -
L= H4sec v Fr
(0.915‘7

£ =losec

(0.9157)
I ,::;" - 1450lisy,
'7””""""/5,- ; oy 5 f;;zz;ec
- o
pvey B L e
#3/0 /65/“ . . o (0,375)

3050 /‘1’5/5-+

Figure 1.26 — Force D/aﬁr'ai))e



Step 6 ~ Constructing the Force Diagram

Values of the proportionate velocity vector I:; and the propor-
tionate acceleration vector I; are substituted into the force
equation. A graphic method is involved in making the vector
addition as required by the force equation. The campleted Force
Diagram is shown in Figure_ql?-é .Before explaining the graphic
vector addition an illustration of drag and acceleration force
acting upon the pipe will be given, and shown in Figure ' Wz,

Then in Figure '« the operation of adding vector forces FD

and FA is shown, but where the addition actually occurs using

the proportionate vectors I-:r and I';. Afterwards Steps 6a through
6g are given which explain how the graphic construction of the

force diagram shown in Figure 7.6 was done.

The drag and acceleration forces acting upon the pipe for times

t,t

ATRTY ta’ and ta are given in the table below:

Table of Drag and Acceleration Forces for Example Problem

tn ;tl 1:2 Ta

1.0 0.885 0.59 0,36
0,36 0.59 0. 885 1F5e]
5.50 4.87 7. 2 1.98
1.0 1.70 2850 2,88
908  T12 315 118
2940 4810 7220 8150

G i R L




The formuilas from Step 4,

->

> >
= =
Vp = 559 I, Tt/sec  and Ap = 2.88 I ft/sec
were substituted into the following equations
IS] ( p l.-'l and PA = A\.AAP
< = 7/

to obtain the drag force F; and acceleration force F;. These

. . ’
vector forces are shown in Figure ) 2.1 .

To = Osec £,2 | sec Tr = 2 sec
Fo
908
Fa “:-“ -1
1810 Fr
Fa Fr a1 = 2 sec
2940 £ -
8150 p————="T L
n
b 1%
Figure « = Vector forces of FD and FA which nust
be added to obtain FT defined by

equation. 26 & -y

The vector addition of the drag and acceleration forces is
- =
done with the Iv and Ia vectors that are within the brackets

of equation

i = 8140 [o 111 (1V Jh & ] (7./6€ , fram Step 5)

= —
For t = t_where I =1.0 and I = 0.36, the operation of

> + . .
[ 0,171 (Ivz) T Jis done as indicated in Figure 2% . The
same operation was done for times 1:l 9 t2, and ta as shown in

Figure -2 ¥ b.c, a

3pSH



- =
Po;nf Oand 12 on Fi9 9.2¢4 is Sor ¢:¢, 3 fv-’ 1.0, and I, 70,34
1) (Iv2) = (0.1)(1.0)(1.0)= O.i1

C O.1(Tv2)+Ta]

( Fi. 728 a)

|

Point | of Fig 726 is for t=t, , Iv=0.885,and Ia=0.59

ol

Iv=0.885
Points land I' of Fig. 72,26




Foint 2 of Fig. 2,26 is for t=ty, Iv=0.59,and Ta=0.885

& 0NNV =(0.11)(0.59)(0.58) = 0.04

Ta=0.885 \
- _ e
| CONI(Iva)+T0]

Points 2and 2’ of Fig, 7.2.6\ Tv=0.59
(Fig. %,28¢)

Point 3 of F;S.’?.Zéis for 4= by Tv=036,and Ta=]0

—

1 -
(011 1v?)= (0.11)(0.36)(0.36)
=0.014

] —
CON(IV)+Ta]

Points 3and 3" of Fig. 7.26

(Fig. 7,28 d)



The vector additions indicated in Figure 7. 2.9 are accamplished
during the graphic construction of the force diagram, Figu:re_').ﬂ-é .

The method of construction is as follows:

(a) A transparent sheet of graph paper is placed over the
Proportionate Vectors Diagram of Figure 714 , 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 2.2.6 ).

(b) Select the proper I;; and I.; vectors that correspond to the

times to » t,, t,, ete., when making the vector addition operation.

Point numbering for the Proportionate Vectors Diagram is for the

orbit displacement. The phase angle 6 for the I'; and f; vectors
+

precedes the IO vector (discussed in Step 4+ and shown in

Figure 7,23 ).
(¢) Make computations for determining what portion of the f:r vector
should be added. The portion of the fv vector is

=

B

=k
and for the example problem is 0,111 (Ivz). Examples of this

-+
(Iva) fram equation Te/6C

computation are shown in Figure i« .

S
(a) Loca,j"e the I vector portion on the transparent sheet of

paper, ' The points O', 1', 2', and 3' on Figure_qo - @__shcrw the
Iv vector portions for times to’ 'tl ‘ t2, and ts. These points

o*, 1', 2!, and 3' are those shown on Figures '/,2.8Q through_'?.'l,?{c‘.

N~ HS



The method for locating these points on the transparent sheet is
to measure the distance (0.11, 0,09, 0,0%, 0,0014) with a scale

for the respective vectors.

(e) Iocate the numbered poin:ts on the Force Diagram., Using the
points (0', 1', 2!, 3') determine x and y camponents of the I:
vector portion and add these components to the I'; vector. An
illustration of this vector addition is shown in Figure {

for point 1.

o
o 0.112(1 %) /
- L [ - A ot
il -~ ¥ Trowm Faa 7,2%
S~ 209y 5 e ) {
~ 7 [ Ty

’ FraN — ¥

F‘\Q 71?‘?9
Detexmrine x and y

~dy
;

- o il
f::,l//\a-,,l) +ig

{
conponent vectors y ;}{/
) T~ Yoy J/
Poiats 1. 1.7, @axd [/ are P N &4
IOM#-V 1):31:7}"} O.)/}{..l—::,’)-—/ /
Shown 10 Fraure 0,26, t= lsec
(0.53)
Fig .25 H3I0 st

Adding the x and y component vectors to

the I vector

- a
_ T, F

Figure 7.29 - Illustrating graphic vector addition of L.G-“‘(IDHIQ—J. The
x and y components are determined for the oynxtf?)_gortion, Figure 7.29a, and
these same x.epd.y components are added to the Io vector, Figure 7.29b.
The graphic vector addition operation is similar to that for tl 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 manually done on tk’xe
transparent sheet (Force Diagram - Figure 7.26) by using the proportionate
vectors (Proportionate Vectors Diagram - Figure 7.2/,) which can be viewed
through the transparent sheet,

Using grid spaces that can be seen through the transparent sheet

the x and y component vectors are determined by visual inspection.
-+

Then again by visual inspection the components are added to the Iu.

vector by use of the grid to perform the manual vector addition

) — K6



->
[ O.lll(IVE) e I: :|. Point number 1 of the force diagram is then

located and marked on the transparent sheet.

(f) Measure and note distance for mmbered 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 2,20 ). These distances are noted in parentheses by the
respective points of Figure 7.=b , The distance represents the

magnitude value within the brackets of equation from Step 6

> 81k Vio
Fp = 8140 [0.111(1v ) + I ].

() Compute the total force at times t_, t,, t,, etc., and note
the forces at respective points on the force diagram. Camputation
for some points are shown below. The values 0.575, 0.55, and

0.86 are from the force diagram (Figure /.2(¢ ) and are those from

Step 6f.
For t_ F; = 8140 (0.375) = 3050 1bs/ft
For t, ﬁ; = 81%0 (0.53) = 4310 1bs/ft
>
For t,  Fp = 8140 (0.86) = 7000 1bs/ft

The Force Diagram, Figure 7.2.6 , shows magnitude and direction of
the force acting Hpon the pipe for the 12 incremental times of the

wave period T.
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Example Problem Continued for 300- and 400-foot Depths

300-foot depth

Step 1
1 d 300
Relative depth T =50 = 0.438
: ko
Proportionate depth %56 = Sl 1.9
Step 2 From Figures 7./# and %7./°
x
U = 0,048
y
Step 3
8m =25 (0,138) = 3.45 £t
8 = 2 0.0h—s = 1l.20 £t
o ( )
atep
& al U &n_hk(d_ﬂf)_
R = SNy sinhekds
i 8:-::-— al, Ux cogh k{d4dy)
- ainhld

Since the (d+4y) = 40 the ratio A
%00-foot depths.

(Figure 724 ) cen-be used.

Step 5

>

400-foot depth

a koo
i - 685 = 0.58L|'
11:,%6 = 0,100
U, = 0,054
U_ = 0,020
y
Sm =25 (0.,056) =
&€ =25 (0.,020) =
Z ( )

tanh k(d+y)

Thus the same proportionate vectors diagram

+ 2 =
2
Fop = 2675 {0.037(1v ) + Ia] 300-foot depth
<> ) >
FT = 1086 [O.OIS(IV ) ar Ia] 4 00-foot depth

DY

1.40 £t

0.36 ft

R, does not change for the 500- and

2 )
2 > &5 14' -» >
Fp = ( = )& K [——KRm (1,°) + 1, ] = 0.274 (3.45) 2850['@3',5(Iv2)+1a J
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Step 6 - Construct the Force Diagrams
Force diagrams are constructed for the 300- and 400-foot water
depths and are shown in Figure 7),20 . Note that deeper water
has a sheltering effect upon the conduit. Forces acting on the
conduit at a 400-foot depth are approximately one-eighth those
of the 180-foot depth for 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 for a 180-foot water depth. These same
wave parameters are used for the 300- and 400-foot water depths.
Care must be taken when reversing the process and usingAa- Loo-
foot depth in succeedingly shallower depths, because high waves
in shallow water tend to break, Figure 7,3 . References_/, 2
and ./ give information about breaking waves, Another danger

of the reverse process is that

wave parameters of H and L may be ﬁ

reduced as a big wave moves fram ’/ \

gradually deeper to shallower

water. Thus, wave lengths in Figure_z,'sl . - Breaking
wave

Reference 7,2 /| were different for

the 300- and 400-foot depths, In their example problem the

"reverse process" was used by modifying the wave length L.

73/ Wiegel, R. L., Oceanographical Engineering, Prentice-Hall, Inc. ,
pages 175 to 177.

‘7,1 | Ippen, A. T., Estuary and Coastline Hydrodynamics, McGraw-Hill
Book Company, Inc., 1966, page 114, Figure 2.11.

1- 50
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Additional information about modifying deep water waves to same-

what shallower depths is given in Reference 7.4 /.

Buoyant Concept

Suspension of the Conduit. A schematic sketch of the conduit in suspen-

sion is shown in Figure ¢ 2_.
')

= _— e K
.-;_-- T m—— _\--\___-'_ Tw 2 y P \ .
= ; | |
! | POxy)
" e-—>_X
ipe = \ '
?__ - _ — — E /
= ——p—— e T N -

i ! =
“Tetnered cupports tied Pipe tethered at P(x

»¥)
coamr BoTTom
B e HXX but has same freedam of

B G
Ocean Bottom movement

Figure ')'32_. = Conduit suspended above ocean bottom

The pipe is suspended above the ocean bottam and is not rigidly conflined
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 (Figure2.33g ) the orbiting water exerts

a minirmum drag and acceleration force,because velocity and acceleration

'Zﬁ‘/ 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,

-5
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: (Orbit path due i
S 5«?‘0 wave action _/ _ )H e
- 7
( ) AN

/7 X / . /—:.O \
/

| ‘ \ L)

/ . e Orbit  path
-~ < 0% pipe
\ / o _ £

Figure 7232 - Pipe completely
free to move with orbiting
water

Figure 7,33 b - Pipe moves with
orbiting water but tethers
restrain the pipe orbit path

=i

of water relative to the pipe are small since the pipe moves with a

similar speed as the surrounding water. However, the tethered pipe

will not be free to move with the orbiting water, Figure 2,336 .
In this case the pipe is not subjected to the full action of the
orbiting water. The important factor is that drag and acceleration

forces acting on the pipe are produced by velocities and accelera-

the relative

tions relative to the pipe. As shown in Figure 7.3 4

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 the

idealized condition of Figure 7.33b. The pipe movement may be only
slightly out ef phase or greatly out of phase as shown in Figure 7.34.

Ve ¢ Pipe moveimen¥
=
N t
- -~ N
i) Q\Q
- @
| A,/ &
Ap

Figure L34 . - Schematic showing movement of the pipe which is out of phase
with velocity and acceleration of the orbiting water.
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Use of the Morison Formula. - When there is pipe movement relative

velocity and acceleration should be used in the Morison Formula

Fp = K,(Vp7) + KA (2.16C)
pC D :rocmD2
Hp == LRG| S :

The relative velocity and acceleration are

-+ <> > > > >
= - = - vy
Vi vp v, (7.20) and Ag Ap A, (7 )
where
+
VR = relative velocity vector,
= > >
V. =V_+ V = particle velocity vector,
P X i
\? = conduit velocity vector due to pipe movement,

o

relative acceleration vector,

o

> > >
AP = Ax + Ay = particle acceleration vector,
A.* = conduit acceleration vector due to pipe movement.

C

One difficulty is detemmining what '\;:: and A':: values to use in the

Morison Formula when camputing 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,

2-53
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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 transport

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 moedling 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 enviromment 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. —

Hopefully at this point in the appraisal, furt?ﬁt 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 flows. 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 classification 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 LLSET;J?EW



m ——
a.J
MAJOR DIVISIONS TYPICAL NAMES (33 z¥%
2
OF SOILS OF SOIL GROUPS x3 3
> oY
n o
W
@
< nw s
2N % o & |well graded grovels, grovel-sand - 2
g o2 z% mixtures, little or no fines
- s g x <
P
o : w o ZzZ o
o n o5, @ < = Poorly graded grovels,grovel-sand 6P 3
';'. t.uj g ° “ = mixtures, little or no fines
v =
i 3333
c - o X w .
42 5 S= =R 2 | Sitty grovels, poorly graded - 5
8 < c < i’; 33 ‘é : grovel-sand- silt mixtures |
i~ on N © o
S > *TET UZ ¥+ Cloyeygrovels, poorly graded i
0O o @ v 2 w ac yey g P yq GC 4
w, e 5% ~n 3 X S 3 grovel-sand-cloy mixtures
zn 2 —-w e Zg .
-3 I 2 v25 0 o [Grovel with sand-cloy bindar|GW-GC
q B¢ € e o i ]
P ;; @ S . ¥g 0w g
©osa i 2N £z S < Well graded sonds, grovelly sands, SwW 8
€ o S e ud < g little or no fines
[TV + Pl 2 gf " c
n o = 2z z o
[+ < =) @' + O
«° G 22 8% < «  poorlygraded sands; gravelly 9
OZ S o35k i sands, little or no fines 5P coarse
Q g o O © 2 ‘n (8] ; !
£ ¢ zZ%5:- 3
o S Qw5 = w
‘Z S wg= 2 T =g Siltysaonds, poorly graded sand- o 10
= % T8 3o« siltmixtures coarse
v 8292 LWwoss
2=
= -2 > a7 EE Clayey sands, poorly graded
2 g9 Z a3 saond-cloy mixtures s¢ 7
PP et w =2 E
= D [s i F -
W and with cloy binder Sw-SC &
pre——————c
o T " tnorganic siits and very fine sands,
Q 2 : rock flour, silty or clayey tine 4L
s < J+o sands with slight plasticity
v "
E ® o~ S Inorganic cloys of low to medium
‘_"‘ - ~ 5 ® < pllcsfici“, gricvellly cloyls.sondy cL "
- cloys, silty cloys, lean cloys
m -~ - . . . .
o & o o 5 Organic silts and organic silt- oL
w 2N o » cloys of low plasticity
w N
< 5o g4
[ — o
a5 = %) Inorgonic silt, micoceous or
x g~ 2 > diotomoceous fine sandy or silty MH
©E = < a soils,elastic silts
“ S B il v
w o O E c
4 - o
Zs o~ £ Inorganic cloys of high plasticity, 12
w Z 2. fat cloys
c g o o y
= -
= o
- w53
® BT s Organic cloys of medium to high
3 " plosticity

HIGHLY ORGANIC SOILS

Peat and other highly organic soils

3

")\'"X‘Numbers above indicate the order of increasing values for the physical property nom:
indicate relative suitability (1= best)

rapulrg sl

Sor.

cc 82/

<
\



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
ad L;.ﬁfl(

(PLerange of water content through which the soil has plastic character-

istics.

Figure 8.2 taken from82/ shows the relative resistance of cohesive soils
in terms of the Liquid Limit (LL) and the Plastic Index (PI). The "A-line"

separates the clays above it from the silts below. It should be remembered

"H’\t V(Av\k"\.\ N

to soils that were compacted to 90 pcf (pounds per

cubic foot).

3.2/ Op cit
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Table 8.1

from Lee and Valent

Percent

California Division of Mine Occurrence Unified soil classification
and Geology Classification 3-mile limit

Rock (Rx) 37

Gravel (G) . 7L SW, SP, GW, GP

Sanid (CS)(S)

Fine Sand (FS) 33

Mud (1) 7 CH, CL, My, ML*, SM

Shell (SH) 2

* Most common on shelf near shore.

3-8



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 o V6 . . . . . . * o . * o e . . . (8'1)

The quantity of sediment transported (qs) is proportionally related §;§/

as follows:

q o VMo s R S (8.1)

where the exponent (n) is approximately equal to 1/4. Equation (3.1)
suggests the possibility of a critical velocity (V.,) that will just
move a particle of diameter (d). If all the particles are assumed to

be spheres with constant specific weight, then we can write

Wodd . . 0 v e e e s e e e . (8.3)

and combining with equation (8.1) results in

“ . ona (9.4)
Vcrad...1.-...¢.

= S
Vcr_fl(d)iq-p-.....o-(S)

3.5/ liyers, Holm and McAllister,

Engineering, iMcGraw-Hill, 1969.



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 meet easily be determined from a free

body diagram and assuming normal flow. Then

T=YeDS ..o v, (8.6)
where T = the boundary shear #/£2

D = depth (ft)

S = slope of bed or energy gradient

y = specific weight #/EE3

f = subscript denoting fluid

8-10



Sometimes the effects of cohesionAincorporated 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

Sq = standard deviation grain size
Kq = skewness of grain size

¢ = void ratio

7C = percent compaction

Svs = vane shear strength

C = 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 (eg)

is expressed as

e 0 piSe . pomalite . Mo lU8EG)

where (V') is velocity fluctuation about (Vm) the mean velocity. Values

of (e¢) 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

2
Vyp -V,

5.75 log 10:%2;
L gl
where (Zl) and (22) are elevations above the bed corresponding to (Vl)
and (VZ)' 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 CT;r) or shear that

will just move a particle of diameter (d) and we can write
T =f, (@ - .o v v v oo 0w .. (8.8)

When over 50 percent of soil particles are less than 0.074 mm then cohesion

(Co) must be considered. Equations 8.5 and 8.8 are modified to read

<
I

e = E1 (6, €0 v o oL Lo (8.5a)

I

Ty =2 (4, C0) . . . . . . . . . . (8.83)
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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
(V) and therefore the largest fluctuation to be expected would be nearly
(30) where (g) is the standard deviation. Kalinski 8.8/ found that near

the bed

YRAIG o v B e s e s e e e oo o (8.10)

-—

N\
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 (1) is proportional to velocity squared, then maximum
instantaneous shear can be about three times the average shear. 8.9/
A
M

/

8.6

S~

Bird, Stewart, Lightfoot, Transport Phenomena, Wiley 1960.

oo

.7

S~

V. N. Panicker, Prediction of Bottom Current Velocities from Sediment

Deposits. California University, Berkeley Hydraulic Engineering Laboratory)l(?e?

8.8/ A. A. Kalinski, 'Movement of Sediment as Bed Load in Rivers." Trans.
CDQ_oPL\uS. U nyorra-Lfof 2R 4

§;21 W. H. Graf, "Hydraulics of Sediment Transport.” |47{
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Critical tractive force versus grain size for noncohesive soils. -

Lane §;é2[ 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.

10
8.82/ FE W Lame. Feoseess Fepoer on Tde DESiGH or <77

Cenmners, Borenu oF Excrommn TN /2/%/0@/_, MYD 352 ,1952
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THBLE 8.5 %4

Table 6

USSR CORRECTIONS OF PERMISSIBLE VELOCITY FOR DEPTH
Noncohesive Mzaterial

Average depth

Meters :0, 30 O. 60 1.00: l 50 2, 00 2. 50 3 00

H H e

Feet xO 98:1 97 3.28: L 92: 6 56:8. 20 9.8l
: ‘ . z .

Correction factor :0.8 :0.9 :l.OO:l.l 21.15:1.20:1.25

TABLE 86 8/

Table 7
USSR LIMITING VELOCITIES AND TRACTIVE FORCES IN COHESIVE MATERTAL

Compactness of bed

Descriptive term Loose ¢ Feirly : : Very
Deseriptive term : looss : compact : Compact : compact_
Voids ratio 2.0~1e2 : 1.2-0.6 : 0.6~0.3 : 0.3-0.2

Principal cohesive Limiting mean velocity ft/sec and

limiting tractive force lb/sa ft
T=Eb sEt=—:rLbEtiFt——o#LEb - SEL Lb
isg $sq ft'sec sq ft
: : : : :

Material of bed

|2

Sandy clays (sand
content less

®e o0 o0 oo i wmi o0 loe |00 oo

than 50 percent): : : : : : :
Heavy clayey soils: 1,31 :0.,031:2.79:0.141:4.10:0.305:5.58:04563
Clays t 1.15 :0.02422.6220.22%42:3.94:0.28125.41:0.530
Lean clayey soils : 1.05 30.020:2,30:0.09633.kt:0. 210 tk.43:0.354
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The dimensionless entrainment function of Séhields f;iﬁz has been commonly
accepted for uniform soils or single grain sizes. S*hields' curve in
Figure 8.9 from Rouse §;é21 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—})gl‘gust be expressed
as [t/(yg - vg)d] for use in sea water. The term (d ;¢}7;;7C§ is a grain
shear Reynolds number. Outside of the laminar flow range, Séhields'
dimensionless shear data vary from 0.03 to 0.06. After a critical Reynolds
number of 400 is reached, the dimensionless shear remains at 0.06. Vanoni
§;ééz 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 /r/pf is expressed as (u*) and is called shear velocity.

Figure 8.9 - S%hields Dimensionless Shear Function_8;§9/

7, .
8.18/ S#hields, A. (1936): Anwendung der Ahnlichkeitsmechanik und Turbulenz-

forschung auf die Geschiebebewegung, Mitteil. Preuss. Versuchsanst. Wasser,

Erd, Schiffsbau, Berlin, no 26.

12
8.19/ H. Rouse, Engineering Hydraulics, Wiley, 1950

13
8.28/ 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 Ipgtitute of Technology: Pasadena, California, 1964.
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Table 3

COMPARISON OF ETCHEVERRY'S MAXIMUM ALILOWABLE
VELOCITIES AND TRACTIVE FORCES

Value of
Manning's
n used

4
Material Velocity : Tractive force
ft/sec 1b/sq ft

Very light pure sand of 0.020 0.006-0.011

quicksand character

0.75-1.00

00 20 00 =E [ee sy op

Very light loose sand .020 1.00-1.50

[
Coarse sand or light sandy

soil

0 ° 0.]:1"0.025

.020 1.50"2.00 00025"'0 .011-5

oo wm w0 wi EE EE 90 ve wd |ri

Average sandy soil .020 2.00-2.50 0.045-0.070

HE sy EE BF Pv o ev FE 9¢ 09 um |P? s oy

aE 00

Sandy loam .020 & 2.50-2.75 0.070-0.08k4

Average loam, alluvial soil, 020 : 2.75-3.00 0.084-0.,100

volcanic ash soil

!

Eirmilloam Nellay fcam .020 .00-3.75

0.100-0,.157

0.434

+ W

Stiff clay soil, ordinary .025 .00-5.00

gravel soil

v0 WE mE ve WE ee 09 wi

.030 5.00-6,00 0.627-0.903

Coarse gravel, cobbles
and shingles

¢ im

Conglomerate, cemented 6.00-8.00 0.627-1.11k
gravel, soft slate,
tough hardpan, soft

sedimentary rock
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Table 4

COMPARISON OF FORTIER AND SCOBEY'S LIMITING VELOCITIES
WITH TRACTIVE FORCE VALUES Ves [¥) = 7.9
|| c

Straight Channels After Aging

:Water transporting
For clear water : colloidal silts
:Tractive: :Tractive
:Velocity: force :Velocity: force
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A4
Gessler 8.2%/ 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 S¢hields

type shear plot in terms of grain, Reynolds Mumber, and the probability (q)
of remaining still. His plot is shown in Figure 8.11, Z¥a-Fipure-8rid

Gessler used (K) for grain sizaz He also shows a narrower range of

dimensionless shear for turbulent flow from 0.033 to 0.047 for (q)
of 0.5. Go.ss(ers oppvroacih  Con ng vse d ~to daier ~ kg

perc,er\“\c\csa o‘f_& g\ven 'Fr\.ac‘{lon

d
8.21/ 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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Dimensionless critical shear stress as a function of the
Reynolds number of the grains. In the range of measure-

ments made the curve for q = 0.5 is drawn (calculated on

the basis of a standard deviation, ¢ = 0.57).
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Critical tractive force for cohesive soils. - Chow 8 %3/ presented the

F‘?‘Of\’\ Lane Q 10/
mSSR data Table 8. 6A1n graphical form that clearly shows the effect

of compaction and/or voids ratio on the value of critical tractive force
b

for various clay soil types,Figure AlZ. Givws- 8.2/ gave tractive force

values for plastic soils plotted along the A-Line of the plastic index

13

line. The data shown in his plot of Figure 8.8 are for soil densities

r
near 90 #/ft3. Smerdon and Beasley §;i31 and Enger, et al,_§££éz and
others have made linear correlations in terms of several cohesive, grain
size, and density properties of soils. Smerdon shows that plastic-index
is an important property. Lyle, et al, §;i§1 shows that some form of
compaction variable should be incorporated in relgting to tractive forces.
Flaxman 8.%7/ 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 known
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/.

B
8.13/ Chow, Open Channel Hydraulics, McGraw-Hill, 1959.

ilé
8.34/ Smerdon and Beasley, The Tractive Force Theory Applied to the

Stability of Open Channels in Cohesive Soils. /3 ZtcoHuve Ek;’ﬁf'”‘€“+ 5#“*”07\
\J/T]\RLS” 3yl chtim Mo, 715 UNiv. 3 b a S

8.15/ Enger, et al, Canal Erosion and Tractive Study (correlation of

laboratory test data) - LCCL Program USBR, Gen Report 26, 1960, 10 pg.

8.36/ 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.
8.17/ 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 8.1 was taken from Lee and Valent. §;3/
Their table shows the distribution of soil types within the 3-mile limit
according to the California Division of ilines and Geology Classification
System. Because the California system is not as discriminatory as the
Unified System, the suggested equivalent "Unified Soil Classification

Grouping'' is also shown on Table 1.

Bara 8.4/ 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/ H. G. Lee and P. J. Valent, HCEL, Report No. 4, USBR Contract No.
14-06-D-7210 ''Comparison of Soil Classification Data - California Coastal
Region, including Toundation Design Applications, 1972.

8.4/ Summary Report on liarine Soils, Bara, USBR, California Undersea Aqueduct
Study.

8.7
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Critical velocity versus grain size. - The critical velocity curves of

Sundborg plotted in §;§§1 were converted to feet per second and are
plotted as solid lines in Figure 8;8. The intermediate solid line is
the curve for critical velocities measured about 3 feet above the bed.
Data of Hjulstrom §:§iﬁ for critical average velocity, all fall within
the bounds of Sundborg. Kuenen §;§§£ 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.

" and "Sedimentation' shown

The zones denoted by "Erosion,' 'Transport,
on Figure 8.8 are those designated by Hjulstrom. The indication of

consolidation of the fine soils is from Sundborg.

It is proper to consider the velocities along the unconsolidated line

as those causing particles to be lifted from the bed and transported, and
the Ebgion A between this line and the "Deposition' line where particles
will remain in suspension once they are already in suspension. The
Eegion 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.

»7

8.1&/ NCEL "Environmental Factors Affecting the Emplacement of Seafloor
Installation' 1971.
8.18/ Hjulstrom, 1935, '"Morphological Activity of Rivers as Illustrated by

River Fyris,'" Bulletin Geological Institute, Uppsala, Vol. 25, Chapter III.
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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, because fluid flow conditions of the cagnnel can be
related to boundary shear. But)probably 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 just 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.#, 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.

op T

8.12/ E. W. Lane, "Progress Report on-the Dasign of Stable Chanpels.' Rureau

= Fal O 4 Repors, Hyd 352, 1952
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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 flow 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 dif ferent 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
properties. ,Gessler Function is recommended for noncohesive soils because
it can be 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.

8-32



Transgort

Unidirectional bottom transport. — 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. 7
~ 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 1lift force variation (Einstein)

8-33



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, Ky/Sec .

8.22/ Meyer-Peter, E. (1949), Quelques Problemes concernant le Charriage

des Matieres solides, Soc. Hydrotechn. France, No. 2.

8.23/ Schoklitsch, A. (1930), "Handbuch des Wasser baues,' 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
Tne(svr-J

load running from 0.16 to 1.00 times the &sw@e load. The other methods

had deviations as high as 3 to 10 times.

Oscillatory bottom transport. — Simplified models of transport of sand by
23
water waves have been developed. Most are based on the Longuet-liiggins 8.3%/

equations of mass transport within the boundary layer for waves. Incipient

motion criteria are established:in terms of mass transport velocity,
29
Eagleson 8.32/ or in terms of some oscillatory Reynolds number, Manohar
3

8.33/. These references are summarized in 8.%/.

8.26/ Colby, et al, Computations of the Total Sediment Discharge Niobrara

River near Cody, Nebraska, Geological Survey Water Supply Paper 1357,
1955, 187 pgs.

8.27/ Step Method for Computing Total Load by the Modified Einstein
Procedure, USBR, 1955.

20
8.31/ Longuet-Higgins, M. S., Mass transport in water waves, Phil. Trans.

Roy. Soc., London (A) 245, No. 903, 585-91 (1953)
8.32/ Eagleson, P. S. and Dean R. G., Wave-induced motion of bottom sediment

particles, Proc. ASCE, 85, No. NY10, 53-79 (Oct. 1959)

(271

8.33/ Manohar, Madhao, Mechanics of bottom sediment movement due to wave

action, U.S. Army Beach Erosion Board TM No. 75, 1955.
8.3[) Enrurkiw AJ. Louse BouriLhey HvDrAU! /”5/ & #G AMOIN

PRESS, 1967 S
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33
Bascom 8.29/ gives a more detailed description of grain segregation

shown in Figure 8.£g1 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.

Trask_§L§éZ 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 30 to 60

feet there is occasional movement but grain size remains nearly constant.

=

33 L
8.29/ lascom, W. N., Relationships between sand sizes and beach face slope,

Trans. Amer. Geophys. Union, 32, No. 6 866-74 (Dec. 1951)

8.30/ 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 situations. 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. Fire—eftect-dunetretet—most
be=superimpogea-on-the-deta-Pirrre-S:36. Half the height of the
largest expected dune should be added to the estimated equilibrium
deternired Frovn Filauee 8.36 or equa rron &1/
depth of scour to predict the maximum probable depth. Traveling dunes
or ripples f feet high have been reported in the oceans Q;JEL;
Posszu e
?heﬁlimitations of this design method are:
1. data are for freshwater and for grain sizes ranging from 0.08
to 0.68 mm,
2. does not anply to cohesive soils.
The Reynold Number in Figure 8.18 is self-correcting for water pro-

perties. The equilibrium depth (d.,) 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 gf;in 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.

' op cii
8.8t/ Myers-et—al;—Hamt book-oforean-and underwater-Engineering.,

McGraw &=H+31, 1969.

g' S'/ Ora Cl‘.+
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Time Rate of Local Scour. - Carstens provides considerable evidence

that all local scouring relationships due to disturbances are of the

S , '
2 D)L 2 DU vci
L f[ENs i YT

where the symbols not previously defined are

form

S = settlement or scour depth
L = fundamental dimension of structure = O for Cy{;hAey_
t = time
V = reference velocity
N, = G - e e
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
asymtoﬁtllltic 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.
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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 estimate)by pro-

o (UNO FR. Py PE
portioning the approach flog,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 gi}f found for scour
holes. Because of this tendency of local scour to form slopes at

%S
the submerged angle of repose)Figuref 8.21 and_Swzl_ﬁgie taken from

9,/0/ to indicate the repose angle.

I@,?i/ op. cit.
8J0/OP Cff
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Local Scour

Backeround. - Laursen_§;géz essentially stated that the fundamental

characteristics of local scour are:

X1. The rate of scour is the difference between the rate of
i

sediment supply approachég 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’ntically 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.

§.357_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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Long reaches of a pipe partially buried or resting on the bed can
be easily underscoured and left unsupported. The pipes can either

settle or rupture. No suitable information fer-helping—to—aeecount—for
— AND
khe amount of scour depthﬁﬁ%s beep found to help computejthe required
T —=P

bridging strength. W ave. o;e_';Ho:{'r'nw oand Voriex Tyeiis Covy
Crente mulsafimg Luvr.e§ on +thae bhed ov @uern
E 1

Pmcluc,e, a\‘{avm\‘(’rwj NG, (nj o T +Hee p-'ree {vornthe berj i

Scour by Fluidization. - Posey §.4l/ 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-
b ol
meable soils causing in and out flow. If this action ﬁéaé?édises-
the soil, the soil can move out. No suggestion for predicting this

scour was made.

SEo1 s Qgheséxg S0il. - No information on local scour was found for
cohesive soils in the consolidated, unconsolidated or the ooze form
A rve
commonly found in the ocean. Thes€ unconsolidated forms virtually
no resistance to scour. After foundation feasibility has been
u
establishedybefore and after tractive force valyes can be used to
of.
determine whether critical shear velocity -ef-critical tractive force
are exceeded. TIf critical values are exceeded, scour can not be pre-

dicted and scour protection such as riprap or anchoring into bedrock

must be considered.

?!{[/ Posey, C. J., "Protection of offshore structures against underscour

ASCE Journal of the Hydraulic Division, Vol. 97, 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
approaches are self-correcting for seawater. Those sFudies that
included some field checking were stressed. Bridge pkér studies pro-
vide a source of local scour data but is usually presented in forms

that include discharge, energy gradients, Fga}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_i&}éﬁ and Carsten_ﬁ&ii/ were

174 5ec/ Wil
stressed. However, their data must henextendedAcare to dmwer obstruc-

i L atdaals LAk chundl
tions where turbulen 4from thg%ﬁ topi might a££oeglscour<§igai£inaatiy.

8-5D



SECTION 7

*

PROBABLISTIC APPROACHES

The discussions and data contained in this section and in the

remainder of this appendix were extracted as complete units with-

dovs fax e OSPR

out any internal editing from the more complete work[‘by ores IR {8l

Riffenburgh. [/
- i
DEVELOPMENT OF METHODOLOGY FOR 100-YEAR EXTREMES

Suppose there exists a probability density fx(x) on a variate X. Let us use
X = wave height (vertical component of trough-to-crest distance) in meters as an ex-
ample throughout this section: other variates follow the same theory and methodology
but have different forms of fy(x). We are concerned with extreme values. In our ex-
ample, we wish to predict the greatest wave height which will occur in the next hundred
years. The first impulse is to find b such that

b ; '
P[X < b] =f fX)dX = 1 - q, s

and then to say, “We are 100 (1 - «) percent confident that the greatest vaiue on X
which will ever_be observed is b.”” However, several objections occur in this approach.
(1) Gumbel [gﬂ‘has shown that extreme values, or records, over a time period in-
crease 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 sufficiently different 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 distribution 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,

fy represents the assumed probability density, the one we can manipulate and calculate,
and gy represents the true density, which we can never know. If fy should deviate
very far from gy, empirical frequency distributions of samples from gy would so indi-
cate in the region of the bulk of observations; herein lies the problem. The bulk of
observations are in 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 betwecn values of central location or central variability
parameters. For example, in figure”1, the difference between the two curves, i.c., the
percent error in density in assuming fy when gy is true, is about 6 percent in the
vicinity of the mean. but it is about 400 percent in the vicinity of point a.

5€/ Gumbel, E. J., (1958):

"Statisti c
Unlver51ty Press, gest SRR RS VNV

Columbia



gx(x) (true, but unknown)

probability density

[} [}
a Mode Meon : ) X
Figure ). Examples of true and assumed probability distributions.

What we require is the probability distribution of extreme values. Gumbel [1958}
and Borgman%] have derived probability distributions for the number of times an
existing record will be exceeded during-an ensuing time interval of given length, but they
say nothing of the values of the exceedeness. Thompson [m] proved that the distribu-
tion function of the values of the extremes follows the form

_e'(x_ﬁ)/’y

Hy(x)=¢ A
for the parameters
B =mode (x) and v = (\/6/n) X (standard deviation of x). ;Ei')ﬂ

hy(x), the density associated with the distribution Hy(x), is illustrated in figure Zin its re-
lation to gy. Although Thompson has given the form of hy. observations from hy are not
available to estimate the parameters of hX, and we have been able to find no general devel-
opment in the literature which allows observations from gyto estimate h parameters. The
analytic derivation of an approximation to hy has appeared in the literature for only certain
of the gy forms we use, and even for those forms sample sizes and time interval relations
prevent the approximation from_be‘ing adequate in many cases. (For a review of such work,
see Barlow and Singpurwalla {388&4-3- Since any analytic method developed must depend
on the form of gy, necessitating a new development for cach form of gy, we developed a
simulation algorithm to be utilized on a computer so that the same program could be used
for any gy. Stepsin the simulated algorithm are listed on page 10.



£2/ Borgman, L. E., (1961):

'""The exact frequency distribution by near
extremes," presented Pacific Southwest Regional Meeting, American

Geophysical Union, January 26, 1961, Berkeley, California,

54/ Thompson, William A., (1969):

>4, "Applied Probability,'" NY: Holt,
Reinhart, and Winston.

Sé? Barlow, Richard E. and Singpurwalla, Nozer D., (1972): '"Averaging
Time and Maxima for Dependent Observations,'" Proceedings of the

Symposium on Statistical Aspects of Air Quality Data., Iriangle

Universities Consortium on Air Pollution and Division of Meteorology.

Environmental Protection Agency, Chapel Hill, November 1972, In press,
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1. Obruain observations (x) on X. Desirably, x can appcar only at discrete time inter-
vals of, say. tgin length. For example. if X is the wave height during a storm and there are
about three storms per year, then tg is about 4 months. Alternatively. X may be continuous,
in which case x¢ (x at time t) may be correlated with x¢4¢ (€ small and positive) because of
continuity constraints of the physical process. Worse. a simulation sampling can yicld an
arbitrarily large extreme because any size sample may be taken from any nonzero time in-
terval. Asanad hoc solution for CUA purposes, an arbitrary time period, say tq, was taken
in continuous cases, and the midinterval or largest x in this interval was used as a datum. tg
was chosen large enough to damp out the autocorrelation. An example of such a variable is
the density of scawater, which exists and is measurable at anv moment at any place in the sea.

2. Predict by fy the functional form of gy, and verily by goodness-of-fit tests on
the empirical frequency function, which is illustrated in figure 3l Estimate parameters of
fx from data.

3. Using a computer, take a randomly chosen sample of n values drawn from the
fitted fy: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} (> tg): for CUARO, t| = 100 years. Then
n = tj/tg. This procedure provides one observation on X drawn {from hy, and satisfies ob-

- jection 1. Steps 1 and 3 together satisfy objection 2.

4. Repeat step 3 mtimes (m = 500 for the CUA study), and use these m data from
hy to estimate the parameters 8 and y of hy . This step satisfies objection 3. s

5. Find an x(y so that Hx(x) =1 -«aby

xQ = -y [-n(1 -a)] +B A4y

<

to compute a 100(! - «) percent confidence bound on the greatest value of X to be observed
in time period t. This bound, xq, is shown in figure 2.

frequency

o -—

IFigure 37 A possible random sample of 200 observations drawn from gx(x).
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PROBABILITIES OF CONFLUENCES OF SURVIVAL
THREATS PE=NHEEHA

Suppose we have two independent events. random in time, with variables t and w
representing their beginning points. (The cvents may be tsunami bottom surge and wind
wave bottom surge, or they may be any general events.) Let us use the following symbols.

Symbol Meaning

24 Length of occurrence of t event

Qw Length of occurrence of wevent

fr(t) Probability density of t event

f(w) Probability density of w event

4 Time interval(s) in which t may occur
Qy Time interval(s) in which w may occur

Possible starting pointsof t if §2¢ is composed of k¢

Qtl ,Qtz, w82t
separated intervals

kt

QW]’QWQ’ ,ka Possible starting points of w if £, is composed of
w ky separated intervals

CE Confluence of events

The probability of a confluence of the two events is the probability that the two intervals
[t,t+Q¢) and [w,w+L,,) overlap, or

' ' w0y
P{CE(w,t)} = fw(w) f(t)dt dw. (16)
QN2 Wl

In particular, if the events are as likely at any one moment as any other when they are pos-
sible to occur, which will be assumed in this report, the f’s are uniform distributions and

kt
ft(t) = Rt-l s te E Qti,
i=1
ky, (7N
fw(\V) = k_l " w e 2 QWi’
i=1

where the N’s are constants. In this case, Eq. (16) becomes

%



Wy
4L
P{CE(w,t)} = f f (}\t)\w)-l dtdw = i f dw. . --.(18) /

AtA
N0y, W ol 208,

Let us consider the case of confluence of three independent events, adding a new
variable ¢ with definitions equivalent to those of t and w. P{CE(w,c,t)}is given by the
probability that all of [w.w+Qy,), [c,c+%.), and [t,t+2¢) overlap, or

[ St c+Qc
P {CE(w,c.t)} = j fc(c)j fw(w)j fi(t)dtdw de.  ({9)
anﬂwmﬂt C"»QW C_Qt

In particular, for uniform probability densities,

CH. ~ctlc
P{CE(w,c,)}= f f f O\t7\W7\C)”1 dtdwdc

Q.NQ2yNQt -y -y

_ (+ly) Qe+ ¢)
MAwAe  QNQ,NY

dc. (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 all variables is measured in hours.

A tsunami wave train’s largest portion will last 3 hours; & = 3. The largest portion
of the wave train of the century’s worst storm will last 3 days; 2w = 72. A century’s worst
.current will last during either the ebb or flood (depending on direction) of the semidiumal
tide; . = 6. The great tsunami may occur at any time of any year: 100 years contains
24X365.25X 100 = 876.600 hours: fi(t) = )x{] = (876600)'1, t € (0, 876600). The great
wind wave bottom surge may occur only in winter; one-half of each year for 100 years
contains 438,300 hours: f,(w) = h\'\,l = (438300)'1, we [0,4383), [8766,13149), ..., 1429
[429534,433917). 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. (! )) and over a century of time, the greatest current may be considered
as occurring equally in time. Then f_.(c) =?\‘g>50= (876600)'1, c €0,876600), when
z250m. In 20 m of water, storm winds add a component to the current: the great storm
may occur only in winter: the great tide 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. fC(c) =
N lesp=(219150] c€[0.2191.5), [8766.0.10957.5), ..., [210384.0,212575.5), when
z <50 m. When the great current does occur, it must occur simultaneously with the great
wind wave bottom surge since both require the great storm. This situation provides ithe only
departure from independent events in this section, but it is simple enough to be discussed
without using more sophisticated formulation.
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The depth of the frictional influence D has been

D = 7V a/pSising, (10)

where a denotes an eddy viscosity coefficient of approximately 100 g/cm secZ, € denotes
an angular velocity of 0.729 X 10-4 r/sec, and ¢ denotes latitude. D was calculated for lati-
tudes 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 expo-
nential particle velocity diminution, frictional influence anywhere near the 44- to 49-m
bound will be negligible. It may be concluded that wind influences are of concern only at
the CUARO standard depth of 20 m.



Since the 20-m great current has half as many opportunities to occur as the great
wind surge and since the grcatest wind surge in the century has a probability of one of
occurring. the probability of confluence of the 20-m great current and great wind surge is
one-half. By similar reasoning. the probability of confluence of the 20-m ercat current. great
wind surge. and great tsunami is half the probability of confluence of the great wind surge
and great tsunami alone.

Let us calculate the other confluence probabilities. Substituting appropriate values
in Eq.(18), we obtain

75 4383 433917
P{CE(w,t)}= Pa—— (f dw+...+f dw
g 4

3.8421378X 101!

29534
0
4383
= 1.952038264x10-10 X 100 dw=8.555783711X10-5
0
= 0.000 086.
78 f4383
P{CE > = . X 100 dw = 0.000 089.
{CEweS0m} = s israxion 0 "
» 9. 876600 . :
> = dt=1.026694045X 10"
P{CE(e>s0m).)} 7.6842756X1011f0
= 0.000 010.
PACE@<30m).0}= oot | 0 ¢t ) 2103840
2191.5
= 4.684891833x1o-9><100f  dc=1.026694045X 10
0

= 0.000010.

(Note that while I’{CE(C(?SO m).t)} = P{CE(C(<50 m),t)} the c events involved are quite
different. In the latter probability, the chance of the great current occurring on any day
for which it is possible is four times as likely asin the former, but the chance of con-
fluence with the great tsunami is one-fourth as great.)

To calculate a triple confluence, we substitute the appropriate values in Eq. (20).

13§



{ } 702 [ (2191.5 . (2125755
P{CE(w,c(=50m),t)} = ————— ——-U dc'+...+J de
8.420044989x1016 | ] 210384.0

2191.5
=8.3372476[5X10'15X100f dc=1.827107815X109
0

= 0.000 000 001 8.

The confluence-of events probabilities for all confluences at CUARO standard depths,
with associated particle velocities, for northern, central, and southern California coastal re-
gions are given in table 9. |

|
Table 3. Confluence-of-events probabilities for all confluences at CUARO
standard depths with associated particle velocities for northern,
central, and southern coastal Calif ornia.

Probable Extreme Velocity, cm/sec.
Given Confluence Occurs

Type of Probability of . .
Confluence Depth, m Confluence Crescent City San Francisco Santa Barbara

20 0.500 000 606.5 618.2 454.6

. 50 0.000 089 412.8 430.0 357.0

L 100 0.000 089 440.9 442.6 407.0
200 0.000 089 410.3 403.0 396.5°

20 - 0.000 086 462.8 421.8 205.6

. 50 0.000 086 209.7 200.4 100.9

W 100 0.000 086 121.9 107.9 56.5
200 0.000 086 59.8 43.1 27.2

20 0.000010 512.3 459.6 407.0

( 50 0.000010 388.5 362.0 335.5

¢ 100 0.000010 429.2 413.5 397.7
200 0.000010 416.1 406.7 396.5

20 0.000 043 790.8 749.8 533.6

. 50 0.000 000 001 8 505.5 496.2 396.7

W, € 100 0.000 000 001 8 496.0 482.0 430.6

200 0.000 000 001 8 443.1 426.4 410.5
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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 hydrualic 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 forArange of loads, and with the
uncertaintly of "underdesigning or overdesigning" when obtaining an estimated
cost, Providing the Hydrodymamics Loading and Scour Task Force Team have not
missed pertinent informatioen in the literature search, further study is needed
to give the designers more precise design infermation., If the agueduct
proposal proves worthy of centinuation then it is essential to obtain mere
accurate information. The team believes study needs are required in areas

which are noted in the following subheadings,

Waves

The collection of wave data (parameters of wave 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
streamflow data and also much more difficult to ebtain, Msximum wave conditions
which may eccur for a 100-year time period off the Califernia Ceoast are not
accurately known, For actual construction of the aqueduct it is imperative

that the maximum wave forces acting on the aqueduct be known.



Whereas wave data was not a task force team assignment, there is a connection
of wave data with respect to wave theories 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 dimensiens (H and L) are sufficiemt, but the crest
length may be impertant for application te the aqueduct. Crest length is a
distance the wawee crest extends over the water 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 critcal loads
along the aqueduct than waves with indefinitely long crests.

(n gan Poonledse Lor
Hydraulic model studies can be-ef-—great assistm/ldmtn.g design stEeee of
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 hydrodynamie 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 umnsteady and thus many test
results show a wide range of coefficient values, Further hydraulic model tests,
with carfully 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 bedy may have a steadying effect on the mevement., Studies
made on cyclinders or other shapes without movement limit the understanding of

dynamie fereces,

Investigations should be extended to studies of large cyclinders 1/3 to 1/2
the diameter of the aqueduct te confirm small model drag, 1ift, and inertia
coefficients.and vortex shedding frequencies, The eyclinder suspension sheuld
provide clese simulation of "free body" moevement., Perpendicular and angled

flows should be applied to the suspended cyclinder,

The effect of an adjacent boundary on a fixed cyclinder and on the movement of
the cyclinder should be studied for the unbalanced pressure of accelerating
flew., 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

& 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 enly 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,

S)



Model-type tests would be advantageous in determining scour tendencies for
various pipeline configurations., Such configurations are those of a bueyant
pipeline above the bed to & pipeline resting or partially buried in the ocean
bed. In a moving water 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 testswould 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 conecrete blocks of different struectursl shapes
which are of interest., These blocks should be set at various locations on the
ocean bottom, from deep water up to the surf zonq)and 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 if_
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
concdrning study needs. Some unknown factors may prove to be more critiecal in

relation to cost than others. Thus a priority can be established about the
relative importance of future study needs.

4%



APPENDIX I

CHOICE OF THE AIRY EQUATIONS

The ocean bottom and a portion of the water depth above the bottom

are the prime locatioiiunder 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 referencesIa/ and Ib/.

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 ie/. 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 referencelt/. For the lower 1/3 depth range the Airy Theory
agrees closely with two other wave theories, while one wave theory shows
higher velocities. ReferenceIé/ also concludes "When inertia (accelera-

tion) forces predominate, a first-order theory is probably sufficient."



The Airy Equations are a first-order theory and calculations for a

large diameter pipe show that acceleration forces are predominant.

- o

JIa/ 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.

Ié/ Handbook of Ocean and Underwater Engineering, McGraw-Hill Book Company,

New York, 1969.
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